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CHAPTER 1

General Introduction^

Protein-nucleic acid interactions
Interactions between proteins and nucleic acids are of vital importance for all forms
of life They play an essential role in DNA replication, DNA recombination, gene
expression and mRNA translation, all of which are fundamental processes underlying
cell homeostasis, proliferation and differentiation Of the nucleic acid-binding proteins,
those that interact with DNA arc characterized best These are generally divided into
single-stranded and double-stranded DNA-bindmg proteins
Double-stranded D N A binding
Most of the detailed information currently available on DNA protein interaction con
cerns proteins that bind to dsDNA in a sequence-specific manner These include prokaryotic and eukaryotic transcription factors, and proteins involved in site-specific recombi
nation (for reviews, see Freemont et al, 1991, Branden L· Tooze, 1991, Pabo & Sauer,
1992, Travers, 1993) Structural data, obtained from both X-ray and NMR analyses,
have led to the identification of several ubiquitously recurring motifs Examples of mo
tifs that play a major role in dsDNA binding of numerous regulatory proteins are the
helix-turn-hehx, the homeodomain and the zinc finger, which are described below
Hehx-turn-hehx The helix-turn-hehx (HTH) structure was the first DNA-recogmtion
motif discovered, and structures have now been determined for many HTH proteins and
protein DNA complexes Sequence comparisons suggest that the HTH motif occurs in a
large family of prokaryotic repressors The motif consists of two short α-helical segments
connected by a tight /3-tuin, resulting in an inter-helical angle of about 120° When
complexed with DNA, one of the helices is positioned in the major groove It is termed
the 'recognition helix' because it usually contains most of the amino acids that interact
with the DNA, bringing about the sequence-specific recognition of its target site A
recent overview of HTH domains can be found in Wintjes & Rooman (1996)
Homeodomain The homeodomain is a 60-residue DNA-binding motif that is present
t Part of this chapter has been published in АРМ Stassen, RHA Folmer, С W Hilbers &
R Ν H Konings, Mol Biol Reports 20, 109 127 (1995)
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in a large family of eukaryotic regulatory proteins (Scott et al, 1989) The motif observed
m the structure of the Drosophila engrailed homeodomain DNA complex contains an
extended N-terminal arm and three α-helices The first and second helix pack against
each other in an antiparallel arrangement, with helix 3 packed against them in a roughly
perpendicular manner (Kissinger et al, 1990) The latter helix hts into the major groove
making the contacts to the DNA, while the N-terminal arm fits into the minor groove
Helix 2 and 3 in fact form an HTH motif, with helix 3 being the recognition helix
However, structural studies indicate that the homeodomain uses the HTH unit m a
different way than the prokaryotic repressors do (for a detailed description, see Pabo &
Sauer, 1992)
Zinc-finger Zincfingersconstitute another class of protein motifs for sequence-specific
recognition, and comprise at least three different subclasses, which share the property of
stabilization of the motif by a tetrahedrally coordinated zinc ion The subclass denoted
C2-H2 consists of a /3-hairpin and an α-helix held together by a zinc ion liganded by
two cysteine and two histidine residues The C2-C2 subclass, which was found in e g
steroid and thyroid hormone receptors, contains two loop-helix elements and two zinc
ions, and lacks the /3-sheet structure In each loop-helix element a zinc ion is liganded
by four cysteine residues, two of which are situated at the beginning of the loop, and two
are located near the N-terminal end of the α-helix The only two proteins which up to
now have shown to contain a third type of zinc-finger motif are the transcription factors
GAL4 from Saccharomyces ceremsiae and LAC9 from Kluyveromyces lactis (Pan et al,
1990) These proteins feature a binuclear zinc cluster consisting of two zinc ions and six
cysteine residues Two of the cysteines are shared in binding the zinc, so that each ion
is coordinated by four cysteine residues
Most regulatory proteins, including many transcription activators, bind to DNA as
dimers The protein structural motifs that mediate dimensation tend to fall into one of
several common and recognizable patterns as well The two structural motifs that have
been well-characterized are the leucine zipper and the hehx-loop-hehx, which are both
connected to a basic and α-helical DNA-binding domain
Leucine zipper This structural element consists of an amphipathic α-helix with
hydrophobic amino acids on one side of its surface It contains four or five leucines
residues periodically arranged every seventh amino acid, so that they he in an almost
straight line on the hydrophobic side of the α-helix Upon dimensation, the residues of
the hydrophobic surfaces 'mterdigitate', hence the name leucine zipper, thereby forming
a parallel coiled-coil of the two α-helices The DNA-bindmg domain in regulatory
proteins with leucine zippers is often found in the extensions of the helices, which
contain high concentrations of basic amino acids Leucine zipper proteins can form both
homo- and heterodimers, to which different roles are attributed in regulating biological
activity
Hehx-loop-hehx Many proteins implicated m the development of multicellular organ
isms share a conserved region of about 50 amino acids that includes the determinants
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for both DNA binding and protein dimerisation. The sequence can form two short amphipathic α-helices connected by a loop of variable length. The helix-loop-helix region
of one protein interacts with its counterpart in another to form (hetero)dimers. DNA
binding is again mediated by a short stretch of amino acids rich in basic residues, which
is immediately adjacent to the helix-loop-helix motif.
Despite the many differences between the various motifs listed above, two common
features can be distinguished. First, positively charged amino acids interact with the
negatively charged backbone of the DNA, thus enabling rather non-specific binding.
Secondly, sequence-specificity is usually realized by hydrogen bonds and hydrophobic
interactions between side chains of the polypeptide backbone and functional groups on
the exposed edges of the bases, primarily in the major groove of B-DNA.
Single-stranded DNA binding
Single-stranded DNA binding proteins (ssDBPs) are ubiquitously present in both proand eukaryotic organisms (for a review, see Romberg & Baker, 1992). They are generally
multi-functional, usually melting a regular structure to single-stranded DNA (ssDNA),
which subsequently is exploited in processes as the assembly of higher-order nucleoprotein complexes, the regulation of gene expression, or DNA replication, -recombination or
-repair. So far, ssDNA binding proteins have been far less well characterized than their
double-stranded counterparts. Most of what is known is related to their non-specific and
generally cooperative DNA binding, features reported for the ssDBPs encoded by the
filamentous phages (vide infra), the phages ^29 (reviewed by Salas et al., 1995) and T4
(reviewed by Chase L· Williams, 1986), E. coli (for reviews, see Meyer & Laine, 1990;
Lohman L· Ferrari, 1994), yeast (Heyer к Kolodner, 1989) and adenovirus (Tucker et ai,
1994, and references therein). The adenovirus-encoded protein belongs to one of the
few eukaryotic ssDBPs that has been well studied. Most other eukaryotic ssDBPs are
known only by their biochemical properties, with only scarce data available about their
physico-chemical features. The best studied prokaryotic ssDBPs, both from biochemical
and physico-chemical point of view, are those encoded by E. coli and its phages T4, IKe
and Ff (a collective noun for the very closely related phages M13, fl, fd, ZJ/2, AE2, Ec9,
δ A and others), and by the Pseudomonas aeruginosa phages Pfl and Pf3. These pro
teins bind to ssDNA with high affinity and not to dsDNA, and they are even capable of
destabilizing dsDNA. Therefore, they are sometimes also classified as 'helix-destabilizing
proteins'.
The last few years have shown an unexpected increase in the number of structural
studies reported for this class of proteins. While at the beginning of 1994 only the threedimensional structure of Ff gVp had been determined (see chapter 2 of this thesis),
structures of no less than seven ssDBPs are known at present, the newest six of which
are briefly described below (see also Suck, 1997):
Adenovirus ssDBP (Tucker et ai, 1994). This 529-residue protein consists of two
domains. The extensively phosphorylated N-terminal domain (1-173) is not involved
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in DNA-binding; the non-phosphorylated C-terminal region contains all nucleic acid
binding properties, and only this domain was crystallized. Its topology consists of an ahelical base above which there are three small /?-sheets. Two zinc atoms are required for
the stability of the protein fold. The crystal structure shows that the protein contains a
17 amino acid terminal extension which hooks onto a second molecule, thereby forming
a protein chain. Deletion of this C-terminal arm reduces cooperativity, suggesting a
hook-on model for cooperativity (Tucker et al, 1994). It is not clear so far in which
way ssDNA binds to this ssDBP, but there is compelling evidence that one of the three
/3-sheets is involved. Electrostatic calculations show that this is a region of high positive
potential. Despite comparable DNA binding characteristics the adenovirus ssDBP has
no structural similarity to Ff gVp.
T4 gp32 (Shamoo et al, 1995). The ssDBP of bacteriophage T4, gp32, consists of 301
residues, which can be divided into three distinct domains. Removal of the N-terminal
17 residues results in a complete loss of cooperativity in DNA-binding. The C-terminal
46 residues are essential to the interaction of gp32 with other proteins, such as T4 DNA
polymerase. Removal of both domains leave 'core gp32' (residues 21-254), which has
the same intrinsic affinity for ssDNA as the intact protein. The structure of core gp32
consists of three substructures: a Zn2+-binding subdomain, a five-stranded twisted ßsheet and a connecting region joining these two. As shown by Bochkarev et al. (1997),
there is some structural similarity between the Ff GVP and the five-stranded /?-sheet
in T4 gp32. The (crystal) structure of gp32 was solved in complex with p(dT) 6 but
the electron density seen for the ssDNA was to weak to reliably determine its position
(Shamoo et al, 1995).
E. coli DNA topoisomerase /(Yu et al, 1995). This is a 97-kDa enzyme catalyzing
the interconversion of different topological forms of DNA by cleaving ssDNA, passing
ssDNA or dsDNA through the cleavage site, and rejoining the broken strands. It consists
of three domains, including a 14-kDa C-terminal DNA-binding domain. This C-terminal
fragment binds preferably to single-stranded oligonucleotides, but it interacts with dsDNA as well. In that respect, the topoisomerase protein would not be classified as a
ssDBP. The solution structure of the C-terminal fragment, however, bears some similarity with the Ff GVP (see Yu et al, 1995). The molecule consists of two four-stranded
antiparallel /3-sheets separated by two α-helices, and there is pseudo C2 symmetry cen
tred between the two helices.
Human replication protein A, in complex with d(C)e (Bochkarev et al, 1997).
Replication protein A (RPA) is a heterotrimeric ssDBP that is highly conserved in eukaryotes. The largest subunit, RPA70, binds to ssDNA and mediates interactions with
many cellular and viral proteins. The DNA-binding domain comprises two structurally
homologous subdomains oriented in a tandem. In the 2.4-Â crystal structure of the
DNA-bound RPA70 subunit the ssDNA lies in a channel that extends from one subdomain to the other. Each of these subdomains is composed of an OB-fold, a five-stranded
anti-parallel /9-sheet coiled to form a closed barrel, with an α-helix connecting strands
3 and 4 (Murzin, 1993). As such, it rather closely resembles the Ff gVp monomer
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(see also chapter 6 of this thesis). The position of the oligonucleotide is maintained by
stacking interactions with exposed phenylalanine and tryptophane residues, but also by
an extensive network of inter-molecular hydrogen bonding bonds. The latter observation is somewhat surprising, as it seems in conflict with the fact that this ssDBP binds
with only moderate sequence specificity (as do all ssDBPs). Most likely, quite different
protein-DNA interactions occur in binding of RPA to thymine or the purine bases.
Human mitochondrial ssDBP (HsmtSSB) (Yang et al, 1997). The HsmtSSB binds
to ssDNA as a tetramer, formed by two dimers interacting head-to-head in D2 symmetry.
The crystal structure of this tetramer in absence of ssDNA was resolved at 2.4 Á, which
revealed that each 132-residue monomer has one α-helical segment and two ^-pleated
sheets that fold to create a barrel (Yang et al., 1997). This folding pattern is somewhat
similar to the OB-fold (Murzin, 1993; Bycroft et α/., 1997), and thus resembles that
of Ff GVP. Also, the way two HsmtSSB monomers are arranged in a dimer is strik
ingly similar to the monomer-monomer interaction in the GVP dimer. Four distinctive
electropositive patches can be identified at the surface of HsmtSSB, all of which are
large enough to accommodate a strand of ssDNA. Yang et al. propose a model for
ssDNA binding where the DNA wraps around the tetramer, occupying these patches.
The model contains five distinct modes of binding which are in dynamic equilibrium. In
every binding state, all of the four patches participate in ssDNA binding.
Bacteriophage Pf3 ssDBP. The ssDBP encoded by the Pf3 virus and, to a lesser
extent, the Ff ssDBP are the main subjects of this thesis. For several reasons, and
not in the last place because of their relatively small size, these two proteins are con
sidered representative model systems to study the relationship between structure and
(physicochemical) function of ssDBPs. The next section focusses on the 'organisms'
encoding these ssDBPs, the filamentous phages. In particular, attention will be paid to
the functions of the ssDNA binding proteins in their replication cycle.

Filamentous bacteriophage
Classification and evolutionary relationship
Filamentous phages (Inovmdae) constitute a large family of viruses that infect a variety
of Gram-negative bacteria. They belong to the smallest bacteriophages known and differ
from other phages in their ability to co-exist with their hosts, much like many animal
viruses, for generations in a state of permanent infection. Phage infection, therefore,
does not lead to death or impairment of the host: infected cells continue to grow and
divide.
The genome of filamentous phages is encapsulated into a long, flexible and slender
protein coat of about 6 nm in diameter and, depending on the phage, 1-2 μιη long (for a
review, see Day et ai, 1988). They efficiently infect only cells that carry (sex) pili, which
serve as their receptors. Based on their pilus specificity thefilamentousphages can be di
vided into several classes, each consisting of phages that evolutionary are closely related.
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Figure 1.1 Comparison of orfs, genes, and non-coding regions for the PfS and the Ff (M13)
phage genomes. The maps are aligned at the major coat protein genes (Luiten et al., 1985). IG
denotes the mtergenic region.

The phages of the Ff strain, for instance, only infect cells harbouring plasmids of the
F-incompatibility (IncF) group. Bacteriophage Pf3 on the other hand has Pseudomonas
aeruginosa bearing /ncP-1 plasmids as its host. A different classification is based on
the helical symmetry of the protein coat, as can be deduced from X-ray fibre diffraction
studies on oriented fibers of intact phages (Marvin et al., 1974; Makowski, 1984). Class
I includes the E. coli phages Ff, IKe and Ifl, while Pfl, Pf3, and Xf (infecting Xanthomonas oryzae) are examples of class-II phages. The symmetry of class-I particles is
a five-start left-handed helix of protein subunits with an approximately twofold screw
axis. The diffraction pattern of class II indicates a simple one-start helix of 1.5 nm pitch
with 4.4 or 5.4 units per turn (Day et ai, 1988; Liu & Day, 1994).
The different filamentous phages have not been studied to the same extent. Best
studied, from the biochemical, molecular biological, and genetic point of view, is Ff
(for reviews, see Rashed & Oberer, 1986; Model L· Rüssel, 1988). Consequently, the Ff
phage fulfils very important roles in molecular biology, which extend far beyond their
own life cycle (Watson et al, 1992). For instance, Ff recently is in vogue to create
'fusion phages': virions displaying on their surface a foreign peptide fused to one of their
coat proteins, and harbouring the gene for the fusion protein within its genome. This
technique, known as phage display, allows the construction of extensive peptide libraries
that can easily be screened to select peptides with specific affinities or activities (for a
review, see Makowski, 1994).
Ff va Pf3: virus structure and genetic organization
Ff. The Ff bacteriophage is a long (~900 nm) thin particle composed of a circular
ssDNA molecule of 6407 (M13, fl) or 6408 (fd) nucleotides, encapsulated in a flexible
tubular protein sheath made up of five different phage-encoded coat proteins. The
helical tube consists of approximately 3000 copies of the major coat protein (the protein
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encoded by gene VIII, gVIIIp) The ends of the virion consist of a few molecules of the
minor coat proteins, encoded either by genes III and VI (1 e the Α-end), or by genes VII
and IX (the B-end, see Fig 1 3) The two minor proteins of the Α-end are indispensable
for proper phage infection and termination of the phage assembly process, while those
at the B-end are required for proper initiation of phage assembly The single-stranded
phage genome is oriented in the protein sheath such that gene HI is located at the
Α-end, and the major non-coding part of the genome (intergenic region) is situated at
the B-end
In total, the genome of Ff comprises ten genes, which are organized as three functional
clusters (see Fig 11) The first consists of the genes coding for the major and minor
capsid proteins (VII, IX, VIII, III, and VI) (Van Weezenbeek et al, 1980, Endemann &
Model, 1995), of which glllp and gVIIIp are in fact cleavage products from a precursor
containing a signal sequence at the N-terminus The second cluster contains genes
I and IV, coding for the inner and outer membrane proteins, respectively, which are
required for phage assembly and secretion (Rüssel, 1994) Genes II, X, and V form the
third cluster Their protein products are indispensable for the rolling-circle-type DNA
replication of the phage genome (glip and gXp) and for the production of ssDNA (gVp)
The ten genes are tightly packed Some genes even overlap slightly at the end,
while others are separated by only a small intergenic region (IG) Gene X is entirely
contained within the 3' third of gene II It starts at an initiation codon, which is in
phase with codon 300 of gene II Apart from the coding sequences, an intergenic region
of about 500 base-pairs is present between genes II and IV It encompasses six cw-acting
elements, each fulfilling a unique and specific function in the phage replication process
the (+) and (—) origins of, respectively, viral and complementary strand synthesis, the
morphogenetic signal for proper phage assembly, the signal for r/io-factor dependent
transcription termination, an enhancer of viral strand replication, and the promoter for
the expression of the consecutive genes II, X, V, VII, IX and Vili A second, smaller
intergenic region (about 50 base-pairs) is present between genes III and VIII It contains
a r/io-independent transcription termination signal and a promoter for the expression of
the consecutive genes III, VI, I and IV
Pf3. Although the size of the phage Pf3 genome (5833 nt) is only 575 nt smaller than
that of Ff, the Pf3 virion is some 200 nm shorter Electron micrographs indicate that
Pf3 and Ff are similar in radius and their tendency to flex, and that they have similar
mass per length (Day et al, 1988) Consequently, the DNA content in Pf3 (14% by
weight) is higher, and it is in fact higher than that in all other phages studied by EM to
date A 44-residue major coat protein has been characterized (Putterman et al, 1984)
but the precise composition of minor coat proteins in the bacteriophage is unknown
A remarkable difference between the Pf3 and Ff phages is the structure of the DNA
within the phage Circular dichroism and ultraviolet absorbance measurements indicate
the presence of base-stacking in Ff, but its absence in Pf3 (Casadevall & Day, 1982,
1983) These and other data suggested that the bases of the DNA m Ff are directed
toward the phage centre in a nghthanded superhehcal fashion, while the antiparallel
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Figure 1.2 Ammo acid sequences of the Pf3 coat and MIS procoat proteins Hydrophobic
domains are boxed and charged residues are indicated with the appropriate signs NMR struc
tural studies on the M13 coat protein m SDS micelles (mimicking the cell membrane) indicate
the formation of two helices, one running approximately from residues 8 to 15, and a larger
one consisting of residues 25 to 45 (Van de Ven et a l , 1993, Papavoine et a l , 1997) NMR
experiments using spin-labelled stéarate molecules indicate that this shorter amphipathic helix is
on the surface of the micelle, while the hydrophobic helix spans the micelle (Papavome et a l ,
1994)

ssDNA chains in Pf3 (and Pfl) have inside-out or inverted structures (I-DNA) with the
phosphates in and the bases out (Marzee L· Day, 1983, Liu & Day, 1994) Consequently,
the interaction between the ssDNA and the major coat molecules must be very different
in the two phages While stacking interactions of the internally localized bases help
stabilizing the phage structure of Ff, this is not possible in the Pf3 phage Instead^
stacking interactions may occur with the two C-terminal phenylalanine residues of the
Pf3 major coat protein, two rather unusual amino acids to be found at a C-terminus
It should be noted that this difference in base stacking appears to be unrelated to the
class I and II diffraction patterns of the phages, as the spectroscopical data on class-II
Xf phage indicate that Xf has a structure very similar to Ff (Casadevall & Day, 1983)
Luiten et al (1985) have postulated that the nine open reading frames shown in
Fig 1 1 are the actual protein coding sequences, ι e the Pf3 genome encodes for one
protein less than Ff Orf78 and orf44 are coding sequences for the ssDBP and major
coat protein, respectively The genome also contains three non-coding regions, which
constitute only 5% of its nucleotides (Ff 8%) Initially, no sequence homology was
found between the Pf3 sequence and that of the Ff phage However, when the genes are
compared individually, significant similarity over a 300-amino-acid span (21% identity,
72% similarity) was found between the C-terminal region of Ff gIVp and one of the
predicted Pf3 proteins (Rüssel, 1991) This similarity and the presence of an ATPbinding motif in Ff gip and in another Pf3 protein indicate that genes I and IV are
inverted in Pf3 Given the existence of bacterial homologues of gIVp (d'Enfert et al,
1989, Tomb et al, 1991), perhaps ancestral filamentous viruses lacked gene IV, and Pf3
and Ff acquired them independently (Rüssel, 1991) Still, there is apparent similarity
with respect to the overall pattern of large and small orfs following the major coat
protein gene in Pf3 as compared to the arrangement of Ff genes following gene VIII
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(Fig 1 1) The most pronounced difference in the genetic organization is in the region
between gene VIII and V (ι e orfs 44 and 78 in Pf3) These genes are separated by two
small genes (VII and IX) in Ff, encoding minor coat proteins of 33 and 32 ammo acids,
respectively The Pf3 sequence has only one orf of 58 amino acids at the equivalent
position
Another difference is that, contrary to Ff, the Pf3 gene encoding for the major coat
protein lacks a N-terminal leader signal sequence (Luiten et al, 1983) This leader se
quence is cleaved off after membrane insertion of Ff gVIIIp, and it is supposed to be
necessary for proper translocation across the membrane Apart from the Pf3 coat pro
tein, only the phage фЫ coat protein is known to be synthesized as a mature polypeptide
(Wen L· Tseng, 1994) Interestingly, the Pf3 and фЫ coat proteins are also the only coat
proteins whose sequences end with two phenylalanines, although </>Lf in fact ends with
Phe-Phe-Gly (Wen к Tseng, 1994)
It is tempting to speculate on the possibility of evolutionary relationship between Pf3
and Ff On the one hand, there is hardly any sequence homology (except maybe for
gene IV, see above), while on the other hand there is similarity in the overall genome
organization This may indicate a divergent evolution from a common ancestor to
very distantly related phages Still, the possibility exists of convergent evolution from
independent ancestral viruses and/or plasmids toward morphologically similar phages
with a gene order that is the most efficient for the life cycle of this type of virus
-«— outer membrane

F pilus

,4-«— minor coat proteins
^
(glllp, gVIp)
«— major coat protein
(gVIIIp)
minor coat proteins
(gVIIp, glXp)

Figure 1.3 Schematic representation of the life cycle of Ff
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Life cycle
The following paragraphs briefly describe the life cycle of phage Ff, which has been
extensively studied over several decades. Much less detailed information is available for
bacteriophage Pf3, but to a large extent the presented mechanisms will be true for Pf3 as
well because they are general characteristics of the filamentous phages. In particular the
roles of the respective ssDNA binding proteins (denoted gVp or GVP in Ff) are probably
identical. A schematic representation of the life cycle of Ff is depicted in Fig. 1.3. The
three major stages are: (1) phage infection, (2) DNA replication and gene expression,
and (3) phage assembly.
Infection. The Ff phage absorbs to the tip of the F-pilus of the host. This interaction triggers pilus retraction, in consequence of which the phage is transported to the
surface of the host cell where disassembly occurs. The phage genome is ejected into the
cell cytoplasm, while the major coat protein molecules are deposited in the inner-cell
membrane.
Replication. Following infection, the single-stranded viral genome is replicated according to a rolling-circle type replication mechanism (Fig 14), in which three stages
Infecting viral strand

RFIV

Gyrase
gVp-ssDNA
complex
Phage
assembly
Figure 1.4 Schematic representation of the DNA replication cycle of the filamentous bacteriophage Ff. The viral and complementary strands are indicated by plus and minus signs.
The g ene-V protein (gVp) molecules bind to the displaced strand of the rolling circle intermediate forming the precursor complex. This nucleoprotem complex migrates to the cell membrane
where the gene- V protein is replaced by the coat proteins upon phage assembly. For further
explanation, see text
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can be distinguished. The first stage represents the conversion of the infecting parental
or viral strand into an intermediate relaxed covalently-closed double-stranded replicative form DNA (RF IV), which is supercoiled by DNA gyrase to give replicative form
RF I. This conversion is completely dependent on host-encoded enzymes, such as RNA
polymerase, DNA polymerases I and III, DNA gyrase and ligase. Subsequent transcription and translation of the parental RF-I molecule results in the synthesis of the ten
phage-specific proteins. In stage two, a pool of progeny RF molecules is generated by
replication of parental RF I for which the phage-encoded glip is indispensable. This
protein induces a specific nick in the viral (+)-strand origin of RF I, thereby creating
a 3'-OH end (RF II) which serves as a primer for rolling circle-type replication. After
one round of asymmetric DNA synthesis, gllp nicks the displaced viral strand at exactly
the same position and concomitantly covalently closes both the displaced viral strand
and the newly synthesized double-stranded RF-II molecule. Hence, a displaced ssDNA
molecule and an RF-IV molecule have been created. After conversion of the RF-IV
molecule into RF I, the latter will again take part in the stage-two replication process.
The fate of the viral strand depends on the stage of infection. Early in infection, it will
again enter stage one (ssDNA—»RF IV—>RF I), so that one round of the process has
yielded two RF-IV molecules. Late after infection, however, stage three is initiated in
which (most of) the viral DNA is sequestered from the DNA replication machinery by
the gVp (Fig. 1.4). When gVp has reached a critical threshold concentration (typically
20-30 minutes after infection) its homodimer starts to bind specifically and cooperatively to the newly synthesized viral strands, hence preventing their conversion to the
replicative form. The viral strand is thus made competent for assembly into progeny
phage particles at the host cell membrane. Thus, during stage three the size of the RF
pool remains constant.
Assembly. Progeny virions are assembled at the cytoplasmic membrane (Rüssel,
1991). The details of this process, which takes place concomitantly with extrusion of
the phage particle from the infected cell, are largely unknown. Genetic and biochemical
studies have demonstrated that assembly heavily depends on the morphogenetic signal,
the two 'morphogenetic proteins' gip and gIVp, and at least one host-encoded protein,
viz. thioredoxin (Rüssel fe Model, 1986). According to the currently most reliable
assembly model a phagc-conducting channel is formed in the outer membrane by a
homomultimer of gIVp (reviewed by Rüssel, 1995). At the same time, one copy of
gip spans the inner membrane, leaving its large N-terminal domain in the cytoplasm.
Binding of the morphogenetic signal to this domain triggers a conformational change
in gip, as a result of which its periplasmic domain associates with gIVp. This in
turn triggers opening of the gIVp channel and simultaneously allows the nascent phage
particle to assemble and exit. The association of thioredoxin with the cytoplasmic
domain of gip is a prerequisite for elongation of the nascent virus particle. Upon phage
assembly the gVp molecules in the gVp-ssDNA complex are exchanged for the minor
and major coat proteins. In this process, the gene-V protein functions as a chaperone or
scaffolding protein. The released molecules participate again in the sequestering of viral
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strands produced during the rolling circle replication.
Regulation of the Ff phage life cycle and the function of gVp
A pool of RF molecules is rapidly built up in infected cells, which are neither killed nor
lysed, and production of progeny Ff phages already starts after 10 min reaching a steadystate after about 30 min after infection. A steady production of approximately 100 new
phage particles per cell generation is established in this state of persistent infection.
To achieve and maintain both a constant infection and a high phage production, strict
regulation of both gene expression and viral DNA replication is required. The necessity
for regulated gene expression is already illustrated by the fact that a mature phage
particle contains ~3000 molecules of the major coat proteins and only a few molecules
of each of the four minor coat proteins.
Regulation at the level of transcription. The expression of the Ff genes is regulated
by the number and strengths of the promoters, the transcription terminators, and the
stability of the respective mRNAs. In vivo experiments have demonstrated that the
Ff genome contains eight to nine promoters, but only three transcription termination
signals, and that all genes are transcribed with the same polarity as the viral strand
(Kokoska et al., 1990).
From a transcriptional point of view the genome can be divided into roughly two
domains, separated by the two major intergenic regions. Transcription of the frequently
transcribed domain, encompassing genes II, X, V, VII, IX and VIII, is accomplished
by a cascade-like mechanism in which transcripts are initiated at a number of different
promoters. Termination occurs, however, at one single r/io-independent transcription
termination signal located immediately after gene VIII. The largest transcripts are furthermore subjected to 5' post-translational processing by a host-encoded endonucleolytic
cleavage activity, the functional meanings of which for the host and genetic origin are
still unknown. The smallest RNA species, coding for gVp, gVIIp, glXp and gVIIIp, are
relatively long-living (half-lives of 2.5-10 min), whereas the larger messengers, amongst
which those encoding for gllp and gXp, have half-lives of less than two minutes. Expression of the second transcription domain, encoding glllp, gVIp, gip and gIVp, is
accomplished via a number of RNA species whose synthesis is initiated in front of genes
III and IV, but probably also within genes III and I. The transcripts are terminated at
two r/w-dependent transcription termination signals, one of which is located within gene
I and the other at the 5' end of the major intergenic region between genes IV and II.
Regulation at the level of translation. Three observations have clearly demonstrated
that the synthesis of the proteins encoded by genes II, V, VII, VIII, IX and X is
translationally regulated as well. First, it has been shown that certain proteins (e.g.
gXp) are synthesized in vitro in much higher relative amounts than in vivo. Secondly,
the mRNAs containing the coding information for gVp and gVIIIp also contain the
coding information for gVIIp and glXp. The latter two polypeptides, however, are
synthesized in much lower amounts. This differential translation arises both from the
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large differences in the strengths of the respective ribosome binding sites and from the
fact that the translation of the cistrons coding for gVIIp and glXp is strongly coupled
to that of gVp. Thirdly, in the absence of functional gVp, or in the presence of specific
gVp mutants, glip is overproduced. In vivo and in vitro studies have proved that this
overproduction is caused by a breakdown of the gVp-regulated translation of gene-II
mRNA. The studies have furthermore provided evidence that gVp exerts its regulatory
effect via specific binding to the first 16 nucleotides of gene-II mRNA, the so-called
translational operator (Michel & Zinder, 1989ab; Zaman et al, 1990). Apart from this
regulatory function, gVp also appears to (auto)regulate at the level of translation the
expression of the phage genes I, III, V, and X (Zaman et al, 1991).
Regulation of DNA replication. The pool of RF molecules grows rapidly in the initial
stage of infection. Late in infection, when large amounts of virus particles have been
produced, the number of RF molecules is maintained at a level of ~200 copies per cell.
The switch of RF production to the synthesis of progeny single-stranded viral DNA is
regulated by gVp. It inhibits RF replication by binding tightly and cooperatively to
the newly synthesized viral strands, hence sequestering these molecules from the DNA
replication cycle (Fig. 1.4). As described before, at a late stage of infection gVp also
regulates RF synthesis indirectly via repression of the translation of the mRNA coding
for glip. These two activities of gVp make a negative feed-back regulation circuit of
RF replication feasible: an increase in the number of RF molecules will lead to the
production of larger amounts of gVp. If the threshold concentration is reached the
gVp will bind both to the ssDNA, directly preventing production of larger amounts of
RF, and to the gene-II mRNA, indirectly repressing RF production. Conversely, if the
concentration of gVp drops below a certain level, sequestering of ssDNA is elevated and
the synthesis of glip increases, resulting in a rise of the number of RF molecules.
It should be noted, however, that in vivo experiments have indicated that there might
exist still two other mechanisms regulating phage DNA replication (Fulford L· Model,
1988ab). Specifically, DNA-replication studies under conditions of glip overproduction
suggest that this protein is also able to promote the synthesis of the complementary
strand, at late times after infection and via a mechanism still unknown.
Filamentous phage СТХФ is responsible for cholera infection
As can be seen in Fig. 1.3 the genome of Ff (and Pf3) is replicated as a separate vector in
its host. In contrast, some bacteriophages are known to integrate their genome into the
host chromosome, such as coliphage lambda, Haemophilus influenza phage HP1 (Hakimi
& Scocca, 1994), and the ssDNA filamentous phages Cf of X. citri (Dai et ai, 1987;
Shieh et al., 1995), Xf of X. oryzae and φΥ,ϊof X. campestris (Fu et al, 1992). As for the
filamentous viruses, their genomes were never shown to contain virulence genes and their
integration does not seem to harm the host cell. Scientific interest therefore has been
limited to applications to insert cloned genes for industrial purposes (Fu et al., 1992).
Quite the opposite situation is true for a number of so-called retroviruses. These
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are small, RNA-containing enveloped viruses, which are widely distributed in nature,
existing in many species as well as in man. Using the virus-encoded reverse transcrip
tase and integrase, they too insert their genome into that of infected cells. Several
retroviruses, however, contain oncogenes, i.e. acutely tumor-inducing genes. The human
retrovirus strain HTLV-I is accepted to be a co-factor in the development of an acute
T-cell leukemia in adults (Kurth et ai, 1987), and the well-known HIV-1 is the causative
agent of the acquired immune deficiency syndrome (AIDS). These retroviruses are of
course subject to world-wide investigations.
Surprisingly, the filamentous phage СТХФ was recently found to contain a virulence
gene as well, which can be chromosomally integrated (Wang et al., 1995) and which turns
out to play a crucial role in cholera infection. Cholera bacteria are normally benign,
water-dwelling organisms, but sometimes Vibrio cholerae turns virulent, and infection is
transformed from a mild or even unnoticeable event into a potentially deadly disease. It
was recognized that the disease-causing bacteria somehow had acquired extra genes from
other strains, hence picking up such menacing characteristics as the toxin responsible
for cholera's diarrhea. Recent research now indicates that this gene transfer occurs,
rather surprisingly, through an filamentous bacteriophage; СТХФ (Waldor к Mekalanos,
1996). The gene for cholera toxin is located within a distinct genetic fragment, the
CTX element, which is moved from pathogenic to benign strains by the M13-related
СТХФ phage. This phage enters the cells through the pili in a regular manner, but
unexpectedly, the bacterial gene that encodes the pili (toxR) also regulates the viral
toxic gene. It seems that the bacteriophage exploits the bacterial control of the pili gene
to produce the toxin. It would be interesting to see whether these results will bring about
fresh interest in filamentous bacteriophages as candidates for horizontal transmission of
virulence genes in bacteria (Williams, 1996).

Outline and context of this thesis
At the time the investigations described in this thesis were started, structural informa
tion on the class of ssDNA binding proteins was largely absent. Consequently, knowledge
of their structure-function relationship was scarce. Only one three-dimensional protein
structure was solved, which was that of Ff gVp (Brayer к McPherson, 1983), but NMR
analyses had already indicated that this structure was incorrect (Folkers et al., 1991b).
Biochemical and biophysical studies had been 'merely' focussed on the specificity and
cooperativity of the DNA binding, and the roles of the individual amino acids. The gen
eral observation of these studies was that the protein-DNA interaction was stabilized by
both hydrophobic and electrostatic interactions, without apparent sequence specificity.
The Ff gVp has always been a paradigm in this field.
Shortly thereafter, the (correct) structure of Ff gVp was solved in our lab by homonuclear and 15N-edited NMR techniques (Folkers et al., 1994) and its DNA binding domain
was mapped using spin-labelled oligonucleotides (Folkers et al., 1993b). Suddenly, much
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insight was gained into the structure-function relationship of this protein It was clear,
for instance, that only the protein dimer forms a biologically functional entity the
dimer contains two distinct DNA-binding domains, each formed by conjunction of the
DNA-bmding wing and dyad loop of different monomers Furthermore, it was apparent
that there were exposed hydrophobic residues (Tyr26, Leu28, Phe73) which would make
favourable candidates for stacking interactions with the bases of bound DNA In the
same year, X-ray crystallographers reported their structure of Ff gVp, which was now
in accordance with the NMR structure Chapter 2 of this thesis compares the crystal
and solution structures, and in addition reports a refinement of the latter, which was
possible having labelled the protein with 1 3 C
Important issues, however, still needed investigation In particular, the structure of
the gVp-ssDNA complex (see Figs 1 3 and 1 4) had to be solved This would yield
detailed information on the nature of both the protern-DNA interaction (bringing about
the intrinsic binding), and the protein-protein interaction responsible for the strong
cooperativity in binding Unfortunately, NMR would be an unsuitable method to deter
mine such a structure due to its high molecular weight Alternatively, the use of X-ray
crystallography to study the complex had so far been obstructed by the inability to grow
proper protein-DNA co-crystals A different approach was thus lequired, and we set
out to use restrained molecular dynamics to calculate a model for the Ff nucleoprotein
complex The method and the constructed model are presented in chapter 3
Of course, to be able to reliably draw general conclusions on this class of proteins,
it is necessary to study more ssDBPs Therefore, we initiated structural studies on the
ssDBP encoded by bacteriophage Pf3 Several aspects led us to choose this particular
protein First, the Ff and Pf3 phages have very similar life-cycles, and one assumes
equivalent functions for the respective ssDBPs Nevertheless, there is virtually no se
quence homology between the genomes of the phages, although there is some similarity
in one region of the amino acid sequences of the ssDNA binding proteins (the DNAbinding wing, vide infra) Hence, the phages are not evolutionary related or only very
distantly related, and it would be interesting to know to what extent the structures
of their ssDBPs differ If the phages are distantly related, similarities m the ssDBPs
indicate features that are likely to be of general importance to the protein's function, as
they have survived over countless generations Alternatively, if the phages are unrelated,
structural similarities suggest some kind of convergent evolution, which would even more
emphasize the importance (ι e structure-function relation) of the observed homologies
Secondly, sequence alignment predicted the presence of a DNA-binding wing in Pf3 ss
DBP, a feature found in both Ff and IKe gVp and probably present in several more
ssDNA binding proteins (Stassen, 1994) Structural analysis would reveal whether this
/?-hairpm is indeed formed m Pf3 ssDBP Finally, the dmierie Pf3 protein has a suitable
molecular weight to be studied by NMR (18 kDa), and we were able to purify the protein
with sufficient yield to allow for 1 5 N- and 13C-labelhng
Chapter 4 describes the characterization of Pf3 ssDBP and the elucidation of its
secondary structure, which is compared to that of Ff gVp
The three-dimensional
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structure of the Pf3 protein is presented in chapter 6, where it is compared not only
to the gVp but also to the major cold-shock protein of E. coli (CspA). This protein
is highly homologous to the nucleic acid binding domain of proteins belonging to the
Y-box family (i.e., the cold-shock domain; Wolffe, 1994).
Clearly, the three-dimensional structure itself provides insufficient information to really understand the function of the protein. Several other aspects had to be studied,
which are collected in chapter 8. In particular, we describe the location of the DNAbinding domain, the dynamics of the protein in the absence and presence of ssDNA, and
binding stoichiometries and -affinities. From a combination of these data, and imposing
some similarities to the M13 complex, we were able to build a plausible model for the
Pf3 nucleoprotein complex, which is presented as well.
Apart from this biological quest, effort was made to improve techniques and develop
methods in the field of structural NMR. This is reflected in two chapters of this
thesis. Chapter 5 presents improvements to an NMR experiment designed to overcome
ambiguity problems in NOE spectra of homodimenc proteins. Chapter 7 describes a
protocol that employs floating chirality to treat non-stereospecifically assigned prochiral
centres in restrained molecular dynamics calculations. These two innovations were not in
the least part responsible for the high quality of the structures that could be determined
for Pf3 ssDBP.

CHAPTER 2
Refined Solution Structure of the
Tyr41-»His Mutant of the M13 Gene V Protein
— A Comparison with the Crystal Structure

Abstract
The three-dimensional solution structure of mutant Tyr41—»His of the single-stranded
DNA binding protein encoded by gene V of the filamentous bacteriophage M13 has been
refined in two stages The first stage involved the collection of additional NOE-based
distance constraints, which were then used in eight cycles of NOE back-calculations and
structure calculations The structures of the gene V protein dimers were calculated using
simulated annealing, employing restrained molecular dynamics with a geometric force
field The second stage consisted of structure refinement using explicit solvent m the
OPLS force field A total of 30 structures was calculated for the protein, representing
its solution structure in water The first calculation step significantly improved the
convergence of the structures, whereas the subsequent simulations in water made the
structures physically more realistic This is for instance illustrated by the number of
hydrogen bonds formed in the molecule, which increased considerably upon going to
aqueous solution It is shown that the solution structure of the mutant gene V protein is
nearly identical to the crystal structure of the wild-type molecule, except for the DNAbinding loop (residues 16-28) This antiparallel /J-hairpin is twisted and partially folded
back towards the core of the protein in the NMR structure, whereas it is more extended
and points away from the rest of the molecule in the X-ray structure Unrestrained
molecular dynamics calculations suggest that this latter conformation is energetically
unstable in solution

J J Prompers, R H A Folmer, M Nilges, Ρ J M Folkers, R Ν H Konings & С W Hilbers, Eur
J Btochem 232, 506-514 (1995)
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Introduction
Single-stranded DNA binding proteins play an indispensable role m the life-cycles of
filamentous bacteriophages, such as Ff (M13, fl, fd), IKe and Pf3 (for a review, see
Model к Rüssel, 1988) The ssDNA binding protein encoded by gene V of bacteriophage
Ff is one of the most extensively studied members of its class Late after infection, the
protein binds strongly and cooperatively to the single-stranded tail of the rolling circle
intermediate and in this way initiates the switch from double-stranded DNA synthesis
to the production of progeny viral strands (Fig 1 4) Furthermore, GVP negatively
regulates, at the level of translation, the synthesis of the proteins encoded by genes II,
V and X (Model et al, 1982, Yen к Webster, 1982, Zaman et al, 1990)
Ff GVP consists of 87 amino acids, and occurs in solution predominantly as a sym
metrical dimer with a molecular mass of 19 4 kDa Recently, we reported the solution
structure of a mutant (Tyr41—»His) of GVP (Folkers et al, 1994) This so-called 'solu
bility' mutant was constructed because in solutions of wild-type GVP significant protein
aggregation occurs at concentrations needed for structural analysis by NMR (Folkers
et al, 1991a) It has been shown (Folkers et al, 1991b) that this single amino-acid
substitution strongly reduces the protein's tendency to aggregate while not affecting its
three-dimensional structure
In a parallel study, the crystal structure of GVP was elucidated at 1 8-Â resolution
(Skinner et al, 1994) Both structures replace the incorrect crystal structure reported
by Brayer h McPherson (1983) The molecular architecture of the GVP monomer
consists of a five-stranded /3-barrel from which protrude three loops the DNA-binding
loop (residues 16-28, see Fig 2 1), the complex loop (residues 36 42) and the dyad
loop (residues 68-78) Spin-label studies have provided a clear view of the protein's
ssDNA binding domain (Folkers et al, 1993b) Recently, models of the GVP-ssDNA
complex have been presented that are in full accordance with existent biophysical and
biochemical data (Folmer et al, 1994b, Guan et al, 1994, Olah et al, 1995)
For a thorough understanding of the characteristics of GVP, as well as an appropriate
comparison of the solution structure with the crystal structure, it was necessary to refine
the NMR structure using molecular dynamics with explicit inclusion of solvent Here,
we report the three-dimensional solution structure of Ff GVP Y41H refined in water A
detailed comparison with the crystal structure is given

Materials and methods
NMR spectroscopy
A uniformly 13C-labelled sample of mutant GVP Y41H was prepared and isolated as
described previously (Folkers et al, 1994, Folmer et al, 1994a) A 3D n C NOESYHMQC experiment (Ikura et al, 1990) was performed on a 1 4 mM 13C-labelled sample
in D2O solution on a Bruker AMX 600 spectrometer at 298 К Maximum evolution times
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Figure 2.1 Schematic representation of the average solution structure of the GVP Tyr41->His
mutant. The three major loops are indicated m the top monomer, and the eight ß-strands are
denoted with their strand numbers and first and last residue numbers. The structure was drawn
with MOLSCRIPT (Krauhs, 1991).
were 15.36 ms in t\ ('H), 4.80 ms in i 2 (13C) and 61.44 ms in the acquisition dimension;
the mixing time was 120 ms. The experiment was optimized for the aliphatic resonances.
It was processed on a Silicon Graphics Indigo workstation, using the MNMR software
package (PRONTO Software Development and Distribution, Copenhagen, Denmark).
The 3D NOESY-HMQC served to check the existing set of distance constraints, obtained
from the 2D NOESY spectrum (Folkers et al, 1994) and, of course, to identify new
distance constraints. The latter were conservatively separated into three distance ranges,
depending on whether a strong, medium or weak NOE was observed. These ranges were
1.8-4.0, 2.0-5.0 and 2.0-6.0 Â, respectively.
Furthermore, we repeated the double half-filtered NOESY experiment (Otting &
Wiithrich, 1989; Folkers et ai, 1993a) using an improved sequence which strongly reduces
the artefacts normally present in these type of spectra (Folmer et oí., 1995a). This
sequence, for instance, makes possible the observation of inter-subunit NOEs that are
very close to the diagonal of the spectrum.
Computations
Structures of the GVP dimers were generated using simulated annealing employing
molecular dynamics. We used the same simulated annealing strategy as described previ-
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ously (Nilges, 1993; Folkers et α/., 1994). Starting structures were composed of the set of
20 recently published solution structures* (Folkers et al., 1994). Back-calculations were
performed by calculating all non-trivial inter-proton distances less than 4 Â, which were
not yet distance constrained. The resulting contacts were constrained as either upper- or
lower-bound distance constraints, depending on their presence or absence, respectively,
in the NOESY spectra. The flexible parts of the protein, the DNA binding loop and
the N- and C-termini, were not included in the back calculations. The rest of the protein is considered to be rather rigid (slow tumbling limit), so that the incorporation of
lower-limit distance restraints for this part of the molecule is allowed. In total, eight
subsequent cycles of back-calculations and structure calculations were performed, finally
resulting in a consistent set of distance constraints. Then, 80 conformers were calculated,
from which the 30 structures with the lowest total energy were selected.
The selected structures were further improved by restrained MD with explicit inclusion of solvent. For that purpose, the selected structures were immersed in a 7-Â shell of
TIP3P water molecules (Jorgensen et al., 1983). The 'soft' repulsive non-bonded energy
term, used during the MD protocol with the geometric force field, was replaced by the
OPLS Lennard-Jones potential (Jorgensen & Tirado-Rives, 1988; LeMaster et ai, 1988)
and the electrostatic energy term was switched on. At first, the force constants for
the NOEs, angles and impropers were kept low and the α-carbon atoms were held ap
proximately fixed by adding a parabolic restraint, which keeps them near their original
positions (Bruccoleri k. Karplus, 1986). After a short energy minimization, the system
was gradually heated up to 300 K. Then, the α-carbons were no longer restrained and
1000 steps of dynamics were performed with a time step of 1.5 fs. From here, the
NOE force constant was increased to its normal value (25 kcal mol -1 Â~ 2 ) and another
3000 steps of dynamics were performed. Finally, the angle and improper force constants
were gradually raised from 50 to 250 kcal mol -1 rad - 2 through 1750 steps of dynamics.
The calculations ended with a short conjugate gradient minimization. The protocol is
summarized in Table 2.1.
To study the differences between the solution and crystal structure in detail, we also
performed molecular dynamics simulations on the GVP crystal structure. First, the
X-ray structure was compared to the NMR-based inter-proton distances, by performing
restrained MD calculations incorporating the set of NMR distance constraints. The
protocol was essentially identical to the one used for the protein structure calculation
with inclusion of solvent, and we used the same force field. In order to specifically study
changes in the DNA binding wing, the core (all atoms further than 10 Â away from
*The structures reported by Folkers et al. were calculated in a two-step procedure: first, monomer
structures were built using the program DIANA (Giintert et al., 1991). These were then used as starting
structures in X-PLOR, and the resulting dimer structures were iteratively refined in a few cycles of
structure computation. The verify whether this iterative procedure had not given rise to erroneous bias
in the coordinates presented in this paper, a set of 30 dimcr structures was recently (1996) calculated
from two individually randomized monomers, using a similar procedure as described in chapter 7 (see
also Table 8.1). These 'one-step' structures were virtually indistinguishable from the ensemble presented
here.
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residues 14-30) of the molecule was fixed, and only the NMR constraints within the
DNA binding loops (residues 16-28) were imposed. In addition, we subjected the crystal
structure to a free (unrestrained) MD run, consisting of 35 ps of dynamics at 300 K. No
atoms were fixed and the structure was immersed in a 9-Â shell of water molecules. This
simulation was performed in the Charmm22 force field (Schmidt et ai, 1993).
The calculations were done with the program X - P L O R (Briinger, 1992), version 3.1,
running on a Silicon Graphics 4D-480 computer.

Results and discussion
Refinement and description of t h e structure
Recently, it was shown that the GVP Y41H solution structure and the wild-type crystal
structure have identical folds (Folkers et ai, 1994; Skinner et ai, 1994). Furthermore, it
was demonstrated that wild-type GVP and mutant GVP Y41H adopt virtually identical
conformations in solution (Folkers et ai, 1991b).

Our aim to compare the solution

and X-ray structure in more detail prompted us to refine the three-dimensional solution

Table 2.1 Molecular dynamics protocol used to calculate the structures of the M13 GVP
Y4IH dimer in explicit solvent. During the phase I the alpha-carbon atoms were kept near
their original positions by a harmonic energy term, with a weight factor of 10 kcal mol~' A~2
(Bruccoleri & Karplus, 1986). The dynamic calculations in the third phase were preceded by
200 steps of energy minimization, and the protocol ended with 150 steps of energy minimization.
The temperature was controlled by the heat bath coupling method of Berendsen et al. (1984).
I

II

Phase
Temperature (K)
Energy constants:

100->300

300

300

III
300

IV

KNOEa (kcal/mol Â2))
Kangies (kcal/(mol rad 2 ))
Κρίαπατ (kcal/mol rad 2 ))
Kbonds (kcal/(mol À 2 ))
KNCSC (kcal/mol Â2))
Ksymmd (kcal/mol Â2))
Simulation time (timesteps)

15
50
50
1000
10
1.0
200

15
50
50
1000
10
1.0
1000

25
50
50
1000
10
1.0
3000

25
50^250''
50->250b
1000
10
1.0
1750

° In all calculations we used a harmonic "flat-bottom" potential with linear behaviour for large
deviations (Nilges et al, 1988b).
6
The energy constants for the angles and impropers were increased by an amount of 50 kcal mol -1
-2
rad every 250 steps of dynamics, until they were both 250 kcal mol -1 rad - 2 . Each increment was
preceded by 20 steps of energy minimization.
c
This constant relates to a pseudo-energy term which minimizes the atomic rms difference between
the monomers to impose that both subunits will be identical.
d
This constant relates to a pseudo-energy term restraining the monomers to be in a symmetrical
arrangement (Nilges, 1993).
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structure of GVP Y41H, employing restrained MD in water.
The structural information obtained from the aliphatic region of the spectum, intro
duced in the previously reported structure, was derived solely from homonuclear twodimensional NMR data. In order to resolve ambiguities in the 2D NOESY spectrum, we
,3
recorded a 3D C-edited NOESY. Interpretation of this spectrum in conjunction with
the already assigned 2D NOESY spectrum yielded chemical shift assignments for almost
13
15
13
all aliphatic C resonances. Table 2.5 (page 46) lists the N, C and Ή chemical
shifts currently assigned in GVP Y41H. All cross-peak assignments in the 2D NOESY
spectrum could be confirmed, except for one cross-peak which was previously assigned
to the Ha of GIu51 and the ¿-methyl protons of Leu49. It had to be reassigned as a
NOE connectivity between Leu49 and the α-proton of Ala55. Due to the (typically)
strong correlation between the carbon chemical shifts and those of the attached protons,
a considerable amount of overlap was present even in the 3D spectrum, particularly
in the methyl region, and less additional connectivities could be assigned than we had
hoped for. Still, about 50 new non-trivial cross-peak assignments could be derived from
13
the C-edited NOESY. For example, we could identify NOEs from the α-protons of
Gly38 to the ¿-methyl protons of Leu65, which can only be inter-monomeric. These
assignments are consistent with the inter-subunit NOE connectivity between the Ha
of Leu37 and the ¿-protons of Leu65, which had been unambiguously identified in the
13
C double-half-filtered NOESY experiment (Folkers et ai, 1993a), recorded for a GVP
sample containing heterodimers composed of 13C-labelled and unlabelled monomers.
Furthermore, we assigned NOE connectivities between the /3-methyl protons of Alali
and the aliphatic protons of Pro58. Because the /3-proton resonances of Alai 1 and Ala57
are overlapping, only NOE connectivities between the /3-methyl protons of Ala57 and
the aliphatic protons of Pro58 were identified in the 2D NOESY spectrum. From the 3D
experiment, it appeared that these cross-peaks in the 2D NOESY were in fact the result
of both, i.e. contacts between Ala57 and Pro58 and contacts between Alali and Pro58.
Systems of the size of the 19.4-kDa GVP dimer exhibit a significant amount of spin
diffusion, even at relatively short mixing times. Therefore, it is difficult to calculate
GVP structures directly from the intensities of the NOE cross-peaks. However, to verify
whether the NOE data set is at least qualitatively consistent with the structures, we
performed eight iterative cycles of NOE back-calculations and structure calculations.
The first back-calculation yielded a significant amount of short inter-proton distances,
which were not yet distance constrained. In a few cases this resulted in the assignment
of new NOE connectivities. When it was clear that no NOE could be observed, the
protons were separated by means of a lower-limit distance constraint (4 Â). After eight
iterations, no new short interproton distances were found. This indicates that the GVP
Y41H structures are in good agreement with the NOE data set. At this stage, 1218
distance restraints were used per monomer, 187 of which were lower-limit constraints.
From this new set of NOEs, a family of 30 structures was calculated. None of these
structures exhibited NOE-derived distance violations larger than 0.5 Â. The refinement
procedure clearly improved the structures published previously (Folkers et α/., 1994). In
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particular, the aforementioned reassignment resulted in a small but significant change in
the so-called broad connecting loop (residues 49-58)

Further differences are restricted

to minor, very local changes, such as the rearrangement of some side chains

The rms

difference between the individual structures and the mean structure, taking all residues
into account, dropped from 1 69 to 112 Â for the backbone atoms (N, C, C a ) , and
from 2 13 to 1 54 Â for all non-hydrogen atoms

Upon excluding the relatively flexible

DNA binding wing, the rms difference for the backbone atoms is 0 70 Â

These and

other structural statistics as well as some atomic rms deviations are given in Table 2 2
Some of the rms values listed here may seem large in comparison with NMR structures
reported during the last one or two years

In this respect, we note in passing that the

gene V protein is not a very favourable system to be studied by NMR The combination
of the protein's substantial molecular mass (19 4 kDa), its ever present tendency to
aggregate and the relatively low temperature at which the NMR measurements have to
be performed (298 K), gives rise to quite short T2 relaxation times

As a consequence,

HCCH-TOCSY and HCCH-COSY experiments (Bax et al, 1990, Ikura et al, 1991a) did
not produce reasonable spectra, and moreover, every attempt to accurately determine
I-couplings has failed so far
Generally, the accuracy and reliability of NMR structures can be further improved by
inclusion of solvent molecules during the structure calculation Structures become more
realistic during simulation in water, especially parts near the protein surface

These

parts are normally poorly defined by NMR data and consequently are insufficiently

Table 2.2 Structural statistics and atomic rms difference?
Structural statistics
R m s deviation from distance restraints (Â)
Deviations from idealized geometry
Bonds (A)
Bond angles (deg )
Impropere (deg )
Atomic rms differences (A) c
Residues 1-15 and 29-87
Backbone (N, Co, C)
All non-hydrogen atoms
Residues 1-87
Backbone (N, Ca, С)
All non-hydrogen atoms

no solvent0

solvent''

0 067 ± 0 001

0 095 ± 0 002

0 0031 ± 0 0001
0 645 ± 0 005
0 4 4 ± 0 02

0 0171 ± 0 001
1 66 ± 0 03
22 ± 02

0 70 ± 0 17
1 16 ± 018

0 77 ± 0 15
1 21 ± 017

1 12 ± 0 38
1 54 ± 0 31

1 18 ± 0 39
1 57 ± 0 34

" This column shows the 30 selected structures calculated with the geometric force field
b
This column shows the 30 structures refined in water
c
The atomic rms differences were calculated for the 30 structures with respect to the respective mean
structures
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Figure 2.2 Stereoviews of the best-fit superpositions of the backbone (N, Ca, CO) atoms of 12
of the 30 final G VP Y4IH structures simulated m water. Structures were overlaid for residues
1-15 and 29-87. In the top figure the two-fold axis of the molecule is perpendicular to the plane
of the paper. The bottom figure shows the protein with its two-fold axis parallel to the plane.

described by calculations which do not incorporate detailed energy terms (De Vlieg
L· Van Glinsteren, 1991). Therefore, the 30 calculated structures were subjected to a
restrained MD simulation in water, resulting in a final set of 30 structures that represent
the refined GVP Y41H solution structure. This MD run produced only small, very local
changes, such as the formation of hydrogen bonds (vide infra). Fig. 2.2 displays best-fit
superpositions of the backbone atoms (N, Ca, CO) of 12 conformers arbitrarily chosen
from the ensemble. Structural statistics and atomic rms deviations are given in Table 2.2.
In Fig. 2.3a, the local variations in the precision of the structure determination are
substantiated by the backbone and side-chain deviations around the mean co-ordinates.
Apart from the DNA-binding loop, all /3-strands (residues 3-6, 30-35, 43-48, 59-63, 6 8 71, 75-78 and 83-85, see Fig. 2.1) are well defined by the NMR data. In spite of some
enhancement of the definition of the DNA-binding loop during the refinement procedure,
it is still the most disordered part of the protein, as can be seen from Figs 2.2 and 2.3a.
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This is most likely due to the supposed flexibility of this antiparallel /3-loop, indicated
by the absence of slowly exchanging amide protons (Folkers et al, 1991b, 1994) It
is noted that there are no clear NOEs observed between residues in the DNA binding
loop and the core of the protein Therefore, the structural variability of this loop is
probably a result of its orientation with respect to the core of the molecule, rather than
a low definition of the loop itself Fig 2 3 furthermore shows that regions of increased
conformational disorder, other than the DNA-binding loop, are the complex loop, the
/3-turn formed by residues 49-52, the tip of the dyad loop (residues 71-74) and the Nand C-termini of the protein This can be understood by the fact that these regions
contain many solvent-exposed residues (see Fig 2 3b) for which only few NOEs were
found
The effect of inclusion of solvent molecules during the refinement procedure is nicely
illustrated by the number of hydrogen bonds The hydrogen bonds in the solution
structures of GVP Y41H calculated in water are listed in Table 2 3 Upon going from the
geometric force field (and no solvent) to the OPLS force field (with solvent molecules),
the number of hydrogen bonds increased from 15 (data not shown) to 43 and these are
all consistent with amide-proton exchange data (Folkers et al, 1994) As before (Folkers
et al, 1994), the following NH(i)-CO(.j) backbone hydrogen bonds were restrained as
distance constraints during the refinement procedure (i,j) = (4,61), (5,34), (30,14),
(31,47), (33,45), (34,5), (35,43), (43,35), (45,33), (46,74), (47,31), (49,29), (61,4), (62,84),
(64,82), (69,77), (77,69), (82,64), (84,62) and (86,60), where ι and j represent the residue
numbers of the two amino acids involved These hydrogen bonds are all cross-strand,
and were predicted from the secondary structure of the protein, amide proton exchange
data justified the use of these Η-bonds as restraints during the calculations It is
noteworthy that only 9 out of these 20 restrained hydrogen bonds could satisfy the
criteria for a real hydrogen bond in the 'vacuum' structures, whereas 18 satisfied them
in the structures refined in water (see Table 2 3) Furthermore, the simulation in water
yielded the identification of a hydrogen bond between the hydroxy proton of Тугбі and
the carbonyl oxygen of Ala57 The hydroxy proton of Tyrol is slowly exchanging with
the solvent (Folkers et al, 1994), indeed suggesting its involvement in a hydrogen bond,
which could however not be identified in the unrefined structures Apparently, molecular
dynamics in water is sufficiently accurate to predict these kinds of detailed interactions
The number of hydrogen bonds formed by buried polar atoms is also a measure of the
quality of the structure (De Vlieg &¿ Van Gunsteren, 1991)

Comparison to the crystal structure
Recently, the crystal structure of the gene V protein has also been elucidated (Skinner
et al, 1994) Obviously, it is of interest to compare the X-ray structure to the solution
structure On a secondary structure level, the two structures are identical, except for the
N-terminal /?-strand which in the crystal starts at residue 4, whereas in solution typical
antiparallel /J-sheet NOEs are already found for Lys3 (Folkers et al, 1991b)
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Table 2.3 Hydrogen bonds m the solution structure of M13 G VP Y4IH simulated m water
Hydrogen bonds are listed if they are present in at least 15 of the 30 calculated structures in water
to the criteria that d<2 5 A and θ<35 degrees, where 'd' is the proton to acceptor distance and
'Θ ' the angle between the donor-proton bond and the line connecting the acceptor and the donor
heavy atoms (Levitt, 1983) The last two columns list the average values for these angles and
distances Hydrogen bonds which were restrained by distance constraints during the structure
calculations are marked with a '· '
Donor
4
Val
5
Glu
De
6
Gin
10
14 Thr
14
Thr
Arg
16
18 Gly
20
Ser
26 Туг
30
Glu
Gin
31
Gin
31
Gin
31
Cys
33
34
Tyr
Val
35
Asp
36
Gly
38
39
Asn
43 Val
45
Val
Ile
47
Leu
49
Gin
53
61
Tyr
61 Tyr
62
Thr
62
Thr
62 Thr
Val
63
64
His
64
His
67
Ser
68
Phe
69
Lys
71
Gly
74
Gly
75
Ser
77 Met
79
Asp
84
Val
86
Ala

HN
HN
HN
HN
HN
HO71
HN
HN
HN
HN
HN
HN

HNe 2
HNe 2
HN
HN
HN
HN
HN
HN
HN
HN
HN
HN
HN
HN
Ηθη
HN
HO71
HO71
HN
HN

HNä!
HO7
HN
HN
HN
HN
HO7
HN
HN
HN
HN

Acceptor
61 Tyr
34 Tyr
59 Gly
7
Lys
30 Glu
13 Phe
28 Leu
26 Tyr
24 Lys
18 Gly
14 Thr
47 Пе
10 Gin
56 Tyr
45 Val
5
Glu
43 Val
Lys
3
36 Asp
36 Asp
35 Val
33 Cys
31 Gin
29 Asn
50 Asp
4
Val
57 Ala
84 Val
62 Thr
84 Val
2
Ile
82 Arg
66 Ser
80 Arg
65 Leu
77 Met
75 Ser
71 Gly
74 Gly
69 Lys
67 Ser
62 Thr
60 Leu

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
07
0
0
0
0
0
0
0
0
0
0

Occurence
30
30
30
30
29
15
28
23
20
28
30
30
24
15
28
29
30
30
15
19
29
30
30
30
25
30
20
30
17
26
28
25
15
19
27
30
27
16
18
30
21
30
30

d(A)
1 93 ± 0 10
1 82 ± 0 08
2 18 ± 0 13
2 09 ± 0 09
2 03 ± 0 10
2 10 ± 0 19
2 12 ± 0 16
1 93 ± 0 11
2 13 ± 0 20
1 74 ± 0 06
1 82 ± 0 09
1 87 ± 0 10
1 75 ± 0 05
2 15 ± 0 17
2 06 ± 0 12
2 11 ± 0 1 6
1 99 ± 0 10
1 99 ± 0 18
1 88 ± 0 21
2 03 ± 0 16
2 12 ± 0 15
1 81 ± 0 08
1 87 ± 0 09
1 79 ± 0 09
2 25 ± 0 15
1 67 ± 0 02
1 88 ± 0 12
1 78 ± 0 03
2 22 ± 0 05
2 31 ± 0 11
2 24 ± 0 10
1 83 ± 0 12
1 90 ± 0 08
1 83 ± 0 08
2 10 ± 0 16
1 89 ± 0 10
1 88 ± 0 11
2 19 ± 0 15
1 97 ± 0 19
2 07 ± 0 12
2 02 ± 0 10
2 25 ± 0 09
1 76 ± 0 04

0(deg)
22 7 ± 4 5
18 7 ± 5 9
17 0 ± 4 3
20 3 ± 3 3
22 3 ± 4 5
16 3 ± 7 4
10 6 ± 4 1
17 9 ± 8 8
16 0 ± 5 2
13 4 ± 6 1
108 ± 5 0
15 5 ± 7 2
14 2 ± 3 2
23 9 ± 5 5
20 3 ± 8 0
25 4 ± 4 1
173 ± 2 5
10 8 ± 3 6
25 3 ± 5 8
22 2 ± 7 7
210 ± 4 6
12 0 ± 3 9
10 7 ± 4 4
18 4 ± 4 6
17 0 ± 4 6
11 4 ± 3 0
12 6 ± 6 4
11 1 ± 2 5
29 7 ± 2 3
21 9 ± 8 5
16 5 ± 2 4
210 ± 8 9
26 6 ± 3 7
23 4 ± 2 5
17 4 ± 6 3
11 8 ± 3 2
11 8 ± 5 9
173 ± 5 0
15 0 ± 2 8
19 9 ± 4 1
21 5 ± 4 1
21 4 ± 4 1
10 6 ± 1 4
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Figure 2.3 (a) Average atomic п м deviation per residue about the mean structure of the final
set of W structures simulated m water, best fitted to residues 1-15 and 29-87 Backbone atoms
are displayed by solid bars, open bars represent non-hydrogen atoms The four regions indicated
are (1) DNA binding loop, residues 16-28, (2) complex loop residues 36 4%, (3) loop formed
by residues 49-55 and (4) the dyad loop, residues 71-75 (b) Solvent accessible surface plotted
per residue The solid line represents the energy minimized average solution structure As a
comparison, the solvent accessible surface of the crystal structure is plotted with the dashed line

The wild-type X-ray structure contains 56 hydrogen bonds, compared to 43 in the
solution structure of G V P Y41H refined in water

Both structures have 35 hydrogen

bonds in common, among which is the bond between hydroxy proton of Тугбі and the
carbonyl oxygen of Ala57 The remaining 8 hydrogen bonds in the NMR structure, as
well as the remaining 21 h> drogen bonds in the X-ray structure, are predominantly found
in the more flexible parts of the protein, such as the DNA-bindmg loop, the complex
loop and the dyad loop Probably, the differences in the hydrogen bonds formed in these
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Table 2.4 Rms differences between the average solution structure of GVP Y4IH refined in
water and three crystal structures Values are given for the backbone atoms, excluding the DNA
binding loop (residues 16-28), upon fitting protein monomers
NMR
Y41H
X-ray

wt
Y41H
Y41F

150
o
1 71/1 58
151

wt
0a
b
1 01/1 02
0 23

X-ray
Y41H

Y41F

0 90"
b
0 99/1 06

0°

" Rms deviation between the two monomers in the crystal structure
ь
Rms deviations with the two different monomers in the X ray structure formed by the Y41H mutant
loop regions result from the different interactions in solution and in the protein crystal
The higher number of hydrogen bonds ш the crystal structure can be explained by the
fact that these flexible parts in solution are relatively more fixed in the protein crystal,
allowing them to be better defined in the crystal structure
The rms difference between the core (1 e excluding the DNA binding loop) of the
average solution structure of GVP Y41H refined in water and the crystal structure of
the wild-type protein is 1 50 À for the backbone atoms and 2 13 Â for all non-hydrogen
atoms, when fitting the protein monomers

When fitting the protein dimers, these

values are slightly higher, namely 1 85 A and 2 33 Â, respectively Considering the 1 8-Â
resolution of the crystal structure as well as the 0 7-Â rms difference for the backbone
of the solution structures, these numbers compare reasonably

The energy-minimized

average solution structure and the crystal structure are depicted in Fig 2 4

It shows

that for the five-stranded /3-barrel, the folds of the two structures are nearly identical
However, the protruding loop regions (the DNA-binding loop, the complex loop and
the dyad loop) differ in their orientations, making the NMR structure somewhat more
globular than the X-ray structure

Furthermore, there is a significant difference in the

location of the N-terminus of the molecule which is closer to the core of the molecule in
the solution structure (Fig 2 4b)
Recently, the crystal structures of the Y41H and Y41F mutants of GVP have been
reported as well (Guan et al, 1994)

An overview of the rms differences between the

NMR and X-ray structures is given in Table 2 4 It shows that the differences between
the solution structure and the various crystal structures are comparable

Remarkably,

the Y41H X-ray structure consists of two non-identical monomers, which thus constitute
an asymmetric dimer (Guan et al, 1994)

NMR data, however, clearly indicate that

the GVP Y41H dimer in solution is symmetric, at least at the NMR chemical shift
time scale, as equivalent protons in the monomers of the dimer give rise to only one
resonance

Most likely, the asymmetric conformation of the Y41H dimer in the protein

crystal is induced by packing forces

In this respect, it is noted that the Y41H mutant

protein crystallizes in a different lattice from the Y41F and wild-type GVP, which do
form symmetric dimers (Guan et al, 1994) Therefore, we consider it more appropriate
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a)

NMR

X-ray
b)

NMR

X-ray
Figure 2.4 Stereoviews of the backbone representation of the average solution structure of
Ff GVP Y4IH and the crystal structure of the wild-type protein, (a) The two-fold axis of the
molecule is perpendicular to the plane of the paper (b) View with the two-fold axis parallel to
the plane
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to compare the solution structure of GVP Y41H to the wild-type crystal structure.
Fig. 2.5 compares short (smaller than 6 Â) carbon-carbon distances occurring in
the minimized average solution and the crystal structure.

It clearly shows that the

two structures arc very similar. The local variations between the backbone atoms of
the solution structure and the crystal structure are shown in Fig. 2.6. In this figure,
rms differences are depicted per residue, when best-fitting the protein monomers (not
residues 16-28). For the core of the protein, the fold of the NMR structure is very similar
to that of the X-ray structure (cf. Fig. 2.4). Rms deviations up to about 3.5 A are found
for the loop regions, such as the complex loop, the /3-turn formed by residues 49-52 and
the tip of the dyad loop (cf. Fig. 2.3), which are less well-defined in the NMR structures.
The main difference between the solution structure of GVP Y41H and the wild-type
X-ray structure concerns the DNA-binding loop. Rms differences up to about 12 À are
encountered for residues in the tip of the DNA-binding loop. This is due to the quite
different orientation of the DNA binding loop in these structures. The DNA-binding
loop is partially folded back towards the core of the protein in the NMR structure, while
in the crystal structure it points away from the rest of the protein (see also Fig. 2.4).
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.Figure 2.5 Contact matrix of the average solution (lower half) and crystal (upper half) GVP
structures. Squares represent inter-residue distances less than 6 A between at least one pair of
carbon atoms. Note the apparent differences around residues 20-25 (the DNA binding loop).
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Figure 2.6 Rins differences per residue between the average solution structure of GVP Y4IH
and the crystal structure of the wild-type protein, whenfittingthe protein monomers. The solid
bars indicate the backbone atoms (N, C, Ca), the open bars represent the non-hydrogen atoms.
However, as stated before, there are no clear NOEs observed between residues in this
loop and the core of the protein; we even included a few lower bound distance restraints
to prevent the DNA binding wing from really making contact with the core.
When fitting a floating stretch of three amino acids the maximum rms difference
between both structures in the DNA binding loop is about 2 Â. This remarkably large,
local difference is caused by a twist in the DNA binding loop of the solution structure,
which is hardly apparent in the crystal structure. As a result of this twist, short distances
(as small as 2 A) are observed amongst others between Ser20 and Tyr26. These distances
are clearly larger (>3.5 Â) in the crystal structure and would not lead to the quite intense
NOE cross peaks which are observed in the NMR spectra. Interestingly, recent work by
Rietman and co-workers (1996) showed that a synthetic circular 11-peptide, representing
residues 17-27 in the GVP DNA binding loop, adopts virtually the same conformation
as the antiparallel ^-hairpin of the solution structure of GVP Y41H, including the twist.
Apparently, this twist is inherent to the amino acid composition of the DNA binding
wing.
Whether this twist alone is responsible for the orientation of the DNA binding loop
being folded back towards the core of the protein in solution remains unclear. Considering the DNA binding domain of the protein, it appears that in the NMR structures
there is not enough room to accommodate two ssDNA strands. In this respect, the
'open' conformation of the crystal structure would be more suitable. One could speculate that in solution the DNA binding wing would have to undergo a conformational
change, finally adopting a conformation similar to that in the X-ray structure. Indeed,
molecular dynamics calculations performed on complexes of ssDNA and GVP (Folmer
et ai, 1994b) show that upon DNA binding the binding wings adopt fairly straight
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0 ps

5 ps

15 ps

35 ps

Figure 2.7 Snap shots taken at 5, 15 and 35 ps from the unrestrained molecular dynamics
simulation in water of the wild-type protein. The crystal structure, was taken as the starting
conformation (0 ps).

structures. However, the wings are still clearly twisted, indicating that this feature may
be independent from the overall orientation of the loops.
To further investigate the conformation of the DNA binding wing in the crystal,
the X-ray structure was subjected to both free and restrained molecular dynamics in
explicit solvent. The restrained MD simulations served to check whether the differences
in the DNA binding loop compared to the solution structure are indeed caused by the
NMR restraints. During these simulations only the NOE-based distance constraints
within the DNA binding loop were considered. The result of these calculations was
that the DNA binding loop immediately adopted a twisted structure, just as in all
NMR structures, indicating that the NMR restraints indeed represent a truly twisted
conformation. Furthermore, the DNA binding loop moved towards the core of the
protein more resembling the solution structure.
The unrestrained or 'free' MD simulation was performed to investigate whether the
twist is purely a result of the NMR restraints or whether this twisted conformation is
really energetically more favourable in solution. In the latter case, the twist should
also be induced by the force field during a free MD simulation. Interestingly, the
unrestrained MD simulation caused the same structural changes in the X-ray structure
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as did the restrained MD simulations Fig 2 7 depicts the GVP X-ray structure as
it evolved during the MD trajectory It shows that the DNA binding loop gradually
twisted and folded towards the core of the protein After about 15 ps the DNA binding
loop is really curved in a very similar fashion as m the solution structure (cf Fig 2 4)
We have repeated this calculation several times, with different starting velocities, always
finding the same result Therefore, we believe that the conformation of the DNA binding
loop in the X-ray structure is energetically unstable m solution However, it is unlikely
that the extended conformation in the crystal is a direct effect of crystal packing forces
X-ray analyses showed that the GVP Y41H mutant crystallizes in a form different from
the wild-type protein, and that the Y41H dimer is in the asymmetric unit of the unit cell
(Guan et al, 1994) Thus, considering both the symmetric wild-type and the asymmetric
mutant protein, in total three different types of crystal packing interactions have been
observed, and the three independent DNA binding wings are located in very different
crystal environments Still, all three DNA binding loops adopt fairly straight, hardly
twisted structures
It is attractive to speculate that the DNA binding loops are flexible, being able
to adopt conformations ranging from those seen in the crystal to those of the solution
structures Nevertheless, the results of the unrestrained dynamics simulations do suggest
that the conformation in the crystal is not very favourable in solution
Fig 2 7 furthermore shows that during the unrestrained dynamics the N-terminus of
the crystal structure moved slightly toward the protein core Its location, however, is
still quite different from the N-terminus in the solution structure
In conclusion, the solution structure of GVP Y41H and the wild-type X-ray structure
are nearly identical as far as the core of the protein is concerned, but they differ significantly in their DNA binding loops This antiparallel /î-hairpin is twisted and partially
folded back towards the core of the protein in solution, whereas it is more extended and
it points away from the core in the protein crystal From an NMR point of view, we
cannot at present exclude the occurrence, during part of the time, of the X-ray conformation in solution Although the solution structure of the DNA binding loop gives
rise to NOEs which are not expected on the basis of the X-ray structure, no NOEs are
predicted from the conformation in the crystal that are absent in the NOESY spectrum
Therefore, both conformations might be in an equilibrium, as the DNA binding loop is
considered to be flexible However, the free MD simulation indicates that, in solution,
a twisted conformation of the DNA binding loop is energetically more favourable and
hence physically more realistic

The coordinates of the structurel refined m the geometric force field have been deposited with
the Brookhaven Protein Data Dank The entry codes are 2GVA for the ensemble and 2GVB
for the energy-minimized average structure
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Table 2.5
N, ' C and Ή chemical shifts for Y4IH M13 GVP at pH 5 1 and 25° С
Proton chemical shifts (±0.02 ppm) are expressed relative to 3-(trimethylsilyl) propionic
15
acid (TSP), N chemical shifts (±0.2 ppm) are referenced to external liquid ammonia
13
at 25° C, and C chemical shifts (±0 2 ppm) are relative to hypothetically internal TSP
(Ikura et a l , 1991b) Proton resonances are given between parentheses, following the
attached heteronucleus. Chemical shifts %n italics are tentative assignments. Question
marks indicate non-assigned resonances.
1»N»

Metl

Ca

C0

others

55 2 (4 03)

34 4 (2 16)

С 7 З І 1 (2 59), Ce 17 3 (2 18)

Ile2

(8 96)

61 7 (4 15)

39 0 (1 52)

C71 27 6 (1 47, 0 67), C72 18 3 (0 62), Ci 12 9 (0 23)

Lys3

128 7 (8 85)

56 7 (4 71)

33 9 (2 06, 1 92)

Cf 25 2 (1 61, 1 43), C i 29 3 (1 75), Ce 41 8 (3 02)

Val4

123 9 (8 62)

60 2 (4 97)

•> (1 60)

C7 21 7 (0 72), 21 7 (0 72)

Glu5

128 1 (9 62)

54 5 (5 37)

33 6 (2 12, 1 90)

C7 36 5 (2 33, 1 94)

Неб

126 7 (8 96)

59 9 (4 82)

38 9 (2 08)

C71 28 4 (1 30, 1 08), C72 16 8 (0 87), Ci 13 0 (0 38)

Lys7

128 6 (9 80)

54 7 (4 80)

32 9 (1 70, 2 12)

C7 25 8 (1 55, 1 67), C i 28 8 (1 73, 1 66),
Ce 41 8 (2 75, 2 57)

66 5 (4 26)

31 5 (2 53, 2 09)

Ser9

109 0 (7 91)

59 3 (4 42)

62 3 (4 13, 3 95)

GlnlO

121 8 (8 25)

55 2 (4 64)

29 1 (2 91, 2 43)

Alali

122 4 (7 30)

53 3 (4 08)

19 0 (1 54)

Glnl2

114 7 (8 19)

54 2 (4 52)

30 0 (2 10, 1 90)

C7 32 9 (2 24), Ne 111 9 (7 45, 6 80)

Phel3

117 1 (7 83)

55 1 (5 39)

41 3 (3 25, 2 70)

Ci 131 8 (6 92), Ce 130 0 (7 27), CC 131 5 (7 27)

ThrH

114 6 (9 21)

61 0 (4 74)

71 0 (4 23)

C7 21 5 (1 28)

Thrl5

121 6 (8 86)

62 1 (5 33)

70 6 (3 93)

C7 22 0 (1 24)

Argl6

128 1 (9 35)

54 6 (4 76)

36 9 (1 87, 1 80)

C7 27 0 (1 60), C i 43 2 (3 19), Ne 84 4 (7 74)

Serl7

1180 (8 57)

56 9 (5 01)

65 3 (3 82)

GlylB

109 6 (7 67)

44 7 (4 07, 3 54)

Vall9

119 7 (8 40)

61 0 (4 57)

34 4 (189)

Ser20

122 6 (9 15)

57 3 (4 71)

65 5 (4 37, 4 08)

Arg21

121 9 (9 12)

58 1 (4 27)

29 7 (1 93)

C7 27 2 (1 77), Ci 43 1 (3 27), Ne 84 2 (7 36)

Gln22

116 0 (7 94)

56 0 (4 42)

28 4 (2 32, 1 94)

C7 34 4 (2 50, 2 38), Ne 112 1 (7 63, 6 92)

Gly23

108 2 (8 19)

45 4 (4 21,3 64)

Lys24

120 7 (7 67)

52 9 (4 92)

33 0 (1 93, 1 78)

C7 24 5 (1 49, 1 42), Ci ' (1 77), Ce 41 8 (3 02)

62 9 (5 02)

32 5 (2 34, 1 95)

C7 27 5 (2 15, 2 04), C i 51 0 (4 09, 3 77)
Ci 133 5 (6 89), Ce 117 2 ( 6 48)

Pro8

Pro25
Tyr26

118 7 (8 38)

56 3 (4 94)

41 2 (3 03, 2 98)

Ser27

115 7 (8 39)

57 6 (4 95)

64 7 (3 70, 3 64)

C7 28 5 (2 35, 2 11), C i 50 0 (4 12, 3 91)
C7 ' (2 19), Ne 108 8 (6 35)

C7 21 0 ( 0 91), 20 6 ( 0 87)

Leu28

125 4 (8 93)

53 8 (4 66)

45 0 (1 59, 1 59)

C7 •> (1 60), C i 23 3 (0 90), 23 3 (0 85)

АБП29

122 2 (9 06)

51 3 (5 46)

39 1 (2 48, 1 64)

Ni 114 5 ( 7 53,6 50)

Glu30

120 1 (8 93)

54 0 (5 54)

33 9 (199, 1 80)

C7 36 5 (2 19, 2 09)

Gln31

125 7 (9 31)

54 6 (4 90)

7

C7

Leu32

127 3 (8 73)

54 1 (5 17)

44 0 (1 43, 1 76)

(2 04)

7

(2 80), Ne 108 7 (7 95, 7 57)

C7 27 3 (1 76), C i 25 6 (0 97), 23 4 (0 83)

Cys33

109 2 (8 37)

55 3 (5 09)

32 2 (2 84, 2 34)

Tyr34

115 7 (9 07)

57 4 (5 43)

41 7 (2 96, 2 81)

Ci 132 5 (6 95), Ce 118 5 ( 6 75)

Val35

122 8 (9 64)

60 6 (4 73)

34 5 (1 87)

С 7 2 З І (0 89), 219 (0 74)

Asp36

126 5 (8 50)

53 1 (4 81)

41 1 (3 19, 2 63)

Leu37

125 6 (8 47)

4

40 9 (191, 1 68)

Gly38

107 0 (8 80)

45 5 (4 17, 3 82)

Asn39

116 9 (8 06)

52 0 (5 00)

39 1 (3 14, 2 92)

Ni 112 2 ( 7 76,7 11)

Glu40

119 1 (9 00)

59 0 (3 96)

28 9 (2 06, 1 90)

C7 36 2 (2 22, 2 06)

(4 69)

C7 •> (1 61), C i 23 1 (0 92), 23 6 (0 80)
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table 2.5, continued
His41

15Na

Ca

C/3

others

113 0 (7 74)

52 2 (5 17)

29 7 (3 33, 3 05)

CÍ2 120 3 (7 35), Cei 136 3 (8 59)

63 1 (4 93)

33 1 (2 25, 1 8 6 )

C7 27 3 (1 95, 1 88), Ci 50 6 (3 82, 3 70)

Pro42
Val43

117 5 ( 9 09)

59 9 (4 80)

34 6 (2 18)

C7 22 0 ( l 10), 19 7 ( 1 0 4 )

Leti44

126 7 (8 36)

54 9 ( 4 61)

43 2 (1 68, 1 4 2 )

C7 26 8 (1 42), CÍ 25 2 (0 67), 24 0 (0 59)

Val45

127 0 (9 03)

60 6 (4 49)

36 9 (1 91)

C7 23 6 (0 82), 23 6 (0 82)

Lys46

122 5 (8 15)

55 0 (4 91)

34 7 (1 52, 1 3 7 )

C7 25 2 (1 17, 1 37), Ca 29 3 (1 63), Ce 41 8 (2 91)

Ile47

127 0 (9 84)

60 6 (4 33)

40 6 (1 98)

C71 27 7 (1 55, 0 89), C72 18 4 (0 97), Ci 14 2 (0 69)

Thr48

121 9 (8 37)

62 2 (4 73)

69 2 (4 01)

C7 22 1 (1 27)

Lcu49

128 6 ( 8 61)

53 8 (4 35)

42 7 (1 56, 1 2 6 )

C7 42 0 (I 64), Ci 22 6 (0 80), 26 1 (0 66)

Asp50

121 0 (8 63)

54 0 (4 62)

41 5 (2 74, 2 49)

Glu51

122 7 (8 86)

58 2 (4 04)

28 9 (2 02, 1 95)

C7 35 9 (2 30)

Gly52

115 0 (8 96)

' (4 15, 3 68)

Gln53

123 0 (7 70)

52 6 (4 65)

29 5 (2 16, 1 7 5 )

C7 32 3 (2 47, 2 37), Ne 109 4 (7 26, 6 35)

61 8 (4 58)

32 2 (2 27, 2 00)

C7 26 7 (2 00, 1 84), Ci 50 5 (3 88, 3 61)

Pro54
Ala55

120 4 (8 38)

52 2 (4 02)

18 0 (1 27)

Tyr56

122 8 (9 85)

59 5 (4 22)

38 3 (2 73, 2 47)

Ala57

124 5 (8 53)

50 2 (4 64)

17 4 (1 53)

66 5 (.MO)

31 6 ( 2 09, 1 9 7 )

Pro58

Ci 133 4 (7 15), CE 118 7 (6 82)
С7 28 6 (2 33, / 52), C i 50 0 (3 95, 3 73)

Gly59

110 7 ( 9 07)

44 4 (4 40, 3 93)

Leu60

119 5 ( 8 04)

53 8 (5 23)

43 1 (1 57, 1 6 7 )

C7 43 1 (1 57), Ci 23 3 (0 95), 23 3 (0 92)

Тугбі

121 7 (9 59)

57 3 (5 20)

44 8 (2 98, 2 40)

Ci 133 1 (6 60), Ce 117 4 (6 76)

Thr62

111 7 (9 46)

59 9 (5 31)

71 2 (4 24)

C7 21 4 (1 19)

VaI63

120 2 (7 91)

63 1 (4 11)

33 0 (2 03)

C 7 2 1 5 (0 91), 23 2 (0 71)

His64

ПО 0 (9 35)

57 8 (4 51)

32 9 (2 92, 2 86)

CÍ2 118 6 (7 20), Cei 139 0 (8 00)

Leu65

129 6 (8 49)

58 3 (4 36)

41 8 (1 62, 1 6 2 )

C7 27 1 (1 76), Ci 24 3 (0 93), 24 3 (0 93)

Ser66

116 9 (9 83)

60 9 (4 70)

62 5 (4 28)

Ser67

118 0 ( 8 49)

60 8 (4 88)

63 9 (3 60, 3 03)

Phc68

116 8 (7 68)

56 7 (5 31)

41 6 (3 19, 3 02)

Ci ·> (7 39), Ce 130 5 (7 20), CÇ 128 3 (6 95)

Lys69

117 2 ( 9 02)

54 5 (4 73)

36 9 ( 1 8 9 , 1 8 0 )

Ογ 24 6 (1 31, 1 23), C i ' (1 67, 1 29),

Val70

121 6 (8 66)

62 8 (4 40)

31 7 (2 00)

C 7 2 1 4 (108), 22 7 ( 0 92)

Gly71

114 7 (9 06)

' (4 09)

Gln72

119 5 (8 67)

58 1 (3 94)

28 5 (1 82, 1 57)

C7 32 7 (1 80, 1 71), Ne 111 9 (7 34, 6 86)

Phe73

116 1 (8 49)

56 8 (4 84)

37 8 (3 55, 3 03)

Ci

Gly74

106 3 (8 00)

45 9 (4 23, 3 68)

Ser75

114 6 (7 62)

57 2 (5 00)

64 1 (4 07, 4 03)

Leu76

12G 6 (9 27)

55 0 (4 63)

43 2 (1 79, 1 35)

C7 24 5 (0 94), C i 25 5 (0 83), 25 5 (0 68)

Met77

122 3 (9 31)

54 3 (5 01)

36 7 (2 12)

С 7 З Ю (2 60,2 34), Ce '

Ile78

119 6 (8 56)

61 2 (4 26)

38 3 (1 87)

C71 28 9 (0 80, 0 80), C72 16 7 (0 61), C i 12 7 (0 69)

Asp79

129 1 (9 02)

54 9 (4 73)

42 2 (2 70, 2 43)

Arg80

115 9 (7 43)

54 1 (4 16)

32 5 (1 84, 1 70)

O7 26 9 (1 56), C i 43 2 (3 19, 3 16), Ne 84 9 (7 28)

Leu81

123 1 (8 47)

56 0 (3 97)

41 7 (1 67, 1 49)

C7 27 2 (1 44), C i 25 4 (0 77), 25 2 (0 69)

Arg82

128 2 (8 87)

55 4 (4 44)

7

O7 27 4 (1 66, 1 56), C i 43 1 (3 02), Ne 85 9 (7 G8)

Leu83

121 4 (7 Ш)

53 0 (5 17)

43 6 (0 76, 0 76)

C7 26 6 (0 87), C i 23 0 (0 34), 24 2 (-0 53)

VaI84

116 9 (8 89)

58 4 (5 08)

14 4 (2 30)

C7 19 7 (1 08), 19 7 (1 08)

63 8 (4 10)

32 8 (2 35, 1 88)

C7 ' (2 26), C i 51 2 (4 18, 3 86)

Ce 42 0 (3 07, 2 97)

Pro85

(1 76, 1 70)

АІавб

127 1 (8 32)

51 7 (1 J9)

19 4 (1 20)

Lys87

125 9 (7 83)

57 3 (4 20)

34 0 ( 1 8 4 , 1 71)

7

(7 31), Ce ? (7 39), CC ' (7 31)

(7)

C7 24 6 (1 40), C i 28 8 (1 71), Ce 41 8 (3 02)

48

Chapter 2

CHAPTER 3
A Model of t h e Complex between Single-Stranded
D N A a n d t h e Single-Stranded D N A Binding P r o t e i n
Encoded by Gene V of Filamentous Bacteriophage
M13

Abstract
A contact analysis and a series of restrained molecular dynamics simulations were em
ployed to derive a model of the complex between single-stranded DNA and the singlestranded DNA-bindmg protein encoded by gene V of the filamentous phage M13 The
study is based on the recently elucidated solution structure of the Tyr41—»His mutant of
the protein Electron microscopy studies, indicating that the complex forms a flexible,
left-handed helical coil with a diameter of 8-9 nm and an average pitch of 9 nm, were
taken into consideration The contact analysis served to determine the helix parameters
that permit the energetically most favourable packing of protein molecules Then a
protein super-helix was built, into which two extended strands of DNA were modelled
using restrained molecular dynamics Specific constraints were included to ensure that
the DNA would position itself into the binding groove of the protein These constraints
are based on recent NMR spin label experiments which offered a direct identification
of the protein residues present in the DNA-binding domain Here, we present a model
for the complex which is in full agreement with all reliable biophysical and biochemical
data A description of the protein protein interface is given and the protein-DNA in
teraction is discussed in view of the derived model In addition, we demonstrate that,
on the basis of the available experimental data, and not imposing the left-handedness of
the nucleoprotein complex, it is feasible to build also a plausible model for the complex
which exhibits the opposite, ι e right-handed, helical sense This nucleoprotein structure
features characteristics highly similar to those of the left-handed helix

R H A Folmer, M Nilges, Ρ J M Folkers, R N H Konings & С W Hilbers, J Mol Biol 240,
341 357 (1994)

50

Chapter 3

Introduction
Complexes between proteins and nucleic acids are at the core of all processes that main
tain and use genetic information. Structural studies of double-stranded DNA-binding
proteins and their complexes with DNA have proceeded at an accelerating pace in recent
years (for a review, see e.g. Pabo & Sauer, 1992). By contrast, detailed structural
knowledge, particularly at the molecular level, of complexes between proteins and singlestranded DNA is scarce or even absent, notwithstanding the biological importance of
ssDNA-binding proteins. They play an indispensable role in the processes of DNA
replication and genetic recombination, and can function as regulators of gene expression
as well. At present, the only ssDNA-binding protein whose complete three-dimensional
structure is available, is the gene V protein (GVP) encoded by filamentous bacteriophage
Ff (Вгауег к McPherson, 1983; Folkers et ai, 1994; Skinner et ai, 1994). *
The gene V protein performs key functions in the phage replication process. Late
in infection it binds strongly and co-operatively to the displaced viral strand of the
rolling-circle intermediate of DNA replication (Fig. 1.4), thereby switching the synthesis
of double-stranded DNA to the almost exclusive production of progeny viral strands
(Salstrom & Pratt, 1971). Furthermore, it has been demonstrated that GVP can act as a
translational repressor, thus regulating the expression level of a number of phage-encoded
proteins (Model et al., 1982; Yen & Webster, 1982; Zaman et ai, 1990). For decades,
GVP has been subjected to a variety of physicochcmical and genetic studies, and it is
considered a representative model system for the study of non-specific protein-ssDNA
interactions. The protein is 87 amino acids long, and under physiological conditions it is
present mainly as a symmetrical dimer (molecular weight 19.4 kDa), hence offering two
identical DNA-binding sites of different polarity.
Recently we have succeeded in elucidating the tertiary structure of the protein (Folkers
et ai, 1994). In a parallel study Skinner et al. (1994) derived the crystal structure of the
GVP, which appears to be virtually identical to our NMR structure (see chapter 2).
So far, attempts to determine a high resolution structure of the complex between the
GVP and single-stranded DNA have proven to be unsuccessful. Nevertheless, λ-arious
global parameters of the complex of the GVP and the circular ssDNA of bacteriophage
Ff have become available for both in vitro and in vivo complexes. The complex forms
a single-start, flexible left-handed helical coil with a diameter estimated at 8 (± 1) inn
and a freely variable pitch of 6-12 nm (Gray, 1989). Calculations based on electron
microscopy measurements reveal that each helix turn contains two times 33 nucleotides
(Gray et ai, 1982a), equivalent to an average of 8.3 protein dimers, assuming a binding
ratio of four nucleotides per monomer (Alma et ai, 1982; Kansy et ai, 1986; Bulsink
'Since this study was reported, six more 3D structures of this class of proteins have been elucidated:
the adenovirus ssDBP (Tucker et αί., 1994), the T4 g32p (Shamoo et al, 1995), the C-terminal ssDNA
binding domain of E. coli topoisomerasc I (Yu et ai, 1995), Pf3 ssDBP (this thesis), the ssDNA binding
domain of human replicator protein A (Bochkarev et ai, 1997), and human mitochondrial ssDBP (Yang
et al, 1997).
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et al, 1988a) Low-angle neutron scattering experiments show that the DNA is close to
the centre of the helix (Torbet et al, 1981, Gray et al, 1982b), indicating that the DNA
is bound to the interior of the helical complex
In addition to this knowledge there is firm data regarding the DNA-bindmg domain of
the protein It has long been recognized that Tyr26 and Phe73 are in close proximity of
the polynucleotide, and nuclear Overhauser effects from these residues to oligonucleotides
have been reported (Alma et al, 1983b, King & Coleman, 1987) More extensive
information about the composition of the DNA-binding domain has recently become
available from 2D NMR studies of wildtype and mutant (Tyr41->-His) Ff GVP complexed
to a spin-labelled deoxytrmucleotide (Folkers et al, 1993b) The binding path runs more
or less along the inside of the DNA binding wing (vide infra), which may act as a claw
embracing the DNA, towards the tip of the dyad loop of the opposite monomer Phe73,
which is located at this tip, is proposed to stack with the bases of the DNA (Alma et al,
1982, King & Coleman, 1987)
Despite many efforts, attempts at growing GVP-ssDNA co-crystals suitable for Xray diffraction analysis, have failed so far Alternatively, solving the high resolution
structure of the complex by NMR spectroscopy is not likely to succeed because of its
very high molecular weight, which lies beyond the scope of present-day techniques At
this stage, therefore, one might attempt to investigate the interaction of the GVP with
ssDNA at a sub-molecular level by combining the structural results obtained by NMR
or X-ray diffraction on the one hand and results from electron microscopy and neutron
diffraction on the other Such an approach was carried out before (McPherson et al,
1980, Brayer L· McPherson, 1985, Hutchinson et al, 1990) but the results are inconsistent with basically all current experimental data, the handedness of the super-helical
complex, the stoichiometry of binding and the location of the DNA (inside or outside
the protein helix) In this paper we present the results of a new study on the GVPssDNA complex, based on the recently determined solution structure of the Tyr41—>His
mutant of Ff GVP We believe new observations and developments justify this investigation First of all, there is a new and different protein structure Furthermore, the
DNA-binding domain of the protein has now been identified with reasonable precision
by recent NMR experiments using spin labels Finally, computational techniques have
improved considerably during the last years, which allows for instance to do molecular
dynamics simulations in solvent Here we propose a model that is consistent with all
reliable experimental data available for the left-handed super-helical Ff viral complex
In addition, we show that also a right-handed super-helical complex, consistent with the
experimental data, can be constructed when the left-handedness is not imposed
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Twofold Rotational
/Vigle θ
Diameter ~8oA
Figure 3.1 Schematic drawing of the helical and onentational parameters determining the
super-helical complex. The left-hand picture is a side-view of the helix, built of two strands of
DNA and eight protein dimer molecules. The right-hand picture provides a view along the helix
axis.

Materials and methods
O u t l i n e of t h e procedure
Structures of the protein-ssDNA complex were derived in a three-stage procedure from
the available experimental data introducing a minimum number of assumptions. In the
first stage, grid searches were performed for certain helix parameters in order to uncover
arrangements with an optimal packing of the dimer molecules in the helix, assuming a
rigid protein structure. In the second stage, the DNA was added to the protein superhelix, and the conformation of the protein was allowed to adjust to the presence of the
neighbouring protein molecules and the DNA. This was achieved with a molecular dy
namics protocol employing simulated annealing, similar to those used for the calculation
of protein dimer structures (Nilges, 1993; Folkers et ai, 1994). The third stage consisted
of an additional relaxation step using molecular dynamics with explicit inclusion of sol
vent. Throughout the molecular dynamics calculations, intra-protein distance restraints
derived from NOE intensities, and additional distance restraints between protein and
DNA derived from paramagnetic broadening experiments, were used. Some parameters
of the protein helix were left self-adjusting.

All calculations were carried out with the

program X-PLOR (Briingcr, 1992), version 3.1, running on a Silicon Graphics 4D-480
computer.
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Table 3.1 Gross properties of the Ff Gene V protein-ssDNA
Contour length"
Diameter6
Interturn distance (mean)"
Interturn distance (range)"
Pitch of selected straight regular segments"
Total number of helix turns"
Number of DNA nucleotides0
Number of nucleotides per DNA strand per helix turn"
Number of bound nucleotides per monomer''
Helix handedness6
Cross radius of gyration of the complexe
Cross radius of gyration of the protein*
Cross radius of gyration of the DNAe
α
6
c
d
e
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complex.
8,800 À
80 ± 10 Â
91 ± 2 Â
60-120 Â
100 ± 10 Â
97 ± 1
6408
33.0
4
left-handed
32.4 ± 0.3 Â
33.5 ± 0.4 Â
17.6 ± 3 Â

Gray et al, 1982a.
Gray, 1989.
From DNA sequence (Van Weczenbeek et al, 1980).
Bulsink et al., 1988b; King & Coleman, 1988.
Gray et al., 1982b.

Grid search
The geometry of the helical nucleoprotein complex is described by a number of parame
ters, of which the first to consider are those describing the orientation of the dyad axis
of the dimer protein relative to the axis of the helical complex. Similar to Brayer k.
McPherson (1985), we considered only the case where the dyad axis is perpendicular
to and intersecting the helix axis. This is reasonable because of symmetry considera
tions; as the protein is a symmetrical dimer, containing two identical binding regions for
single-stranded DNA, it is expected that both monomers take up equivalent positions in
the helical complex. Only with the dyad axis of the dimer oriented perpendicular to the
helix axis do both protein monomers offer equivalent binding paths of equal lengths to
the DNA.
The remaining parameters describing the orientation of the protein in the helix are
shown schematically in Fig. 3.1.

They are: the location of the DNA-binding path

(inside or outside the helix), the distance between the centre of mass of the protein and
the helix axis (R), the helical rise and twist, and the angle of rotation of the dimer
around its two-fold axis (Θ). For some of these parameters appropriate values can be
deduced on the basis of the well-described global characteristics (Table 3.1).

First,

since counting the number of helix turns in an electron micrograph of the complex is
straightforward, and knowing the exact number of nucleotides in the phage genome, the
number of nucleotides per turn (33.0) has been determined with good precision (Gray
et ai, 1982a). Assuming an rc=4 binding mode (Alma et al., 1982; Kansy et ai, 1986;
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Bulsink et ai, 1988a), an average of 8.3 protein dimers constitute one helix turn, which
corresponds to a helical twist angle of 44°. Secondly, a helical rise per dimer of 11 Â
was chosen, which is equivalent to a pitch of 90 Â, the experimentally observed average
value (Gray et al., 1982a). Finally, considering the observed diameter of the complex, we
established that the distance R must be about 30 Â. The rotational angle θ is, contrary
to the other parameters, not directly accessible by experiment as there is no specific
experimental data about the dimer-dimer interactions in the nucleoprotein complex.
Therefore, to obtain values of θ that allow an energetically favourable packing of the
protein molecules, we performed grid searches in which van der Waals interactions were
evaluated as a function of independently varied helix parameters.
Since reliable and rather precise values have been deduced for the helical twist and
rise, the grid searches were performed only in the variables R and Θ. The distance was
varied from 20 to 40 Â, corresponding to an outer diameter for the complex of about
80-100 Â, with 1 A intervals. In the case of the rotation angle Θ, it is sufficient to scan
a range of 0-180 degrees because of the two-fold symmetry and the fact that all dimer
molecules take up equivalent positions in the protein helix. The angle was varied in steps
of 6°.
The likely helical conformations will not exhibit non-bonded clashes between neigh
bouring molecules. On the other hand, the molecules should be close enough in the
helix to allow a favourable van der Waals packing interaction. Initial test calculations
showed that the normal Lennard-Jones type potential is much too sensitive to be used
for evaluating this interaction energy. Rather than counting the number of van der
Waals contacts (Brayer & McPherson, 1985), we used a more qualitative criterion, based
on the evaluation of a simple repulsive non-bonded energy term in a two-step procedure.
It is noted in passing that the smallest energy value of this type of non-bonded energy
is 0. First, the energy was evaluated with normal hard-sphere radii. Only if the energy
was 0 (i.e., no overlaps), the energy was evaluated again with radii increased by about
50%. If this re-calculated energy was again 0, the molecules are apparently too far
apart from each other to make any energetically favourable contacts. A non-zero energy,
on the other hand, now indicates possible favourable contacts. The negative of this
second energy value was then stored with the grid point, to indicate that it represents
a favourable helix configuration. For the grid search calculations we used the average
NMR structure (Folkers et al, 1994) from which all atoms having an r.m.s. fluctuation
in the ensemble of calculated structures larger than 3 Â had been removed. In this way
the influence of the less well-determined parts of the protein was reduced.
To test the validity of this grid search procedure, we have also applied it to the two
monomers in the GVP dimer. Thus, we searched for the energetically most favourable
'packing' of the two monomers by independently varying two parameters describing the
relative orientation of the monomers with respect to each other. Then, evaluating the
resulting energy matrix with the same criteria as for the super helix, i.e. looking for the
minimum of one of the parameters at the known value of the other, we found the correct
result. Nevertheless, we believe the exact details of the procedure are not too critical,
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since, different from Brayer and McPherson's (1985) study, the orientation obtained in
the grid search is only a first step. The results are merely evaluated in a qualitative way
to obtain suitable starting conformations for the refinement described below.
It should be stressed that so far only the protein components have been used in
constructing the super-helix. Neither information about the DNA nor the binding path
has been incorporated as yet. This implies that once an optimal helical configuration
has been found, it is not obvious that the DNA can be modelled smoothly into this
helix, since the helix does not necessarily feature a continuous binding path. However,
if the DNA does fit nicely, this would of course support the reliability of the model.
Furthermore, it should be noted that the helical parameters have been determined
using the structure of the uncomplexed protein. In other words, it is assumed that the
protein does not change conformation during DNA complexation. Various studies indeed
indicate that these conformational changes arc minimal or absent (Day, 1973).
Treatment of the N M R data
The protein was placed in the orientations following from the analysis of the grid
searches, and the resulting structures were refined with the aid of simulated annealing protocols. Additional to regular structure calculations we need to consider first, the
helical symmetry, and second, the incorporation of the ssDNA. The parameters describing the helical symmetry (i.e., twist and rise) were fixed by specifying the appropriate
symmetry operators in the X-PLOR non-bonded crystallography setup ('NCS-strict', see
Briinger, 1992). In this way, it is sufficient to perform all time-consuming energy calculations, such as minimization and dynamics, on one dimer only, while exact copies of this
dimer are generated at the symmetrical positions. The non-bonded interactions among
adjacent molecules is computed using the helical symmetry operators. The DNA was
restrained to follow approximately the binding path outlined by the paramagnetic broadening data obtained by Folkers et al. (1993b), who performed 2D NMR experiments on
Ff GVP complexed to a spin-labelled deoxytrinucleotide. In their study, spin labels were
attached only to both terminal phosphates on the ssDNA, but since this small oligonucleotide binds to GVP in fast exchange adopting a wide range of conformations, we may
effectively regard the spin labels as being present also on the other phosphates. Thus,
the entire binding groove of the protein was identified, and these data provide rough
estimates of minimum and maximum distances between side-chains of the protein and
the closest phosphorus atom. We could therefore use the data in the form of 'ambiguous'
distance restraints, similarly to those used for ambiguous NOE restraints (Nilges, 1993).
The distance between a given protein side-chain and the phosphorus atoms is evaluated
as a weighted average over all side-chain-phosphorus distances. If the involved distances
are rather different, the weighted average acts very much like a minimum function, i.e.
its value is close to the minimum of the distances.
If the NMR resonances belonging to a specific protein residue are broadened by more
than 70%, the distance between this side-chain and the closest phosphorus atom was
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Table 3.2 Summary of assumptions and experimental restraints used in calculation of the
models
Assumptions
• Two-fold symmetry axis of the protein
dimer is perpendicular to the helix axis
• Each dimer molecule adopts the same orientation in the protein super-helix
• The complex forms a perfect helix
• Protein maintains structure as determined
free in solution

Experimental restraints
• 33 nucleotides are bound per helix turn per
strand of DNA
• Fbur nucleotides are bound per protein
monomer
• Helix pitch is 90 Â
• Diameter of the complex is 80 (±10) Â
• Phc73 stacks with the bases
• Spin label constraints (soft 'NOEs')
• Distance constraints determining the protein structure

considered to be less than 9 Â, if the resonances are broadened by 100%, this distance
was assumed to be below 6 5 Â Likewise, if there is no broadening effect at all, the
distance was taken to be at least 10 Â In addition to the spin label data, we incorporated
the experimental findings that Phe73 stacks between two bases (Alma et al, 1982, King
&; Coleman, 1987) as a normal distance restraint (3 Â) between the side-chain of Phe73
and two bases
The DNA was modelled as two 14-nucleotides with opposite polarity and arbitrary
sequence The sequence used had to be longer than the repeating unit of 4 nucleotides
mostly for technical reasons, there is no simple other way to ensure a continuous binding
path if one wants to use the NCS symmetry operators for the calculation of the interaction of the protein with its neighbouring proteins in the helix The aforementioned ìntermolecular distance restraints were supplemented by the NOE derived distance restraints,
determining the fold of the protein itself It is not expected that the conformation of the
protein in the complex deviates drastically from that of the free protein
A complete listing of the assumptions and the experimental restraints used in this
study is presented in Table 3 2
Simulated Annealing
Rigid body minimization and three different simulated annealing protocols were subsequently employed to model the two single-stranded 14-nucleotides into the protein
helix The details of the dynamics calculations are compiled m Table 3 3 First, the
oligonucleotides were brought into contact with the polypeptide chain by a short rigid
body minimization The second step consisted of the first dynamics calculation The
protocol is very similar to that used for the structure calculation of the GVP (Nilges
et al, 1988a, Nilges, 1993, Folkers et al, 1994) The van der Waals interactions are
represented by a quartic repulsive potential (Konnert & Hendrickson, 1980, see also
legend of Table 3 3), and no electrostatic energies were computed For the protein we
employed the standard X-PLOR NMR force field (Brunger, 1992), which we modified for
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Table 3.3 Details of the simulated annealing protocols
Run a
Temperature1"
Masses'"
Simulation time
Energy constants

I
2000 -»• 100
100 a m и
23 ps

II
III
1000 -»• 100 500
100 a m u
10 a m u
10 ps
14 ps

Kbonds (kcal/(mol Â2))
Kangles (kcal/(mol rad 2 ))
Kpianar (kcal/mol rad 2 ))
KNoEd (kcal/mol A2))
Kspiniabeid (kcal/mol Â 2 ))
Kharme (kcal/(mol Â2))
KNCSf (kcal/mol Â2))
Kvdw9 (kcal/mol A4))

1000
200 -> 500
50 -> 500
25
5
10
10
0 003 -• 4 0

1000
200 -> 500
50 -> 500
25
5
10
10
05 ->40

1000
200 -> 500
50
5->25
1 -> 5
not constrained
10
1
L J potential*

" Runs I—III represent the first simulated annealing calculation (I), the quick refinement calculation
(II) and the dynamics runs with explicit inclusion of solvent (III)
' The temperature is controlled by the heat bath coupling method of Berendsen et al (1984)
c
Note that an increase in the mass has exactly the same effect as a reduction of the overall weight
on the potential energy
d
In all calculations we used a harmonic 'flat-bottom' potential (or square-well with harmonic walls)
with a linear behaviour for large deviations (Nilges et al, 1988b) The slope of the asymptote was pul
at 1 0 for the intra protein NOEs and at 0 2 for the spm label restraints
' The well-determined parts of the protein were kept near their original positions by a harmonic
energy term, Е ц а г а = ]Г Khurm(r, - г?) 2 , in which the r°'s are the reference coordinates (Bruccolen &
Karplus, 1986)
f This constant relates to a pseudo energy term which minimizes the atomic rms difference between
the monomers to impose that both subunits will be identical
9
The repulsive non-bonded potential has the form Ev¿w = ^dw{max[0, (s 2 ñ 2 „ m - Л 2 )]} 2 where
Rm,n is the sum of the two Van der Waals radu, s is a scaling factor (typically 0 75), and Kv¿w is the
energy constant (Konncrt & Hendrickson, 1980)
h
Lennard Jones van der Waals potential with AMBER (Werner et al, 1984) and OPLS (LeMaster
et al, 1988) parameters for the DNA and the protein, respectively

use of explicit pseudo-atoms
for the DNA

The AMBER force field (Weiner et al, 1984) was used

During the dynamics runs the protein was held approximately fixed by

adding a parabolic restraint which keeps the well-determined atoms (rmsd< 1 Â) near
their original positions (Bruccolen & Karplus, 1986) Flexible regions such as the DNA
binding wing (vide infra), are thus allowed to move freely

Most of the convergence to-

wards the final structure of the complex occurred in this calculation A second annealing
run further refined the stiuctures to improve convergence It is identical to the previous
step, but somewhat shorter and the system was only heated to 1000 К

By repeating

the procedure described so far, but starting with different NMR structures, a family of
six structures of the complex was produced
Finally, the structure with the lowest total energy was subjected to molecular dy-
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Figure 3.2 Schematic representation of the average solution structure of the GVP Tyr^l—tHis
mutant. The three major loops are indicated, and the eight ß-strands are denoted with their
strand numbers and first and last residue numbers. The structure was drawn with MOLSCRIPT
(Kraulis, 1991). For a different orientation see also Fig. 2.1 (page 31).

namics with explicit inclusion of solvent. The complex was immersed in a 9-Â shell of
TIP3P water molecules (Jorgensen et ai, 1983), while ensuring a 3-Â minimum distance
between the protein heavy atoms and the water oxygens. For the protein we used the
OPLS non-bonded parameters (Jorgensen L· Tirado-Rives, 1988), modified to be usable
for all atoms (LeMaster et ai, 1988), with the parameters for bond lengths, bond angles, improper and dihedral angles from the standard X-PLOR NMR force field (Briinger,
1992). The parameters for the DNA were again from the AMBER force field. Thus,
the 'soft' repulsive non-bonded energy term was replaced by the OPLS and AMBER
Lennard-Jones potentials. The cutoff for the non-bonded interaction was put at 9 Ä,
using a shifting function (Brooks et ai, 1983) between 5 and 8 Â for the electrostatic
interactions. We first heated the system to 500 К during 1 ps of dynamics. After 12
ps of dynamics at this temperature, the system was cooled again to 100 К within 1 ps.
During the calculations with explicit inclusion of the solvent shell, only the experimental
restraints (NMR) were applied, i.e., all positional restraints were switched off.
All annealing protocols ended with a short conjugate gradient minimization.
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Results and Discussion
General remarks
To facilitate the discussion below, we first very briefly describe the structure of the gene
V protein using the nomenclature introduced by Brayer &t McPherson (1985) The GVP
monomer consists predominantly of a distorted five-stranded /3-barrel from which two
/?-hairpins and a large loop protrude (Fig 3 2) The first hairpin, comprising residues
16-28, is usually referred to as the DNA-binding wing, since it is well established that
most of the residues that are close to the DNA upon binding are located in this region
The large loop is composed of residues 36-42 and has been termed the complex loop
It is assumed that this region is involved in the dimer-dimer interaction, ι e partly
responsible for the co-operative character of binding of GVP to ssDNA The findings
that mutating Tyr41, which is located in this loop, has a pronounced effect on the
solubility of the protein, its tendency to aggregate and the co-operativity of binding
(Folkers et al, 1991a), are clearly in support of this assumption The second hairpin,
the so-called dyad loop, runs from residue 64 to 82 and is nearest to the two-fold
axis of the dimer molecule This /J-ladder is in close contact with the corresponding
region of the second monomer, and together they constitute the hydrophobic core of the
molecule As a whole, the dimer has a wedge-like appearance with overall dimensions
about 58 χ 40 χ 45 Â
Grid search
Experimentally it is now clearly established that the helix formed by the nucleoprotein
complex is left-handed (Gray, 1989), and that the DNA is located inside the protein
shaft (Torbet et al, 1981, Gray et al, 1982b) A situation where the DNA is bound to
the inside of the helix implies that the DNA-binding arms are facing the interior of the
helix We have, however, performed the first two stages of the modelling procedure for
all four combinations of the handedness and the orientation of the DNA-binding loops
(ι e , pointing either towards the helix centre or outward), m order to test whether our
procedure would be able to identify the correct configuration
Using fixed values for the helical twist and rise, the distance R and the rotational
angle θ were independently \aned in the grid search, which resulted in a two-dimensional
matrix of contact energies Figs 3 3a-d depict the results of the grid searches performed
for each of the four combinations For a left-handed helix with the binding loops facing
the interior of the helix, the influence of different values of the helix pitch was also
investigated The results of these grid searches, with helical rises per dimer of 9 Â and
13 Â, are plotted in Figs 3 3ef These rises are equivalent to pitches of 75 and 105 A,
respectively
Taking into account the observed diameter of the complex and the radius of gyration
of the protein, we established that 30 A would be an appropriate value for the distance
R In all six cases the matrices clearly show that only in a fairly narrow range of values
of the rotational angle, the (centres of mass of the) two protein dimcrs can approach
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the helix centre as near as 30 A while still making energetically favourable contacts.
Optimal values of θ can now easily be estimated.
From a comparison of the three plots of the left-handed helix with the DNA-binding
path on the inside, it is evident that a change in helical rise only slightly affects the
other helix parameters. The graphs indicate that the protein can compensate for an
increase in the rise by some movement towards the helix centre and only a slight change
of orientation. More specifically, the helix pitch of the protein super-helix can vary from
at least 75 to 105 Á without the protein needing to reorient significantly or to change
conformation. This may be of interest, particularly as electron microscopy studies have
indicated that the helix pitch is freely variable between these values.
A key difficulty of the structure calculation of the helical complex is presented by the
possible conformational changes the protein may undergo upon DNA binding and helix
formation. We have assumed that these are most likely to occur in the flexible regions of
the molecule, notably the DNA-binding wing. This subdomain appears to be the most
flexible in the NMR structure, judging from the exchange rate of the amide protons in
this region and the differences between different members of the ensemble of structures
derived for the protein (Folkers et al., 1994). During the grid search, we have therefore
simply deleted all atoms that showed an average deviation from the mean in the 20
calculated structures of more than 3 Â. This portion of the molecule includes large parts
of the binding loop.
Since we already established that the distance R must be close to 30 Â, in principle
it would have been sufficient to perform a one-dimensional search only, just varying the
angle Θ. However, variation of two parameters is preferable because the resulting (twodimensional) matrix of contact energies provides a much more informative description of
the possible configurations.
The optimal helical configurations deduced from the grid search are depicted in
Fig. 3.4

Only the two situations are shown where the binding path for the DNA is

near the centre of the helix (Figs З.ЗаЬ). Note that the current values of both R (30 Â)
and θ serve only to build a starting conformation for the dynamics. During the dy
namics the protein is allowed to adjust to the neighbouring protein molecules in order
to remove bad non-bonded contacts and to lower the interaction energy, either by local
changes (e.g. of amino acids or loops) or by an overall change of orientation (Θ) or overall

Figure 3.3 (left page) Contour plots of the energy matrices calculated tn the grid search. The
helical twist angle is 44° and 'Ae helical rise per dimer is 11 Â, except m (e) and (f), (a)
Left-handed helix, DNA-binding path inside, (b) Right-handed helix, DNA-binding path inside,
(c) Left-handed helix, DNA-binding path outside, (d) Right-handed helix, DNA-bmdmg path
outside, (e) Same as (a) but helical rise is 9 A. (f) Same as (a) but helical rise is 13 Â.
Optimal rotational angles were estimated to be 64° (a), 25° (b), 0° (c), 68° (d), 57° (e) and
67° (f). These values are indicated by arrows along the vertical axis. For convenience, we chose
a rotation of 0 degrees to correspond to the situation where the imaginary ζ crystallographic axis
(Brayer & McPherson, 1983) ÍS parallel to the helix axis.
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Figure 3.4 Stereo drawing of the Ca-atom backbones of two adjacent dimer molecules arranged
m a helical configuration. Helical rise per dimer is 11 Â, the helical twist angle is 44°, the
distance R is 30 Â The value of the rotational angle θ has been derived m the grid search
(a) Left-handed helix, DNA-bindmg path inside (θ=64°). (b) Right-handed helix, DNA-bindmg
path inside (9=25°). In both figures the helix axis runs vertically and parallel to the plane of
drawing The four monomers m the tetramer are denoted 'A' through 'D' m such a way that
monomer С and D are generated from A and В by a translation (rise) along the helix axis
followed by a clockwise or an anticlockwise rotation (twist) for a left- and right-handed helix
respectively.

movement (R).
Despite the difference in handedness, the two conformations shown in Fig 3 4 are
much alike. For instance, in both models the complex loop forms a large part of the in
terface between the dimer molecules. We knew from earlier studies (Folkers et ai, 1991a)
that this loop (particularly Tyr41) plays an important role in the process of ohgomerlzation, but this was not used as a constraint during the grid search. Nevertheless, both
models display this characteristic. A second essential feature present in both models,
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is the fact that the DNA-binding loops are located nicely adjoining one another, thus
creating a smoothly curving, continuous binding path for the DNA. As will be shown
below, differences between the models, particularly those concerning the inter-dimeric
contacts, do occur at the amino-acid level, but at this point it is clearly possible to build
both a left- and a right-handed protein super-helix matching all available data with the
obvious exception of the handedness itself. However, this only applies to the models
which have the binding loops facing the centre of the complex, i.e. where the DNA runs
on the inside of the protein helix. Based on the contact search alone, it is feasible to
build a protein helix with its DNA-binding path on the outside, but the length of this
path seems incompatible with the n=4 binding mode; the distance between two successive dimers, measured along an arc (the binding path), is too large to be covered by
four nucleotides. For example, the C 7 atoms of two Phe73 residues on adjacent dimers
(the residue assumed to stack with the bases of the DNA), are separated by about 33 Â
in such a complex. Considering 7.1 A to be the maximum distance between successive
phosphates in fully extended DNA (Franklin L· Gosling, 1953), at least five nucleotides
are needed to span 33 At. It is noted in passing that the model originally proposed by
Brayer & McPherson (1985) assumed the phage DNA to be wound to the outside of
the protein super helix. Furthermore, it was found that it was not possible to model
plausible complexes with binding ratios of three and four, and accordingly an n=5 stoichiometry was inferred. Although Brayer and McPherson too performed grid searches
on helices with the binding channels positioned inside, no suitable solutions were found.
It is unclear to us why conformations similar to the ones reported in this study, were at
the time apparently evaluated as being unlikely.
Molecular dynamics
Molecular dynamics calculations on either a left-handed or a right-handed nucleoprotein
in the n—A binding mode with the DNA wrapped around the outside of the protein
helix, resulted in improbably stretched DNA strands. This confirms the geometrical
argument above that the binding path in these configurations is too long to be covered
by only four nucleotides. Hence our further discussion and analysis focus on the two
models in which the DNA is located inside the protein ribbon, but in some instances the
discussion is restricted to the left-handed helix only, since this is the one of biological
interest (Gray, 1989).
After the series of simulated annealing calculations (Table 3.3) the overall shape of the
protein molecule in both models is still very close to that of the average NMR structure,
indicating that the protein does not need to undergo large conformational changes in
order to accommodate the nucleic acid. In fact, in the final models only one or two
distance restraints are violated (> 0.4 Â) of the complete set of intra-protein NOEs
'A recent study by Liu and Day (1994) indicates that the phosphate-phosphate distance in the ssDNA
phage Pfl is 8.4, which is the most highly extended DNA known. A similar extreme distance would be
necessary to build a GVP complex with the DNA on the outside.
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Figure 3.5 Space-filling representations of part of the protein helix obtained after the series of
simulated annealing runs. The van der Waals spheres of all heavy atoms are shown. Different
grey scales are used for adjacent molecules, (top-left) Twelve dimer molecules constituting one
and a half helix turn in the left-handed configuration, (top-right) Eight dimers constituting
one full helix turn in the left-handed configuration, viewed along the helix axis, (bottom-left)
Twelve dimer molecules constituting one and a half helix turn in the right-handed configuration,
(bottom-right) Eight dimers constituting one helix turn in the right-handed configuration, viewed
along the helix axis.

which was used during all dynamics calculations. The only region where a significant
change did occur, is the DNA binding wing, which became more extended and opened
up somewhat, apparently to allow the protein to accommodate the DNA.
During the dynamics run with explicit incorporation of the solvent no positional
constraints were applied, thus allowing the protein to reorient or move in order to adjust
to the presence of the DNA and the neighbouring protein molecules. Because of the way
the helical symmetry was treated in the calculation protocol, the helical rise and twist
were always fixed, but the distance R and the rotational angle θ were not restrained
(vide supra). It turned out that in both the left- and right-handed model the protein
rotated around its two-fold axis by about +3°. The angle θ has then become 67° in
the left-handed and 28° in the right-handed protein helix. Calculations of the radius of
gyration of the protein before and after the dynamics runs show that in the left-handed
model the protein moved about 1 Â away from the helix centre. This movement occurred

Model of M13 nucleoprotein complex

65

entirely during the first dynamics runs in vacuum. In the right-handed model the protein
moved 1.5 Â in the same direction. To be able to analyze our models with respect to
the experimental cross-sectional radius of gyration (Gray et al, 1982b), we calculated
this radius from the co-ordinates of the structures. The resulting values are in perfect
agreement with experiment; we find 33.6 and 34.1 Â for the radius of gyration of the
protein in the left- and right-handed complex respectively, while the neutron diffraction
measurements yielded a value of about 33.5 Â. For the DNA we calculate radii of
gyration of 20.0 and 17.9 Â respectively, which are both within the error margins of the
experimental value of 17.6 ± 3 Â.
To investigate whether the final results of the molecular dynamics calculations depend
critically on the choice of starting structure from the grid search, we performed the full
dynamics protocol also starting from different points in Fig. 3.3. We tried 0=59° and
0=69° as starting values, or 5 degrees lower and higher, respectively, than the value of
64° we picked as an optimum. It turned out that during the dynamics where the super
helix started with 0=59°, the complex finally adopted virtually the same structure as
was found for 0=64°. The calculation that started with 0=69° resulted in a slightly
different orientation, in which the angle is 10° lower than in the other two structures.
The three structures have comparable radii of gyration (33.6-34.2 Â), which means that
the total radial displacement of the three structures during the dynamics was similar.
Dimer-dimer interface
Fig. 3.5 shows twelve protein dimers constituting one and a half helix turn in the leftand right-handed configurations. Compact structures arise for both handednesses; the
dimer molecules fit snugly into one another, which is well visible in this figure as there
appear to be no 'gaps' in between the van der Waals surfaces of adjacent dimers. The
figures in which the helix axis is perpendicular to the plane of the drawing demonstrate
that in the left-handed model the binding wings are pointing towards the helix axis, in
contrast to the right-handed model. Consequently, there is a smaller 'hole' if one looks
along the helix axis of the left-handed complex. A detailed description of the interprotein contacts is provided in Fig. 3.6, which presents van der Waals energies computed
on a residue-by-residue basis between two interacting monomers of consecutive dimers.
Note from the symmetry in Figs 3.6bd that there exists a high degree of (two-fold)
symmetry between two adjacent dimers.
Two proteins interact basically in three regions, which will be discussed for the lefthanded helix, adopting the notation for the monomers indicated in Fig. 3.4. The first
region involves residues of the complex loop of monomer C, particularly Glu40 and
Tyr41, which are partly buried in a cleft in monomer A formed by residues Asp50,
Gln53, His64, Ser66 and Arg82. Fig. 3.7a shows this region in detail. Strictly speaking,
inter-dimer distances in this region are a little too large to allow the formation of
hydrogen bonds, but only a slight reorientation of the protein would bring Glu40 and
Tyr41 of monomer С close enough to the opposite His64 of monomer A to form such
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bonds Since in solution the pKa of His64 is too low for this amino acid to be protonated
at physiological pH, we performed most calculations with uncharged histidines (residue
64 is the only histidme in wildtype Ff GVP) However, the environment of His64 m
the complex could be different from that in the isolated protein, which would of course
affect the pK0 Although it may be unlikely that these changes are large enough to
allow protonation, we also did calculations using protonated histidines, and these were
found to form true mter-dimenc salt bridges with Glu40 in both the left- and righthanded model (data not shown) The distance between the side chains of Arg82 and
Glu40 appears to be too large for the formation of a salt bridge Interestingly, a
recent saturation mutagenesis study showed that phage propagation is very sensitive to
mutation of (surface) residues Glu40, Tyr41 and Arg82 (Terwilhger et al, 1994) This is
nicely in agreement with our study indicating that these residues are much involved in
protein protein interactions upon complex formation
A second region where two adjacent dimers make contact is illustrated in Fig 3 7b
This picture shows the dyad loops of monomers A and D, and especially the contacts
between Lys69 and Asp79 which are separated by only 3 3 Â, thus forming an interdircene salt bridge This salt bridge can be formed only m the left-handed model, and it
is the only one produced if one defines the existence of a salt bridge between an arginine
or lysine residue on the one hand, and an aspartic or glutamic acid residue on the other,
by the requirement that the distance between the centre of the carboxyl and the N^
atoms is less than 6 Â As can be seen in Fig 3 6b, short distances also occur between
both Gln72 and Phe73 and the neighbouring dimers In particular, Gln72A is close to
Asp50D and Gln53D (superscripts are used to indicate the monomers) Furthermore,
short inter-dimeric distances are observed between Phe73A and both Tyr26D (4-5 Â)
and Leu28D (3-4 A) Finally, as the DN A-bmding arms of corresponding monomers get
rather close in the centre of the super-helix, inter-dimeric contacts also occur between
adjoining loops For instance, Lys24A is in close contact with ^rg21 c and Ser20c
Fig 3 8 shows the surface (Â2) per residue that is buried upon tetramenzation Separate values were calculated for two interacting monomers, so that m the case of a
tetramer both sides of the dimer dimer interface can be studied individually Compar-

Figure 3.6 (left page) Van der Waals епегдгеч between pairs of residues on different mono
mers in a tetramer, on a residue by-residue basii Solvent contributions were excluded A
simplified, schematic representation of the left- and right handed tetramere is added to the fig
ures Because of the pseudo symmetry m a tetramer, the interaction between monomers A and
С is nearly identical to the interaction between monomers В and D, so only one of the two is
given Monomers В and С m the left-handed model are too far apart to interact, and the same
applies for monomers A and D m the right-handed model Therefore, two pairs of monomers
need to be investigated per model Only van der Waals interactions with an energy higher than
0 01 kcal/mol are shown (a) Left handed model, monomers A (vertical axis) and С (horizontal
axis) (b) Left-handed model, monomers A and D (c) Right-handed model, monomers В and
D (d) Right handed model, monomers В and С
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Figure 3.7 Detailed drawing of the interface between two dimers in the left-handed model.
Primes indicate the second dimer. (a) Interface between monomers A and C. (b) Interface
between monomers A and D.

ison of the plots generated for the left- and right-handed super-helix shows the great
similarity between both models. Differences occur at residue 73, which appears to make
no contact with the next dimer in the right-handed model, and in the DNA-binding wing
(see also Fig. 3.5). Adding up the contributions from both monomers and multiplying
the outcome by two, results in the total contact surface area for one dimer in a helix, i.e.
one protein flanked by two others. Wc have calculated this number separately for polar
and non-polar groups. It turned out that in both models the polar and non-polar buried
surfaces are approximately equal, suggesting that both hydrophobic and electrostatic
interactions are important in the dimer-dimer interface. The total buried surface per
dimer in the left-handed helix is 2180 Â2 against 3060 Â2 in the right-handed one. This
relatively large difference suggests that the right-handed complex is tighter than the
left-handed.
The protein superhelix in the first model reported for the GVP-ssDNA complex
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Figure 3.8 Contact surface area ('buried surface') between two dtmers. Values (Â2) were
calculated per ammo acid, for monomers A and В m a tetramer (cf. Fig. 3.3). In this way
both sides of the interaction region can be examined separately. The buried surface has been
determined by computing for each residue the difference between the solvent accessibility surface
of a tetramer on the one hand, and of a single dimer on the other. Due to the pseudo two-fold
symmetry in a tetramer, buried surfaces of monomers С and D are virtually identical to those
of monomers В and A respectively, (a) Left-handed model, (b) Right-handed model.

(Brayer & McPherson, 1985) was highly similar to the arrangement of the G V P dimers in
the native crystal, or, as the authors state themselves: 'the proposed helical conformation
could be generated by rolling up about the χ crystallographic axis the G V P dimers of
the crystalline lattice running along the ζ axis'. The appealing aspect of this result is,
logically, t h a t the minimum energy structure of the crystal is approximately retained.
The dimer-dimer interface we observe in our left-handed complex structure (the one
of main interest) is not at all comparable with that of the native crystal packing. In
this respect, it is interesting to note that recent X-ray crystallography studies showed
that the arrangement of the dimers in crystals of the mutant Tyr41—»His GVP is totally
different from t h a t in the crystal of the wild-type protein (Guan et αί., 1994). In fact,
the crystal packing of this mutant protein features striking similarities with the stacking
of the protein dimers in the nucleoprotein structure reported in this study.
Evidently, the gene 5 protein can polymerize in two fundamentally different modes.
The first is found in the wild-type protein crystal, and can be characterized by the
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side chain of Tyr41 intercalating in a cavity generated by Tyr34, Pro42 and Tyr41 on
a crystallographically symmetry-related dimer (Guan et al, 1994)

The other form is

the one we found in this model study, in which Tyr41 is particularly close to His64
and Arg82 The fact that the latter conformation is also observed in the Y41H protein
crystal shows that it is energetically stable, also in the absence of polynucleotides

P r o t e i n - D N A interaction
In each helical configuration the ssDNA can take up two orientations, in terms of the
5'-3' polarity

We investigated both, but no preference for either of the orientations

was observed, which can be understood considering the absence of explicit constraints
between protein and DNA present in the dynamics

Nevertheless, modelling the DNA

into the protein super-helix was very useful, because it served to test if the helical DNAbmding path would be continuous and accessible to the DNA It was found that in both
the left- and the right-handed model it was easily possible to bring the DNA into the
binding path of the protein super-helix

Moreover, hardly any constraints deduced from

the spin label experiments (Folkers et al, 1993b) were violated, although these 'NOEs'
received low weights compared to the regular NOEs determining the protein fold

In

this way the protein has been prevented from adopting unacceptable conformations if

Table З.4 Comparison of the models and the experimental data %n terms of distances from
residues of the protein to phosphorus atoms on the DNAa

Short
distance 0
Intermediate
distance
Long distance

Input
spin label data 6
Ser20, Tyr26, Leu28,
Phe73
Argl6, Glyl8, Arg21,
Ser27, Thr48, Asp50,
Ser75, ArgSO
Serl7, Vall9, Gln21,
Lys24, Pro25, Glu30,
Leu44, Lys46, Glu51,
Lys69, Val70, Gly71,
Gln72, Gly74, Met77,
Asp79

Output
left-handed model
right-handed model
Glyl8, Ser20, Tyr26, Ser20, Tyr26, Phe73
Phe73
Vall9, Arg21, Lys24, Glyl8, Vall9, Arg21,
Gln22, Lys24, Leu28,
Leu28, Gly71
Thr48, Gln72
Argl6, Serl7, Gln22, Argl6, Serl7, Pro25,
Pro25, Ser27, Glu30, Scr27, Glu30, Lys46,
Lys46, Thr48, Asp50, Asp50, Glu51, Lys69,
Glu51, Gln72, Gly74, Gly71, Gly74, Ser75,
Ser75, Met77, Asp79, Asp79, Arg80
Arg80

" The shortest distance between the C"H, Ο'Ή or C H and the nearest phosphorus atom was mea
sured, since the experimental data have been derived basically from C H - C ' H and C H - C H cross
peak intensities in homonuclear NMR spectra (Folkers et al, 1993b) Exceptions are Tyr26 and Phe73
of which the distance between the ring protons and the nearest phosphorus atom was evaluated
b
Folkers et al, 1993b
c
Distances have been divided m three classes Input distances were estimated from the broadening
data, output distances were measured in the model Short distance, input less than 6 5 Â, output less
than 7 Â Intermediate distance, input less than 9 A, output 7-9 Â Long distance, input larger than
10 Â Output 9-12 A
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the DNA would have to force itself into the binding cleft. In other words, if the DNA
would not fit smoothly in the protein super-helix, the spin label restraints would be the
first to be violated. Table 3.4 reveals that in both models only some minor violations
occur, thereby firmly confirming that the left- and right-handed protein helices exhibit
continuous, plausible binding paths.
Our models are consistent with experimental data indicating that, other than Tyr26
and Phe73, no aromatic residues appear to interact with the DNA (King L· Coleman,
1987; Folkers et ai, 1991a). We find no aromatice within 9 Â from the bases of the DNA
in both nucleoprotein structures while Tyr26 and Phe73 are only 2-4 Â separated from
the bases.
As GVP does not bind sequence-specifically, it is expected that electrostatic interactions are important in DNA binding. There are four arginines and five lysines in Ff
GVP, of which three residues are located in the DNA-binding wing (Argl6, Arg21 and
Lys24). Other positively charged residues previously implicated in DNA-binding are
Lys46, Arg80 and possibly Lys69. In our left-handed model, five of the aforementioned
residues are found to be closer than about 7 Â to a phosphorus atom, while Lys69 is 9 Â
away from the closest phosphorus. No other arginines or lysines are within 12 Â of a
phosphorus atom. All these six residues but one (Lys46) are conserved or semi-conserved
(Arg21 is replaced by Lys) in the GVP encoded by N-plasmid filamentous E. coli phage
IKe, a virus distantly related to Ff.
Fig. 3.9 illustrates the left-handed complex structure, namely two strands of ssDNA
bound to three protein molecules. The purpose of this picture is to show merely where
the DNA is located with respect to the protein super-helix, rather than to provide a
detailed structural view of the interaction between the protein and the ssDNA. This
goes beyond calculation possibilities, and was not the aim of this study. It should be
noted that the spin label experiments of Folkers et al. (1993b) were conducted using
small oligonucleotides, to which the GVP binds in the n=3 mode. In the present study
we find that in the model built of the complex in the n=4 binding mode, almost exactly
the same residues participate in DNA binding as has been observed experimentally for
binding to these oligonucleotides. In experiments with very short oligonucleotides, on
average one protein dimer binds per molecule of DNA. Thus, potentially, the entire
protein surface is available to the DNA. By contrast, in a helical complex each dimer
interacts with the two flanking protein molecules as well. Consequently, in principle
less protein surface, i.e. less amino acids, can be involved in binding. It is therefore
not obvious that the binding regions for the oligonucleotide and polynucleotide mode
are identical. We find, nevertheless, that the binding surface mapped by the spin label
experiments is almost identical to the protein surface presented towards the inside of the
helix. This is in agreement with predictions by King & Coleman (1988), who compared
chemical shift changes induced by d(pA)40-6o and oligo(dA) upon binding.
CD (Kansy et ai, 1986), EM (Gray, 1985) and NMR studies (Alma et ai, 1983b;
Bulsink et ai, 1988a) have indicated that under specific conditions the GVP can also
bind to polynucleotides with an n=3 stoichiometry. This n=3 complex forms a left-
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Figure 3.9 Two strands of DNA (coloured light-grey) bound to three protein dimer molecules
(coloured grey-black-grey) in the left-handed configuration, (top-left) The helix axis runs verti
cally and parallel to the plane of drawing. The two-fold axis of the centre dimer is perpendicular
to the plane. The side-chains of residues Агдіб, Phe73 and Arg80 are shown in black, (topright) The same system in a different orientation; the helix axis is now perpendicular to the
plane of drawing whereas the two-fold axis of the centre protein molecule lies in the plane,
(bottom) Space-filling models showing the Van der Waals spheres of all non-hydrogen atoms.

handed helix as well (Gray, 1989), but the helix parameters for this complex are clearly
different from the n=4 complex (Gray, 1985; Olah et al., 1995). Whether this alternative,
and truly physically different, polynucleotide binding mode is of physiological importance
is not known to date. In this study we have restricted ourselves to building a model for
the standard n=4 mode.
Left-handed versus right-handed model
The present calculations yield two nucleoprotein complexes of opposite handedness. The
number of proteins per helix turn, the helix pitch, the diameter and the radius of gyration
of both the left- and right-handed structures are all consistent with the experimental data
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available for the Ff GVP-ssDNA complex Initially, these helix parameters were enforced
to obtain suitable starting structures for the dynamics calculations However, during the
simulated annealing positional restraints were weak or absent, thereby allowing the
protein molecules to reorient or to move in order to remove bad non-bonded contacts
and to improve the interaction energy Movements of the proteins nevertheless were
found to be small, indicating that both helical configurations represent energetically
favourable states Furthermore, each of the models features a DNA-bindmg path which
is in good agreement with experiment (see Table 3 4) Finally, the DNA-binding regions
of adjacent dimers in the complex are nicely contiguous, a result which could a prion
not be taken for granted as the helical configurations (especially angle Θ) were derived
exclusively on the basis of van der Waals contacts between the proteins
Despite the difference in helical sense, the left- and right-handed model are strikingly
similar m several respects Fig 3 6, for instance, reveals that to a fairly large extent
the same regions are involved in the dimer-dimer interactions In addition, in both
situations the proteins offer nearly identical binding regions to the DNA The most
pronounced difference between the two is the Lys69 Asp79 mter-dimenc salt bridge that
іь only present in the left-handed complex structure This finding is obviously in favour
of the left-handed model, but it is not sufficiently convincing to reject the right-handed
one Therefore, judging solely from this modelling study, there seems to be no reason
why the gene V protein would not be able to bind to nucleic acids forming right-handed
helices
In fact, one could speculate that the protein-protein stacking in the right-handed
configuration is related to the GVP oligonucleotide binding mode As mentioned above,
aside from the n=3 and n=4 polynucleotide modes there exists the n=3 oligonucleotide
mode The latter is characterized by much lower co-operativity effects, suggesting a dif
ferent dimer-dimer interface Such a difference may well be explained by an alternative
stacking of the proteins molecules in the super-helix Postulating an opposite helical
sense for the Ff ohgonucleotide-GVP complex is therefore not unrealistic, but here we
merely want to demonstrate that it is feasible to build an energetically stable, plausible
right-handed complex

Conclusion
A model is presented for the left-handed helical complex of Ff GVP and single-stranded
DNA, which is consistent with the existent biophysical and biochemical data In addi
tion, it is shown that a right-handed model can be built as well The latter is similar
to the left-handed model to a large degree, and they appear to be equally plausible A
grid search was employed to analyze the non-bonded interaction between the protein
subumts, an approach proven successful as essentially unambiguous solutions were found
for both helical senses It turned out that in the complex structures the same residues
are close to the DNA as the residues of which spin label studies indicate that they par-
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ticipate in binding to short oligonucleotides. This confirms earlier suggestions (King &
Coleman, 1988) that the dimer-dimer interface and the DNA-binding region are distinct
and different regions on the protein surface.
The models presented in this paper provide much information regarding the composition of the dimer-dimer interface. On this basis we are now able to rationally design
mutant proteins to gain further insight into the roles of the individual amino acids,
especially with respect to the highly co-operative nature of binding.
Finally, the model for the GVP-ssDNA complex presented in this paper, removes the
existing discrepancy between model and experiment, and should replace the incorrect
model proposed by Brayer & McPherson (1985).

CHAPTER 4

Secondary Structure of the Single-Stranded DNA
Binding Protein Encoded by Filamentous Phage Pf3
as Determined by NMR

Abstract
Nuclear magnetic resonance spectroscopy was employed to study the single-stranded
DNA binding protein encoded by the filamentous Pseudomonas bacteriophage Pf3. The
protein is 78 amino acids long and occurs in solution predominantly as a homodimer with
a molecular mass of 18 kDa. Sequence-specific XH and 15N resonance assignments have
been obtained using homo- and heteronuclcar two- and three-dimensional experiments.
The secondary structure of the protein monomer was determined from a qualitative
interpretation of nuclear Overhauser enhancement spectra and amide exchange data.
It consists of a five-stranded antiparallel /?-sheet from which protrude two /3-hairpins
and a large loop. Problems caused by the protein's tendency to aggregate at concentrations needed for NMR spectroscopy were largely overcome by designing a mutant
(Phe36—>His), which exhibits significantly improved solubility characteristics over the
wild-type protein. It is shown that this mutation only locally affects the structure of
the protein; the chemical shifts of the wild-type and mutant species differ only for a few
residues near the site of the mutation, and the secondary structures of the proteins are
identical. The secondary structure of the Pf3 ssDBP is compared to that of the Ff gene
V protein, the only ssDNA binding protein for which the complete three-dimensional
structure is known to date (Folkers et ai, 1994; Skinner et al., 1994; see also footnote on
page 50). It is found that the secondary structures of the two proteins are very similar
which supports the hypothesis that a five-stranded antiparallel /9-sheet with protruding
/3-hairpins is a common motif in this class of ssDNA binding proteins. Furthermore, the
sequence and folding predicted earlier for the DNA binding wing in the single-stranded
DNA binding protein of phage Pf3 (De Jong et ai, 1989b) is borne out by the present
study. It closely resembles that in the ssDBP of phage Ff, which may indicate that such
a wing is a recurrent motif as well.

R.H.A. Folmer, P.J.M. Folkers, A. Kaan, A.J. Jonker, J.M.A. Aelen, R.N.H. Konings & C.W.
Hilbers, Eur. J. Biochem. 224, 663-676 (1994)
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Introduction
Single-stranded DNA binding proteins perform a wide variety of key functions in prokaryotic and eukaryotic cells. They play indispensable roles in the processes of DNA replication, repair and recombination, and can function as specific regulators of gene expression
as well. The gene V protein (GVP) encoded by the filamentous bacteriophage Ff (a
generic name for the closely related phages M13, fd and fl) is widely considered as a
model molecule for studying non-specific protein-ssDNA interactions. By co-operative
binding to the single-stranded tail of the rolling circle intermediate of phage DNA replication, the GVP induces the switch from complementary strand synthesis to the exclusive
synthesis of single-stranded progeny DNA (see Fig. 1.4). After nucleoprotein complex
formation and concomitant with phage morphogenesis, it is exchanged with the major
and minor coat proteins at the host cell membrane (Fig. 1.3).
The solution (Folkers et al, 1994) and crystal (Skinner et al, 1994) structures of Ff
GVP have recently been determined. In addition, by combining results from electron
microscopy and NMR studies in molecular dynamics calculations, a model of the complex
between the GVP and single-stranded DNA has been postulated (Folmer et ai, 1994b).
Since these detailed structural data are known only for the GVP, a generalization about
the structure-function relationship of ssDNA binding proteins cannot be made. To be
able to eventually make this generalization, structural information about other proteins
of this class is a prerequisite.
We have studied the ssDNA binding protein encoded by the filamentous virus Pf3,
using NMR spectroscopy. Bacteriophage Pf3 specifically infects Pseudomonas aeruginosa cells harbouring IncPl plasmids (Stanisich, 1974). The Pf3 genome consists of
5,833 nucleotides, and has been sequenced in its entirety (Luiten et ai, 1985). Neither
the nucleotide nor amino acid sequences of the respective genes possess any significant
homology to those of the Ff phage. However, similarities have been noted with respect
to the sizes and order of the open reading frames (Luiten et al, 1985; see Fig. 1.1). The
Pf3 ssDBP is 78 amino acids long and has a molecular mass of 8,905 Da. Gel filtration
experiments have indicated that the protein occurs in solution predominantly as a dimer
(unpublished results). Recent characterization of the ssDBP by circular dichroism (Powell & Gray, 1993) revealed that the binding stoichiometry is two nucleotides per protein
monomer for complexes formed with all of the tested nucleic acids except poly[rU], for
which an n=3 ratio was observed. In addition, evidence for an n=4 binding mode was
found. The in vivo precursor complex of Pf3 has been studied by various physiochemical
techniques (Casadevall k. Day, 1985). It appears to form a supcrhelical conformation
similar to the Ff nucleoprotein complex (Gray, 1989).
The sequence similarity between the Pf3 ssDBP and Ff GVP is too slight to be able
to reliably align the complete sequences. There is obvious sequence identity, however,
in a region which in the case of the Ff GVP is known as the DNA binding wing (vide
infra) (De Jong et al, 1989b). In addition there seems to be some similarity in the
region constituted by residues 29 to 42 (numbers refer to Ff GVP, see also De Jong

Secondary Structure of Pf3 ssDBP

77

et al, 1989b). No further sequence similarities are apparent from a primary sequence
comparison.
In the present paper we report the nearly complete assignment of the Ή and 1 5 N NMR
signals of wild-type Pf3 ssDBP and a mutant (Phe36-*His). This mutant was designed
to reduce the protein's tendency to aggregate, and hence to increase its solubility. A
similar mutation proved to be extremely useful in NMR studies on Ff GVP (Folkers
et al, 1991ab), eventually enabling the elucidation of its 3D structure (Folkers et al,
1994). The secondary structure of the Pf3 ssDBP is presented as well and compared
with that of Ff GVP (Folkers et al, 1991b). The secondary structure of Ff GVP is
identical to that of the gene V protein encoded by bacteriophage IKe (Van Duynhoven
et al, 1992). Similarities between Pf3 ssDBP and Ff GVP will be discussed in view of a
possible common structural motif in protein-ssDNA binding.

Materials and methods
Bacterial strains, phages and construction of expression vector pPf3V
Plasmid pMS2 (Stassen et al, 1992) and phage Pf3 replicative form (RF) DNA (Luiten
et al, 1985) were isolated by a standard alkaline lysis method (Birnboim k. Doly, 1979)
and further purified by centrifugation through a cushion of NaCl (Sambrook et al,
1989). E. coli MC4100 (araD139, íacU169, strA, thi) was used for expression studies.
(Casadaban, 1976). Uracil enriched single-stranded phagemid DNA produced by E. coli
BW313 {dut, ung, thi-1, re/A, spoTl [F', lysA;pPf3V]) (Kunkel, 1985) and helper phage
M13 K07 (Vieira к Messing, 1987) were used for site-directed mutagenesis reactions.
After primer extension, mutant pPf3V phagemids were selected via transformation of the
mutagenesis mixtures into E. coli strain MC1061 (oraD139, A(Para-leu)7697, AlacX7A,
gal\], galK, hsr-, hsm+, rpsL [F'ts:: Tn5, lac, kan}) (Casadaban & Cohen, 1980).
pPf3V contains the ssDBP encoding DNA fragment of phage Pf3 under the control
of the inducible promoter Рцлп of the arabinose operon (Horwitz et al, 1981). The nu
cleotide sequence of the fragment extends from position 5499 to 5768 in the Pf3 genomic
sequence (Luiten et al, 1985) and was amplified from Pf3 RF using the polymerase
chain reaction (PCR). The following two primers were used for PCR amplification:
5' dGGGATCCTCTGTTTGCTTCCATTGAGGTGC-3' and 5'-dGGAATTCCACTCATTACGCACGCTTCATGGC-3'. To enable directional cloning, the first seven noncomplementary nucleotides in the first primer and the first eight non-complementary
nucleotides in the second primer served to generate a ßomHI and EcoRl restriction
enzyme cleavage site at the 5'- and З'-end, respectively, of the amplified fragment. Af
ter amplification, the fragment was digested with ВатпШ and EcoRl and subsequently
inserted into the phagemid expression vector pMS2 (Stassen et al, 1992) that had been
linearised with the restriction enzymes BamHl and EcoRl. To restore regulated and
high-level expression of the heterologous gene, the expression module was reconstituted
via insertion of the smallest BamHI-fragment of phagemid pMS2, containing the in-
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ducible promoter PBAD and a truncated 5'-fragment of the агаВ-geiie of the arabinose
operon, into the BamHI-site of the latter construct. After construction, the recombinant
phagemid pPf3V was transformed into E. coli MC4100 for high level expression.
PCR amplification
0.02 pmol of Pf3 RF DNA and 50 pmol of the PCR primers were mixed in 50 μί reaction
volumes containing 25 mM Tris-HCl (pH 9.3), 50 mM KCl, 2 mM MgCl2, 1 mM 2mercaptoethanol and 200 μΜ each of the four deoxyribonucleotide triphosphates. After
covering the reaction mixture with 50 μί mineral oil to prevent evaporation, the mixture
was incubated for 10 min at 95°C to denature the DNA. Then, 2.5 units of Taq-DNA
polymerase (Perkin-Elmer-Cetus) were added, and during 30 cycles the mixture was
alternately incubated for 1 min at 95°C, 2 min at 55°C followed by 5 min at 72°C.
Mutant construction by site-directed mutagenesis
For the construction of the F36H mutant, nucleotide substitutions were introduced in
phagemid pPf3V by the uracil-based mutagenesis technique of Kunkel (1985). The mu
tant oligonucleotide primer used was: 5'-dCTGGAGAGGATGGGGCTTATCTTCC-3'
(substitution of the phenylalanine codon (TTT) at position 36 for a histidine codon
(CAT)). After selection and characterization of the mutant phagemid, it was trans
formed into E. coli MC4100.
Protein isolation
E. coli MC4100 cells harbouring plasmid pPf3V or pPf3VF36H were grown on 2YT
medium to an Αβοο of 0.3-0.4, induced with 0.5 % (w/v) arabinose and allowed to
grow for another four hours. Cells were harvested by centrifugation and washed with
a buffer containing 40 mM Tris-HCl (pH 7.8), 10 mM MgAc and 60 mM KCl. After
sonification and subsequent centrifugation, NaCl and polyethylene glycol 6000 were
added to the lysate to final concentrations of 2 M and 10 % (w/v), respectively. Following
an additional centrifugation step, the supernatant was dialysed against 20 mM TrisHCl (pH 7.8), 5 mM EDTA, 1 mM 2-mercaptoethanol, 50 mM NaCl and 10 % (w/v)
glycerol, and pumped onto a DNA-cellulose column. A linear NaCl gradient (0.05-2 M)
was applied to elute the DNA-binding proteins. The fraction containing the ssDBP was
dialysed against 50 mM bicine (pH 8.3) and subsequently purified using ion-exchange
chromatography on a Sepharose-S column. In the case of the F36H mutant, this buffer
was replaced by 50 mM HEPES (pH 7.0). As concluded from analysis on Polyacrylamide
gels, the protein is greater than 95 % pure after this step. After a final dialysis against
1 mM cacodylate (pH 7.0) and 50 mM NaCl, the protein was lyophilized and stored at
-20°C.
Uniformly (99 %) 1 5 N labelled protein was obtained by growing the bacteria in mini
mal M9 medium (Miller, 1972) containing 15NH4C1 (Isotech) as the sole nitrogen source,
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followed by the above mentioned isolation procedure.
Protein concentrations were determined by measuring the absorbance at 276 nm,
using an absorption coefficient of 4200 M^cm" 1 . This coefficient was determined by
standard methods and was found to be equal for the wild-type and mutant protein.
Sample conditions and NMR measurements
Typically, the concentration of NMR samples was 2 mM (monomers) at pH 4.2. They
were unbuffered and contained only a few millimolar salt.
The NMR experiments were performed at 400 and 600 MHz, on Bruker AM400,
AM600 or AMX600 spectrometers. In all experiments, the l H carrier was placed at
the position of the water resonance, and TPPI (Marion к Wüthrich, 1983) was used for
signal accumulation in the indirectly detected Ή and 1 5 N dimensions. Water suppression
was achieved by applying both weak continuous irradiation and a semi-selective jumpreturn pulse sequence (Plateau к Guéron, 1982) when the protein was dissolved in
90% H2O / 10% D2O, whereas only continuous irradiation was used when the solvent
was D 2 0. The sole exception was the 3D 4î- 1 5 N NOESY-HMQC experiment, in which
a combination of mild irradiation and spinlock pulses served to suppress the water
signal (Messerle et ai, 1989). 'Clean' 2D TOCSY spectra were recorded using the
MLEV17 sequence (Bax к Davis, 1985; Griesinger et ai, 1988), with mixing times
of approximately 30 ms (pulse duration). NOESY spectra (Jcener et ai, 1979) were
recorded with mixing times of 60 ms, 120 ms and 150 ms. A P.COSY experiment
(Marion к Bax, 1988) was performed in order to discriminate between direct and relay
effects. A series of HMQC spectra (Bax et ai, 1983) was recorded on the 15N-labelled
protein, freshly dissolved in D 2 0, to determine the exchange rates of the amide protons.
A 3D Ή - ^ Ν TOCSY-HMQC experiment (Marion et ai, 1989a) was conducted at 400
MHz, employing a jump-return read sequence at the end of the mixing time. Maximum
evolution times were 23.0(ίι) χ 16.7(¿2,15N) χ 92.2(ί3) ms, and the 1 5 N spectral width
was 39.5 ppm. Using three times the minimal phase cycle of four scans, the total
measuring time was 58 hours. A 150-ms 3D NOESY-HMQC experiment (Messerle
et ai, 1989) was recorded at 600 MHz with evolution times of 15.3(ίι) x 16.5(f.2,15N)
x 61.4(<з) ms. By folding three backbone nitrogen resonances (Ile48, Gly64 and Ala78)
the 1 5 N spectral width could be limited to 26.9 ppm. All experiments were performed at
27°C.
The spectra were processed either on a Sun Sparc workstation using the NMRÌ software
package (New Methods Research Inc., Syracuse, NY), or using the MNMR program
(PRONTO Software Development and Distribution, Copenhagen, Denmark) running on
a Silicon Graphics Indigo workstation.
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Figure 4.1 Comparison of the 600 MHz one-dimensional 'H-NMR spectra of wild-type (a) and
F36H mutant (b) ssDBP of phage P}3. Both samples contained 1.8 mM protein, very little salt
and no buffer components, and were measured at 27° C, pH 4-3. The insert is an amplification
of the amide region.

Results and discussion
Optimizing conditions for NMR analysis
Wild-type Pf3 ssDBP is not an ideal molecule to be studied by NMR. The high molecu
lar mass of the dimer (18 kDa) gives rise to efficient spin-spin relaxation. This problem
is exacerbated by the strong tendency of the protein to aggregate at millimolar con
centrations, a characteristic that most probably reflects its co-operative DNA binding
characteristics. It was found that only under specific conditions could this aggregation
be limited to the extent that most resonances are sufficiently narrow to make a struc
tural analysis by NMR feasible. The combination of low pH (4.2-4.6) and low salt
concentration was found to result in optimal NMR spectra. Lowering the pH below 4.0
causes irreversible denaturation, while at a pH greater than 6 and with low salt concen
tration, aggregation and precipitation occurs. The maximum temperature of the sample
is restricted to about 27°C; at 31°C the protein is too unstable to endure the course of
a two-dimensional NMR experiment.
Design of a 'solubility mutant'
Similar observations regarding sample conditions have been made during NMR studies
on the GVPs encoded by the phages Ff and IKe (Folkers et ai, 1991a; De Jong et ai,
1987). For the Ff GVP it was found that the tyrosine residue at position 41 is strongly
involved in dimer-dimer interactions upon the formation of multimers. Substitution of
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Figure ^.2 Comparison of the two-dimensional TOCSY spectra recorded at 600 MHz of wildtype (a) and F36H mutant (b) Pf3 ssDBP, dissolved in H2 0. Sample conditions were identical
(see Fig. 4-1), mixing times were 30 ms. Connectivities of Phe36 are indicated in the wild-type
spectrum (a), and those of its mutation, H%s36, m (b). In the mutant spectrum some correlations
are marked that are weak or absent m the wild-type TOCSY.
this residue for a histidine resulted in a drastic reduction of the aggregation properties
of the protein, thus giving rise to NMR spectra of much higher quality. Given the fact
that both proteins have similar aggregation characteristics at high concentrations, we
rationalized that an amino acid substitution in the Pf3 protein comparable to that in Ff
GVP, might also result in increased solubility. On the basis of the sequence alignment of
de Jong and collaborators (1989b) there is a phenylalanine (Phe36) in Pf3 ssDBP at a
position comparable to Tyr41 in Ff GVP. As described in the introduction, this residue
is positioned in a region of the sequence where there is apparent similarity between the
two proteins. Therefore, we considered it reasonable to construct the Phe36—»-His mutant
(F36H) to try to solve the solubility problem. Fig. 4.1 compares the one-dimensional
proton NMR spectra of the wild-type and mutant protein, recorded under identical
conditions. As the line widths in the spectrum of the F36H mutant are considerably
smaller than those in the spectrum of the wild-type protein, it can be concluded that
the F36H substitution had the intended effect. Furthermore, the water resonance is
much broader in the spectrum of the native protein. This indicates the presence of
aggregates, as such complexes contain trapped water molecules with resonances shifted
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to different positionb In fact, water suppression in NMR was much facilitated for the
mutant protein solutions, which proved essential for the assignment process as no less
than fourteen C"H protons resonate between 4 7 and 4 8 ppm Generally, it was found
that the spectra of the F36H mutant are of a significantly higher quality than those of
the wild-type protein In contrait to the wild-type protein, variations in line widths as
a result of changes in protein concentrations were observed to be fairly small for the
mutant protein In addition, the F36H mutant is stable over a wider range of pH values
(4-9), and less sensitive to variations in the salt concentration The effect of this single
mutation is further illustrated in Fig 4 2, which allows a comparison of the spinlock
patterns originating from the amide protons in a regular TOCSY experiment In the
TOCSY experiment of the wild-type protein almost all fingerprint peaks are present but
relatively few relayed correlations from amide protons can be detected However, m the
spectrum of the mutant protein many complete spin systems are apparent and there
is always a correlation to the /3-protons In the mutant spectrum (Fig 4 2b) several
correlations are marked that are weak or absent in the wild-type spectrum A striking
example is Val55, for which there is only a weak NH-C°H correlation in the wild-type
spectrum, while the complete spin system can be recognized in the spectrum of the F36H
mutant
For all of these reasons, we elected to perform most of the NMR experiments on
the F36H mutant, a decision justified by the fact that the NMR spectra of the wildtype and mutant protein are highly similar with respect to the chemical shift values,
indicating that their three-dimensional structures are virtually identical This can be
easily deduced from Fig 4 3, which displays the almost identical NOESY spectra of the
wild-type and mutant protein on different sides of the diagonal
Though we have m principle succeeded in rationally designing a mutant protein that
exhibits improved solubility characteristics compared to the wild-type, it is still not
fully understood, from a chemical and biophysical point of view, which properties are
responsible for the relatively large effect of this single mutation X-ray studies on wildtype Ff GVP have demonstrated that Tyr41 is strongly involved in protein protein (ι e ,
dimer-dimer) interactions in the crystal (Skinner et al, 1994) The tyrosine appears to
intercalate into a surface cavity on the adjacent molecule, generated by Туг34, Pro42
and Tyr41 (Guan et al, 1994) Hence Tyr41 is present at both surfaces of the dimerdimer interface Assuming that similar interactions are effective during aggregation
in solution, a large effect resulting from substituting Tyr41 for another amino acid is
conceivable Similar solubility properties were indeed also observed for а Tyr41—>His
mutant of Ff GVP (Folkers et al, 1991a) Thus, m the case of the Ff GVP, a tyrosine
residue at position 41 appears to stimulate aggregation, whereas a phenylalanine or
histidine residue does not In the Pf3 ssDBP, on the other hand, a phenylalanine residue
at this position apparently favours the formation of oligomers, while, similar to the
GVP, the histidine mutant features much better solubility characteristics Based on
these observations, one is therefore forced to conclude that the mechanisms underlying
aggregation of Ff GVP and Pf3 ssDBP are comparable in the sense that this one residue
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plays a key role. They arc, however, to some extent also different, because in Pf3 ssDBP
a phenylalanine at this position gives rise to unfavourable solubility behaviour, while it
does the reverse in the case of Ff GVP.
Sequential assignments
Sequential analysis of the NMR data was performed partly following the procedure outlined by Wüthrich (1986) and partly by the use of heteronuclear experiments. Most
spin systems could be identified completely in the two-dimensional TOCSY and COSY
spectra, with the exception of those of three (of four) lysine residues and a few residues
for which the C°H resonances overlap with the water signal. Particularly, the spin systems of Glu26, Leu31, Phe70 and Met75 are obscured by overlap in the two-dimensional
spectra, and it was not until the 15N labelled protein became available that they could
be unambiguously assigned. Fig. 4.4 depicts the 15N-XH correlation spectrum of the labelled protein dissolved in H2O, and a spectrum recorded 20 minutes after the lyophilized
protein had been dissolved in D2O. In the latter spectrum (Fig. 4.4b), only the correlations of the slowly exchanging amide protons show up. A 3D 15N NOESY-HMQC was
recorded on the mutant protein, the interpretation of which eventually resulted in the

F2 (ppm)
Figure 4-3 Comparison of part of the NOES Y spectra of wild-type (lower half) and mutant
(F36H, upper half) Pf3 ssDBP, recorded at 600 MHz with a mixing time of 60 ms. Some
long-range CaH-CaH NOEs, connected to the formation of antiparallel ß-sheet, are indicated
(e.g. between Phe24 and Phe43). In addition, sequential NOEs connecting the CSH resonances
of proline residues to the Ca H proton of the previous residue are displayed (e.g., AsnSO and
Pro21).
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Figure 4.4 (a) 'H-'5N HSQC spectrum at Щ MHz of 2.3 mM 15N labelled P/3 ssDBP F36H.
(b) HMQC spectrum at 4OO MHz of 2.0 mM wild-type protein, recorded in Dg 0 during 1 hour,
starting 20 minutes after the protein had been dissolved. In (a) only those peaks have been
annotated that are not present in (b). Horizontal lines connect the amino protons of glutamine
and asparagine residues.
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complete and unambiguous sequential assignment. Part of this spectrum is presented
in Fig. 4.5. The *H and

15

N resonance assignments of both the wild-type protein and

histidine mutant are summarized in Table 4.1 (page 94).
In the Ή - ^ Ν COSY some overlap still remains (e.g., Ile59 and Val61, see Fig. 4.4),
but this did not seriously hamper the sequential assignment, which was rather straight
forward using the 150-ms 3D NOESY-HMQC. At this relatively long mixing time, the
contribution from spin diffusion is significant, usually giving rise to more connectivities.
As can be seen in Fig. 4.5, in most cases for example the NH,-NH ! + i NOE is visible,
which does not show up in the 60 ms NOESY (see Fig. 4.6). Once the backbone reso
nances had been assigned through the sequential analysis, some extra side-chain protons
could be identified by thorough examination of the 2D T O C S Y ( D 2 0 ) spectrum. The
15

N TOCSY-HMQC was used merely as a control to confirm the assignments, as most of
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Figure 4.5 Series of strips selected from a 3D NOESY-HMQC spectrum, recorded at 600 MHz
with a mixing time of 150 ms. Strips were cut out at the appropriate t5N plane (F¿) and amide
proton chemical shift (F¡) of a given residue. Intra-residual and sequential NOE connectivities
are labelled with symbols and arrows, respectively. In two cases an 'x' marks the intra-residual
NH-CaH NOE. The residues whose 'H-15N correlations partly overlap with those of Argl2,
Glnl3 and Serl6 are indicated in the relevant strips (i.e. Phe43, PhelO and Glu32, respectively).
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Figure ^.6 Overview of the sequential NOEs involving the NH, CaH and CßΉ protons, and
amide exchange rates. The various bars indicate the connectivities between СаЩ and NH¡+¡
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found (e.g., no CaHi-NHi+з NOEs). Open and filled circles indicate residues whose amide
protons are not fully exchanged 20 and 90 minutes, respectively, after the protein had been
dissolved in Dg О at 27° С and pH 4-3. The arrows indicate residues that are part of a ß-sheet
secondary structure.

the side-chain resonances were already assigned by the time this spectrum was recorded.
Wild-type Pf3 ssDBP contains eight phenylalanine, one histidine and three tyrosine
residues. The aromatic region of the spectrum is thus particularly crowded for a protein
consisting of 78 amino acids. Therefore, most aromatic signals could not be unambiguously assigned prior to identification of the corresponding C H and C^H resonances.
Then, the C ä H aromatic signals were assigned by evaluating the strong intra-residual
C"H-C Ä H connectivities in a short mixing time NOESY. Afterwards, in most cases the
COSY data allowed discrimination of the C £ II and C^H resonances of the phenylalanine
rings. Most side chain amino proton resonances of the glutamine and asparagine residues
could not be distinguished in the homonuclear NOESY spectra because of extensive overlap with the NOEs arising from the numerous aromatic signals. They were, however,
easily identified in the 3D 15 N NOESY-HMQC. Furthermore, the relative intensities of
the intra-residual NOEs of the side chain amino protons provided an additional check on
the discrimination of the C^H and C 7 H resonances of the glutamine residues. It is noted
in passing that the side chain amino protons of Gln25 resonate at rather low field (7.88
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Figura 4.7 Secondary structure of the P}3 ssDBP monomer. Sequential and long-range NOEs
are indicated by arrows. Interrupted arrows indicate contacts whose observation is obscured by
spectral overlap.

and 8.19 ppm). Also, as can be deduced from Fig. 4.4, these protons exchange slowly
with the solvent. A detailed explanation of these observations will have to wait until the
full three-dimensional structure of the protein has been derived.
Pf3 ssDBP contains six proline residues which all adopt a trans conformation, as
inferred from the observation of strong C a H t -C f H t + i Overhauser effects. These NOEs
are indicated in Fig. 4.3, with the exception of that between Ile48 and Pro49.
Secondary structure
A schematic representation of the results of the sequential assignment is provided in
Fig. 4.6. This scheme clearly shows that Pf3 ssDBP is composed entirely of /3-strands
connected by loops and turns. The complete secondary structure was determined by
evaluating the C H . - C H , , C r ^ - N H j and ΝΗ,-ΝΗ., contacts between the /3-strands.
Fig. 4.7 shows these non-sequential NOEs, which define a regular five-stranded antipar
allel /3-sheet from which protrude two /3-hairpins and a large loop. The turns connecting
the various strands have not yet been classified into regular loop structures (Richardson,
1981; Wiithrich, 1986); this will be done during the tertiary structure determination (as
indeed compiled in Table 8.6). The individual strands and turns will be discussed in
detail below.
(A) Strand 1 (residues 2-7). This is the centre strand of the five-stranded sheet.
Only the N-terminal residue is not part of the regular secondary structure; Asn2 already
displays strong C°H,-C a Hj and CH.-NHj NOEs with Pro56 and Tyr57 respectively of
the opposite strand (Fig. 4.7). The amide protons of residues 3-7 still show up in the
HMQC spectrum recorded 1.5-2.5 hours after dissolving the protein in D 2 0 (Fig. 4.4b),
indicating their involvement in hydrogen bond formation with the opposite carbonyl
oxygens. This was not expected for Gln4; the structure drawn in Fig. 4.7 may suggest
that the amide proton of Gln4 forms a hydrogen bond with the carbonyl of His30, but
the absence of NOE connectivities to both the NH of His30 and the C°H of Leu31 makes
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the presence of this hydrogen bond unlikely. So far, however, an alternative explanation
cannot be given.
(B) Turn 1 (residues 8-10). This loop connects the first two /?-strands and comprises
only three residues. Their amide protons exchange rapidly and there is a strong NH-NH
NOE between Asp9 and SerlO.
(C) Strand 2 (residues 11-16). This strand is part of one of the /J-hairpins in the
protein. Clear C a H,-C°H„ NHt-CQH., and NH.-NH, NOEs to the adjacent strand are
observed. However, all amide protons in this strand exchange rapidly. This suggests
a certain degree of flexibility in this /?-loop, a phenomenon also observed in the NMR
analysis of a similar loop in the ssDNA binding proteins of the phages Ff and IKe
(Folkers et al, 1991b; Van Duynhoven et al., 1992).
(D) Turn 2 (residues 17-19). This short turn is characterized by intense NH,-NH1+1
NOEs (Fig. 4.5) and fast exchanging amide protons.
(E) Strand 3 (residues 20-30). The first part of this strand (20-25) is part of the
aforementioned ^-hairpin, whereas the second half (26 30) belongs to the five-stranded
/3-sheet. Only the amide protons of Tyr22 and His30 in this strand exchange rapidly
(residue 21 is a proline). Despite the proposed flexibility of the /3-loop, the correlations
of Thr23 and Phe24 show up as weak and strong cross-peaks respectively in the HMQC
measured 20 minutes after dissolving the protein in D2O (Fig. 4.4b). This could mean
that these residues are still somewhat shielded from the solvent, possibly by the long
connecting loop running from residue 44 to 50. The absence of slow exchange of His30
is consistent with the fact that no NH-NH NOE is observed between His30 and Gln4,
as discussed above.
(F) Turn 3 (residues 31-36). Judging from the NOESY data, residues 31 and 36
are part of this large loop rather than the /?-sheet; there is no NOE connectivity between their amide protons and the NH of Leu31 exchanges rapidly. Interestingly, the
amide protons of Lys34 and Phe36 exchange slowly (Fig. 4.4b; note that the exchange
experiment has been performed on the wild-type protein). This may indicate that this
turn contains some regular structure, possibly stabilized by the two proline residues at
positions 35 and 37.
(G) Strand 4 (residues 37-43). The amide protons of Gln39 and Phe43 exchange
rapidly, suggesting that this side of the strand is exposed to the solvent. However,
the amide proton of Gln41 exchanges slowly. The NMR data obtained so far strongly
indicate that it is hydrogen bonded to the carbonyl of Gly64. Various NOE connectivities
exist between Cys40 and Gln41 on the one hand, and Gly64 and Arg65 on the other.
Furthermore, the amide proton of Arg65 exchanges slowly, which points to yet another
hydrogen bond, probably with the carbonyl of Gln41. Based on the secondary and
tertiary structure of the Ff ssDNA binding protein (Folkers et al., 1991b, 1994), we
believe that these contacts are inter-monomeric, i.e. the Gln41 and Arg65 just mentioned
are members of different monomers.
(H) Turn 4 (residues 44-50). This large loop connects the bottom strand of the ßsheet to the second strand from the top (Fig. 4.7). It appears to be stabilized by some

Secondary Structure of Pf3 ssDBP

89

hydrogen bonds, in particular those formed by the amide protons of Val44 and Ile48,
which exchange very slowly and remained visible in the HMQC spectrum recorded 10
hours after the sample had been incubated in D 2 0 at 27°C (data not shown). There is
only one intense NH¿- NH i+1 NOE, viz. between Glu45 and Ser46.
(I) Strand 5 (residues 51-61). The first half of this strand (51-56) is part of the
five-stranded /3-sheet. Only the amide proton of Ser52 exchanges rapidly. Remarkably,
the amide proton of Tyr57 exchanges slowly, which suggests that it is hydrogen bonded
to the carboxyl oxygen of Metl. The second half of this strand (57-61) is part of the
third /3-hairpin. Ile59 and Val61 are exposed to the solvent, based on the absence of
slow amide exchange.
(J) Turn 5 (residues 62-65). Strong NOEs between the amide protons are found in
this turn. These protons exchange rapidly except for Arg65, which has already been
discussed in the description of strand 4.
(K) Strand 6 (residues 66-70). The amide proton of Leu68 is not located at the
surface of the protein, as it shows slow exchange behaviour. Instead, it may be situated
in the interacting domains of the two monomers, but so far this could not be confirmed
by NOE connectivities.
(L) Turn 6 (residues 71 75). Intense sequential NOEs are observed between the amide
protons of residues 72-75, indicative of a turn. The function of this turn is elusive. It
may be involved in the interaction between the monomers, a suggestion supported by
the fact that the amide protons of Ala74 and Mct75 exchange slowly.
(M) Strand 7 (residues 76-78). The last three residues of the protein are part of the
five-stranded sheet. Thus, even the C-terminal residue is included in a regular secondary
structure element. The amide proton of Arg77 appears to be accessible to the solvent,
judging from the absence of slow exchange.
Comparison with the Ff gene V protein
The genomic sequence of the Pf3 phage shows almost no homology with that of the Ff
phage. There is similarity though with respect to the genetic organization and overall
pattern of large and small open reading frames (Luiten et ai, 1985; see Fig. 1.1). This
may point to a divergent evolution from a common ancestor to very distantly related
phages. However, one cannot at present exclude the possibility of convergent evolution
from independently evolved ancestral viruses toward morphologically similar phages with
a genetic organization that is most appropriate for the life cycle of this type of virus. In
this regard, a detailed comparison of the ssDNA binding proteins of the two phages is of
interest. Moreover, such a comparison will most likely reveal functional and structural
features that both proteins have or do not have in common. Obviously, recognition and
understanding of these features is essential to be able to eventually make a generalization
about the structure-function relationship of ssDNA binding proteins.
In Fig. 4.8 the secondary structures of the monomers of Pf3 and Ff (Folkers et al.,
1991b) ssDNA binding proteins are compared. It is immediately apparent how closely the
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Pf3 ssDBP

Ff GVP

complex loop
Figure 4.8 Comparison of the secondary structures (monomer) of Pf3 ssDBP and F f GVP
(Folkers et al, 1991b) Arrows denote ß-strands
topologies of the molecules resemble one another, both molecules exhibit a five-stranded
antiparallel /3-sheet from which protrude two /3-hairpins and a large loop The relative
orientations of the strands and the positions of the hairpins are identical
Therefore,
it seems reasonable to assume that the functions of these loops are highly similar in
the two proteins, and we will use the same nomenclature for the loops (hairpins) in
the Pf3 ssDBP as was introduced for Ff and IKe GVP (Brayer & McPherson, 1985,
Van Duynhoven et al, 1992, see Fig 4 8)
The most pronounced difference between the secondary structures of Ff GVP and
Pf3 ssDBP is found in the dyad loop In the Ff protein а Зю helix is present in the
N-terminal half of this hairpin (Folkers et al, 1994, Skinner et al, 1994), while the
corresponding region of the Pf3 protein is exclusively /J-strand Furthermore, in the
C-terminal half of the hairpin a turn is present in the Pf3 protein which does not exist
in the Ff GVP Differences m the other parts of the protein are reflected only in the
lengths of the /3-strands and turns Both turns 1 (residues 8-10) and 4 (residues 45-50)
of the Pf3 protein are three residues shorter than the corresponding loops m Ff GVP
A more detailed view of the secondary structure is presented in Fig 4 9 Interestingly,
the DNA binding wing in Pf3 ssDBP is not as far protruding from the core as in Ff
GVP, Glnl2 in the first turn of Ff GVP, Leu32 and the 'bridge' Phel3-Gln31 in Ff
GVP appear to be absent m Pf3 ssDBP Basically, this means that the DNA binding
wing in Ff GVP extends two residues further away from the hydrophobic core of the
molecule Upon discarding these four residues in Ff GVP and subsequent shifting of
the DNA binding wing toward the core of the molecule, Thrl4 and Glu30 of the Ff
protein would be located at the same positions as SerlO and Glu26 in Pf3 ssDBP (Thrl4
would be incorporated in turn 1) Despite this difference, the cores of the two molecules
close to the DNA binding wing are still similar This is particularly demonstrated by
the fact that m the secondary structure both turn 1 and turn 4 span approximately
the same distances in the two proteins (see Fig 4 9), although the turns m Pf3 ssDBP
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Figure 4·9 Comparison of the ammo acid sequences of Pf3 ssDBP (Putterman et al., 1984)
and Ff GVP (Cuypers et al., 1974), based on their secondary structures. Solid and inter
rupted boxes in the top figure indicate identical and homologous residues, respectively. The
boxed residues in the figure of Ff GVP appear to be absent in the P}3 ssDBP. Vertical bars
connect pairs of residues positioned in ß-sheet secondary structure.

contain a smaller number of amino acids. It is noted that in the large turn connecting
the second and bottom strand of the five-stranded sheet (turn 4), there are significant
sequence similarities between Ff and Pf3. The sequences of these turns are: Glu45(Xaa)3-Pro49-Ala50-Gly51 in Pf3 ssDBP, and Asp50-(Xaa)6-Ala57-Pro58-Gly59 in Ff
GVP. With the possible exception of Asp50, these residues appear not to be involved in
DNA binding nor protein-protein interactions of the GVP (Folkers et oí., 1993b; Folrner
et al, 1994b), so the observed sequence similarity for this region is probably of structural
rather than functional relevance.
In Fig. 4.9 it can be seen that the Ff and Pf3 ssDBPs have identical residues at
relatively few positions. Sixteen residues have identical positions in the two proteins, six
of which are positioned in the DNA binding wing (res. 12 to 24 of Pf3 ssDBP). Most
of these residues are situated at the same side of the hairpin (Argl6, Glyl8, Ser20, and
Tyr26 of the Ff protein, and Argl2, Glyl4, Serl6, Tyr22 of Pf3); the residues protruding
to the other side are less well conserved (except for Pro25). DNA binding studies
performed on Ff GVP have indicated that the surface formed by residues Argl6, Glyl8,
Ser20, Tyr26 and Leu28 is involved in the interaction with the DNA (Folkers et ai,
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1993b). Therefore, it is likely that the corresponding residues in Pf3 ssDBP also form
part of the DNA binding domain. Based on the obvious sequence homology between the
two proteins in this region, it is most likely that Tyr22 and Phe24 of the Pf3 protein
interact with the DNA upon binding. Fig. 4.9 shows that these residues are close to two
additional aromatic residues (Phe42 and Phe43). Particularly Phe43 is in close contact
with these residues, and it may also be involved in DNA binding. In contrast, the side
chain of Phe42 probably points away from the DNA binding loop and might interact
with the opposite monomer.
Another region of the protein with many identical amino acids is formed by the
three central strands of the five-stranded sheet. Here, the hydrophobic residues which
are accommodated in the interior of the Ff GVP are neatly homologous in Pf3 ssDBP
(He2/Ile3, Val4/Ile5, Ile6/Phe7, Val35/Leu29, Leu37/Leu31, Gly59/Gly51, Tyr61/Tyr53
and Val63/Val55 (first amino acid refers to Ff GVP)), while the solvent exposed amino
acids situated in between are grossly different. Finally, sequence similarities are found in
the tip of the dyad loop. Surprisingly however, no phenylalanine nor any other residue is
present at the position in the Pf3 protein corresponding to Phe73 in the Ff protein. This
residue is known to stack with the bases of the DNA upon binding (King &¿ Coleman,
1988; Folkers et ai, 1991a) and thus has been implicated to play an important role
in DNA binding. It is attractive to speculate that in the Pf3 protein the function of
Phe73 in Ff GVP has been taken over by the phenylalanine residue at position 24. As
mentioned, this residue has a position equivalent to Leu28 in Ff, a residue known to
be strongly involved in hydrophobic interaction with the DNA (King & Coleman, 1987;
Folkers et ai, 1993b).

Conclusions
All comparisons made above show that, with the exception of the dyad loop, the ssDNA
binding proteins of Pf3 and Ff resemble each other in many respects. The overall folding
is very similar; both proteins consist of a hydrophobic core made up by a five-stranded
antiparallel /3-sheet, from which three loops protrude. In particular, the DNA binding
wings of the two proteins are very much alike. The fact that the amide protons in this
hairpin exchange rapidly with the solvent (Fig. 4.6) suggests high flexibility of the wing,
a characteristic very likely related to its function; the recently proposed model of the
Ff GVP-ssDNA complex suggests that the DNA binding wing acts as a claw embracing
the DNA upon binding (Folmer et ai, 1994b). The sequence similarity between Ff
GVP and Pf3 ssDBP in this region of the protein has long been recognized and the
secondary structure of this loop was predicted, correctly, in 1989 by Dc Jong et ai
Several sequence comparison studies have indicated that the amino-acid sequence of the
DNA binding loop of Ff and IKe GVP are recurrent sequences in other ssDNA binding
proteins (Prasad L· Chiù, 1987; De Jong et ai, 1989b; Stassen et ai, 1995). The analyses
revealed that, besides Pf3, the ssDBPs encoded by the phages Pfl, 029, Ifl, 12-2 and
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T4 comprise amino acid sequences that exhibit a significant degree of homology with
the sequences of the DNA binding wings of Ff and IKe G VP. The present study clearly
indicates that the DNA binding wing in Pf3 ssDBP is indeed very similar to those of
Ff and IKe GVP, which further supports the suggestion that such a wing may be a
recurrent motif in ssDNA binding proteins (De Jong et ai, 1989b).
On the basis of several DNA binding and model studies (King k. Coleman, 1987,
1988; Folkers et ai, 1993b; Folmer et ai, 1994b) it is known that in ssDNA binding both
electrostatic interactions and hydrophobic stacking interactions of aromatic residues are
involved. In Pf3 ssDBP, Argl2, Lysl8, Arg58 and Arg65 are likely candidates to form the
positive potential attracting the DNA, while Tyr22, Phe24 and Phe43 may be involved
in stacking interactions.
In summary, despite the lack of nucleotide sequence homology of the phages and the
modest sequence homology of the DNA binding proteins, the Ff GVP and Pf3 ssDBP
resemble each other in many respects. In the following chapters, DNA binding studies
and the three-dimensional structure determination are described which offer a more
precise view of the Pf3 ssDBP-ssDNA interaction.
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Table 4.I
N and'H chemical shifts for wild-type and Pf3 ssDBP F36H at pH 4 3 and 27° С
Proton chemical shifls (± 0 02 ppm) are expressed relative to 3-(trimethylsilyl) propionic acid,
15
N chemical shifts (±0 2 ppm) are referenced to external liquid ammonia at 25° С (Ikura et a l ,
1991b) Values have been extracted from the NMR data on the FWH mutant Only the residue's
of the wild-type protein are listed whose proton resonances deviate more than 0 02 ppm from
these values (indicated with superscript 'wt') Chemical shifts m italics have been identified as
belonging to the spin system, but here the COSY data do not allow unambiguous assignment as
β-, 7- or δ-protons

Metl
Asn2
ПеЗ
Gln4
Ile5
Thr6
Phe7
Thr8
Asp9
ScrlO
Valli
Argl2
Glnl3
Glyl4
Thrl5
Serl6
Alai 7
Lysl8
Glyl9
Asn20
Pro21
Tyr22
Thr23
Phe24
Gln25
Glu26
Gly27
Phe28
Phe28 w t
Leu29
Leu29 w t
His30
His30 w t
Leu31
Leu31 w t
Glu32
Glu32 w t
Asp33
Asp33 w t
Lys34
Lys34 w t

15доа

N H

118 7
1213
127 1
125 9
123 3
127 1
113 8
115 2
116 4
124 9
125 1
122 3
109 7
114 2
1213
124 4
115 0
107 6
118 4

8 77
9 23
8 80
9 02
9 00
9 53
8 57
8 44
8 14
8 20
9 08
8 72
7 65
8 36
9 18
8 97
7 85
8 09
7 83

118 1
117 0
122 9
124 9
127 1
1112
117 9
117 9
125 2
125 2
123 8
123 5
125 0
125 1
121 7
1213
114 7
114 3
118 4
118 1

8 27
7 90
9 12
9 71
8 35
8 70
9 17
9 17
9 36
9 35
8 58
8 53
8 37
8 48
9 16
9 16
8 59
8 55
7 32
7 25

n

И

С Н
4 11
5 75
4 80
5 43
4 94
5 35
5 18
4 97
4 87
4 57
5 08
4 74
5 11
4 17 3 59
4 75
4 73
4 28
4 40
4 26 3 66
5 21
4 96
4 95
4 77
5 70
5 15
4 81
3 31 4 96
5 17
5 17
4 58
4 57
4 71
4 71
4 76
4 79
4 14
4 14
4 58
4 57
4 94
4 93

CH
1 80 1 59
2 57 2 60
193
1 95 2 01
131
419
3 37 2 87
4 74
2 86 2 90
3 84 3 94
194
1 92 1 69
1 94 2 08

others
C7H 2 49 2 54
NÄH 6 85 7 43, NÄ 113 2
C72 1 34, C 7 J 1 07, CÄH 0 93
C7H 1 82 2 21, ΝεΗ 7 04 6 64, Ne 108 9
C72 0 69 1 65, C73 -0 30, CÄH 0 23
C7H 1 24
CÄH 7 13, СеН 6 51, CCH 6 15
С7Н 1 42

3 93
4 12 4 39
153
1 72 2 04

C7H 1 16

2 91 2 70
2 28 1 95
2 82 2 96
3 91
2 87
188

NÄH 7 63 7 00, Ná 112 7
C7H 2 09 2 05, CÄH 3 82 4 04
CÄH 6 87, СеН 6 53
C7H 0 90
CÄH 7 02, СеН 7 12, CCH 7 14
C7H 2 55 2 83, ΝεΗ 7 88 8 19, Νε 106 6
2 39, 2 86

2 82 2 50
2 82 2 50
171
171
3 23 3 43
3 22 3 41
173

CÄH 6 95, СеН 7 36, CCH 7 36
CÄH 6 95, СеН 7 39, CCH 7 33
0 93, 0 91
0 93, 0 91
C S 2 H 7 23, C E l H 8 55
C ä 2 H 7 22, C E l H 8 59

2 13
2 16
2 94 2 68
2 94 2 64
181
187

C7H 2 42
C7H 2 42

С7Н 0 84 0 86
С7Н 1 68, CÄH 3 23, NeH 7 21, Νε 84 6
C7H 2 24 2 44, ΝεΗ 6 81 7 49, Νε 112 0

C7H 1 45 1 54, CÄH 1 72, СеН 3 02

1 51, 2 02
US

Secondary Structure of PF3 s s D B P

95

table 4 1, continued
Pro35
wt
Pro35
His36
Phe36
Pro37
РгоЗГ'
Leu38
wt
Leu38
Gln39
wt
Gln39
Cys40
Gln41
Phe42
Phe43
Val44
Glu45
Ser46
Val47
Пе48
Pro49
Ala50
Gly51
Ser52
Tyr53
Gln54
Val55
Pro56
Tyr57
Arg58
Ile59
Asn60
Val61
Asn62
Asn63
Gly64
Arg65
Ргобб
Glu67
Leu68
Ala69
Phe70
Asp71
Phe72
Lys73
Ala74
Met75
Lys76
Arg77
Ala78

15p^Q

№H

114 0
114 6

7 63
7 25

122 2
1216
126 6
126 5
123 6
119 2
120 2
125 4
120 0
120 4
1113
1216
135 6

8 51
8 45
8 86
8 81
8 77
815
9 00
9 08
8 01
8 80
7 33
8 18
9 87

127 6
107 6
115 3
122 2
120 7
128 7

8 43
8 33
8 50
9 21
9 35
9 49

117 4
117 8
119 9
124 7
119 8
125 1
125 5
102 4
119 3

8 23
8 69
8 27
8 92
8 28
8 56
9 52
8 31
7 61

123 2
122 1
126 2
122 1
122 2
120 7
118 1
1212
116 7
119 5
125 1
133 1

9 24
8 51
8 65
8 70
8 48
7 92
8 38
7 33
7 34
8 30
8 98
8 30

C°H
4 33
4 29
5 20
5 10
4 72
4 72
4 80
4 81
3 73
3 72
4 51
4 74
4 88
4 86
4 64
4 07
4 41
3 48
3 92
4 27
3 88
4 01 4 29
5 56
5 21
4 70
4 64
5 40
5 53
4 62
4 55
4 99
4 48
4 94
4 33
4 06 3 61
5 05
5 03
4 76
4 62
4 72
4 79
4 89
4 79
4 33
4 66
4 80
4 98
4 04
4 15

C"H
2 22 1 61
158
3 31 3 11
3 23 2 89
1 60 1 48
156
156
192
192
2 30 2 11
169
2 91 3 15
3 23 3 06
199
1 98 2 12
3 62 3 72
177
0 84
2 37
142
3 70
2 79 2 91
1 97 2 02
2 44
2 49 1 99
2 69 2 44
1 78 1 67
168
2 69 2 48
183
2 54 2 75
2 67 3 03
1 98
2 01
2 29
1 47
123
2 30
2 97
2 88
2 01
136

1 85

1 03
2 19
2 36
3 30

1 83 1 99
1 84 1 75
113

others
C 7 H 2 06 1 87, CÄH 3 74 3 82
2 03, 2 09, C7H 1 88, CÄH 3 67 3 70
C ä 2 H 7 38, C £ l H 8 66
CÄH 7 26, CeH 7 37
C7H 1 80 1 57, CÄH 3 61 3 91
C7H 1 77 1 55, CÄH 3 66 3 90
C7H 1 81, CÄH 1 04 0 98
C7H 1 83, C<ffl 1 04 1 01
C7H 1 83 1 74, NeH 7 59 6 75, Νε 111 6
C7H 1 83 1 74, NeH 7 59 6 75, Ne 111 6
C7H 2 11, NeH 7 13 6 47, Ne 109 5
CÄH7 37, C e H 6 61,CÇH6 63
CÄH 7 04, СеН 7 19, CCH 7 25
С7Н 0 52
С7Н 2 39 2 34
С7Н 0 73 0 88
С72 0 90 0 44, С7з 0 09, CÄH 0 49
С7Н 2 13 1 94, С<5Н 3 47 3 88

CÄH 7 06, СеН 6 83
С7Н 2 40 2 21, NeH 7 46 6 69, Ne 108 9
C7H 1 08 1 17
C7H 2 12, CáH 4 06 4 14
CÄH 6 75, СеН 6 56
C7H 1 32 1 57, C¿H 3 16, NeH 7 33, Ne 85 4
C72 1 52 0 85, C73 0 76, CáH 0 55
NÄH 7 67 6 91, N i 112 7
C7H 0 71
NÄH 7 88 6 79, N5 112 3
NÄH 7 57 6 85, NÄ 112 6
C7H 1 74 1 68, CÄH 3 28, NeH 7 30, Ne 85 3
C7H 2 38, CÄH 3 75 3 86
1 93, C7H 2 10
C7H 1 30, CÄH 0 62 0 54
CÄH 7 33, CeH 7 22, CCH 6 93
CÄH 7 43, CeH 7 15, CCH 6 75
1 77, CeH 3 06
2 38
1 58, 1 79, CeH 3 06
C7H 1 62, CÄH 3 07, NeH 7 18, Ne 85 1
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CHAPTER 5
A 1 3 C Double-filtered NOESY with Strongly
Reduced Artefacts and Improved Sensitivity

Abstract
A 41 NOESY experiment with two 13C half-filters is described which has, compared
to previously reported versions, an enhanced overall sensitivity and strongly reduced
intramolecular crosspeaks in any part of the spectrum edited for inter-molecular NOEs.
By adding a shaped 13C pulse to the half-filter which selectively inverts the aromatic
resonances, the filter can be tuned separately and simultaneously for the aliphatic and
aromatic region of the spectrum. Contrary to recently proposed schemes, no magnetization is destroyed, so that full sensitivity is retained for symmetric systems such as
homodimers. Furthermore, by replacing the rectangular 180° 13C pulses by high power
hyperbolic secant pulses for inversion of the complete 13C spectral range, offset effects,
another source of signal loss and artefacts, are eliminated. The spectra edited for intermolecular NOEs clearly demonstrate that residual artefacts are considerably smaller
than in the original version of the experiment.

R.H.A. Folmer, C.W. Hilbers, R.N.H. Konings & K. Hallenga, J. Biomol. NMR 5, 427-432
(1995)
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During the last few years, isotope-edited NMR experiments have been shown to be
very useful for specifically selecting intra- and inter-subunit NOEs in macromolecular
complexes in which one of the components has been uniformly labelled with a stable
isotope ( 1 3 C, 15 N) (Folkers et ai, 1993a; Zhang et ai, 1994; Lee et ai, 1994a). A
well-known experiment is the double X half-filtered 2D 'H NOESY (Otting к Wüthrich, 1989). By choosing the appropriate linear combination of subspectra, for instance
NOEs between an unlabelled protein and a labelled ligand can be selected, as was first
demonstrated for the complex of Cyclosporin A bound to cyclophilin (Weber et ai,
1991; Fesik et ai, 1991). More recently, this method has also been applied to observe
inter-subunit NOEs in homodimeric proteins (Folkers et ai, 1993a; Burgering et ai,
1993a).
A fundamentally different approach for studying macromolecular complexes in which
one of the components has been uniformly labelled, has been proposed by Ikura L· Bax
(1992). The methods involve the application of filter sequences using purge pulses,
specifically optimized for full suppression of 13C-bound magnetization. The desired
spectrum is obtained by suppression of the unwanted magnetization in each of the
filters, rather than by choosing a linear combination of subspectra (Otting & Wüthrich,
1989). Thus, for instance NOE contacts within an unlabelled subunit can be obtained
in a [ ί \ ^ 2 ] double 13C-filtered experiment.
As many other editing techniques, half-filters rely on the efficiency of subtraction of
unwanted signals. In this respect, an intrinsic difficulty is posed by the non-uniform
distribution of ^ Ι Η 1 3 Ο couplings, both in proteins and nucleic acids. The conventional
L3
C half-filter is tuned to an average J value, and problems arise from X H- 1 3 C pairs
with a J-coupling deviating from this mean value. As was pointed out earlier (Otting
& Wüthrich, 1990; Gemmecker et ai, 1992) this results in imperfect suppression of
signals from 13C-bound protons when selecting the 12C-bound proton resonances. This
'leaking' 13CH magnetization gives rise to unwanted crosspeaks in each of the subspectra
containing a 13C-filtered dimension.
Several methods have been proposed addressing this problem. For instance, Ikura &
Bax (1992) described a [F b F 2 ] double 13C-filtered 2D NOESY experiment (using purge
pulses, vide infra), in which the first filter (t\) is optimized for the aliphatic region of
the spectrum, while the second is matched for the aromatic region. Although this may
seem an improvement, this experiment is only optimal for one region of the 2D spectrum,
namely Fi/F2 = aliphatic/aromatic. Gemmecker and co-workers (1992), on the other
hand, introduced a double filter that can be tuned to two different one-bond coupling
constants prior to each of the two evolution times, using spinlock pulses to eliminate
the 13C-bound proton magnetization. Hence, this method allows the same efficiency of
filtering in both the aliphatic and aromatic region of the spectrum. However, this is
at the expense of two times two extra delays of length (2J) - 1 (a total of about 14 ms)
which may be unacceptable for larger systems because of transversal relaxation.
Recently, Bax et al. (1994) reported an improved sequence for the double 13C-filtered
NOESY, using heteronuclear Hartmann-Hahn dephasing to eliminate the signals from
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the enriched compound. This experiment was developed to measure intra-molecular
13
NMR spectra of an unlabelled peptide bound to a C-enriched protein. These authors
have not reported analogous experiments for the study of inter-molecular interactions,
because already at the introduction of their purge pulse strategy, Ikura L· Bax (1992)
state that, knowing the chemical shifts of the unlabelled subunit, these interactions can
13
often be studied more advantageously in a regular 3D C-edited NOESY, in which they
are separated by the 1 3 C shifts of the protein.
Contrary to the analysis of protein-ligand complexes, in symmetric systems such as
homodimers and tetramere it is not possible to assign NOEs as intra- or inter-subunit
solely on the basis of the chemical shifts. Instead, inter-subunit NOEs can be obtained
from a [Fi,F2] 13C-selected 13C-filtered 2D NOESY employing purge filters, similar
to the scheme recently published by Lee et al. (1994b). However, in the case of a
homodimer, this would result in a two-fold decrease in signal to noise ratio for intermolecular crosspeaks in comparison with a non-filtered analogue; in a regular NOESY,
each inter-molecular crosspeak (и>д,о>в) has a 1:1 contribution from the 13CH^—И2СНд
and 1 2 С Н л ^ 1 3 С Н в NOE pathways, but a [FUF2] 13C-selected 13C-filtered experiment
would only allow the detection of the first of these contributions.
In this communication, we describe a double half-filtered NOESY experiment, in
which each of the two half-filters can be tuned separately and simultaneously for the
aromatic and aliphatic region of the spectrum, without destroying any 13C-bound proton
magnetization. Hence, full sensitivity for inter-subunit NOEs in symmetric systems
is retained. The approach will be demonstrated for a mutant (Phe36—»His) of the
homodimeric single-stranded DNA binding protein (ssDBP) of bacteriophage Pf3, which
uses Pseudomonas aeruginosa as a host (Folmer et al, 1994a). Pf3 ssDBP is a /?-sheet
protein (78 residues, molecular mass of the dimer 18 kDa), similar in function to the
gene V protein encoded by filamentous phage M13 (Folkers et ai, 1994).
Fig. 5.1a depicts the pulse scheme of the conventional half-filter (Otting et al, 1986).
The delay r is tuned to (2 1JH,C)~1 for optimal rephasing of proton in-phase magnetiza
tion at the end of the two delays. Because in proteins the heteronuclear 1 3 C-'H one-bond
couplings range from ~125 Hz for methyl groups to ~170 Hz for aromatic spin pairs
(and even up to 220 Hz in histidine residues), the filter delay has to be matched to a
mean value. For protons attached to 1 2 C the length of the delay is obviously irrelevant,
as only their chemical shifts will evolve during the filter period, which are refocused by
the 180° proton pulse. Refocusing of the 13C-bound protons is also independent of the
delay when the 180° ( 13 C) editing pulse is effectively not applied, because the 1 3 C- 1 H
couplings are refocussed by the 180° proton pulse as well. In the presence of the 180°
carbon pulse, however, imperfect refocusing occurs if the one-bond coupling deviates
from the value for which the delay has been matched. Ignoring multiple bond couplings,
the product operator description (Van de Ven & Hilbers, 1983; S0rensen et al., 1983) of
13
C-bound proton magnetization at the end of the half-filter is,
/j, cos (2πτ,/) + 2/ r S 2 sin (2πτι7),
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Figure 5.1 Comparison of half-filter building blocks. Solid and open bars denote 90° and 180°
pulses, respectively. All pulses are applied along the x-axis, except where phases φ and фм are
indicated. These editing phases are alternated between χ and —x, resulting m either an effective
180° pulse or an effectively omitted pulse, (a) Pulse scheme of the conventional half-filter The
value of τ is (2 ^н,с)~' • (b) Scheme of the double-tuned half-filter. The selective pulse is
applied at the aromatic region and is only applied when φ = χ (indicated with the dashes). The
delay τ is optimized for the aliphatic region, while r' is tuned to the aromatic J-couphngs. (c)
Scheme of the 13C double-tuned, [13G, 15N] time-shared half-filter. The delay τχ is (2 'JH.N)'1
,
and δ is (r — τ'). Delays τ and τ' as m (b).

in which J is the one-bond coupling in a given " C ' H spin pair. Therefore, as soon as
this coupling constant deviates from the mean value, subtraction of the two recordings
with and without the editing pulse no longer leads to perfect cancelation of the R e 
bound protons. In practice, this may result in the observation of
subspectra in which for instance only

12

13

13

13

C H - C H NOEs in

C H - C H NOEs should appear.

To quantify

this effect, we choose as an example a filter delay τ of 3.45 ms. This corresponds to
a J-coupling of 145 Hz, which is an appropriate mean value if one would be interested
in both the methyl and aromatic resonances. The in-phase component of a

13

C-bound

methyl proton with J = 1 2 5 Hz at the end of the half-filter is then only cos (2TTTJ) = 0.91,
which is equivalent to a 9% difference in intensity between the two recordings with and
without the editing pulse. This may seem a relatively small number, but a 9% leakage of
a very strong NOE crosspeak is likely to be significant. For this reason, a 20 Hz deviation
for the J-coupling with respect to the filter delay should be considered unacceptable. In
contrast, if one would focus solely on the aliphatic region of the spectrum, the average
J-coupling is about 135 Hz. The maximum difference between the aliphatic couplings
and this mean value is then about 10 Hz, giving rise to a maximum leakage of only
2.7%. Now, the aromatic coupling constants are clearly deviating too much and, as a
consequence, only the aliphatic part of the X-filtered NOESY can be reliably interpreted
(Qian et ai, 1993).
However, by applying a selective 180° pulse on the aromatic carbons it is possible to

С double filtered NOES Y

101

decouple the aromatic protons for the period corresponding to the difference in aliphatic
and aromatic J-couplings, which is shown in Fig. 5.1b. Here, the delays τ and τ' are
matched to the average values of the aliphatic (135 Hz, 3.7 ms) and aromatic (165 Hz,
3.0 ms) couplings, respectively. The selective 180° pulse decouples the aromatic protons
for the period 2(r —τ'), which hence will nicely refocus as in-phase proton magnetization
after the period 2τ'. There is approximately 1.4 ms time to produce this selective pulse,
which is sufficient as the spectral region of the aromatic carbons is quite isolated from
the aliphatic signals. Of course, the pulse is only applied in the recordings where φ = x.
Since the delays for the aromatic and aliphatic J-couplings can now be tuned separately,
the maximum offset for any J-coupling with respect to the delay is reduced to about 10
Hz (excluding the histidines). In this way 13C-H signal leakage is at most 2-3% per halffilter, which is quite reasonable. Fig. 5.1c shows that this double-tuned 1 3 C half-filter
is also easily combined with a ' 5 N filter in a time-shared [15N,13C] half-filter (Burgering
et al, 1993b).
Thus, introducing this selective pulse allows editing of the aliphatic and aromatic
region of the spectrum within the same experiment, without an unacceptable mismatch
of the delay and the J-couplings. Nevertheless, especially at high fields (>500 MHz)
the large spectral window of 1 3 C becomes another source of filter artifacts due to offresonance effects of the 180° editing pulse. On present-day instruments with 1 3 C Bi-fields
around 20 kHz these effects are significant, even when the transmitter is positioned
in between the aromatic and aliphatic signals (~78 ppm). Consequently, 1 3 C spins
resonating near the edges of the spectrum will not be completely inverted by the 180°
editing pulse, resulting again in non-perfect refocusing of proton magnetization at the
end of the half-filter. To minimize and even remove these effects, we propose to use
a full power hyperbolic secant carbon pulse to replace the 90° 90° pulse pair. The
hyperbolic secant (sech) pulse was introduced in spectroscopy already in 1932, when it
was applied in the double Stern-Gerlach experiment (Rosen L· Zener, 1932). To our
knowledge, Silver et al. (1984ab) were the first to introduce the hyperbolic secant in
NMR as a pulse that allows selective inversion with good phase behaviour. Only quite
recently it was recognized that a hyperbolic secant can also be used to both invert
and refocus very large spectral regions without creating artifacts, when applied with
maximum power (Hallenga & Lippens, 1995). To illustrate the behaviour of the pulse
acting on magnetization aligned along the z-axis, we simulated its excitation profile with
the 'pulsetool' package integrated in the Varian VNMR software. In this routine use is
made of the classical model of nuclear spin evolution described by the Bloch equations.
Fig. 5.2a compares the simulated z-magnetization as a function of the transmitter offset
after the action of a rectangular 180° pulse, a 90°-180°-90° composite pulse and a 360
μϋ hyperbolic secant pulse all at 20 kHz power. It shows that only for the latter the zmagnetization is perfectly inverted over a band width of no less than 25 kHz. This profile
is significantly better than that obtained by a rectangular pulse, which is normally used
(90° 90ψ) in half-filter experiments. This means that even at 750 MHz spectrometers
both the aromatic and aliphatic region of the 13C-spectrum can be perfectly inverted
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when using the sech pulse
An additional advantage of the hyperbolic secant is demonstrated in Fig 5.2b Here,
the z-magnetization (at zero offset) is simulated for a 360 ßs pulse as a function of the
Bi field strength Since the sech pulse is equivalent to an adiabatic rapid passage (Baum
et al, 1983, Warren &¿ Silver, 1988), it behaves rather differently from other shaped
pulses because the requirement for adiabaticity leads to the situation that only a minimum power limit is necessary to obtain full inversion, increasing the power above this
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Figure 5.2 (a) Simulation of the action of a 180° square pulse (dotted line), a 90x-180°-90x
composite pulse (dashed line) and a 180° hyperbolic secant pulse (solid line) applied on +zmagnettzation of unit length, as a function of the transmitter offset frequency (b) Simulation
of the ζ-magnetization (at zero offset) for a 360 ßs hyperbolic secant as a function of the B¡
field strength The secant is of the form sech(200t), + ^1, ι e ß=200 Hz and μ=5 in the notation
of Silver ct al (1984a) The graphs were calculated with the 'pulsetool' package implemented m
the Kanon VNMR software.
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Figure 5.3 Pulse sequence of the double-tuned double half-filtered NOESY. In case of sym
metric dimers two data sets are recorded, one in which the dashed pulses are applied, and one
were they are effectively omitted (see text) The delay τ is chosen as 3.7 ms, corresponding to
a one-bond coupling of 135 Hz. Delay δ = 0.7 ms. The spin lock pulses have durations of 1.3
and 1.7 ms. The 180° 13C pulses are applied as 360 μ« sech pulses at 20.0 kHz field strength
with the transmitter at 78 ppm. An off-resonance I-BURP-2 pulse (Geen & Freeman, 1991)
of 1 0 ms (10.0 kHz field) was used to selectively decouple the aromatic resonances during the
period 25. During the recovery delay and the NOE mixing time low-power HDO irradiation
was applied. The phase cycling used is as follows: φι = ^(x,-x), 4(УгУ)і Фг = 4(xrx)t 4(УгУ)>
4(-χ,χ), 4(-у,у); Фз = 4(y,-y), 4fa-x), 4(-y,y), 4(-x,*); Фі = Ф» = 8(x), 8(y), 8(-x), 8(-y); ф5
= 2(x), 2(y), 2(-x), 2(-y), 2(y), 2(-x), 2(-y), 2(x); ф6 = 2(x), 2(y), 2(-x), 2(-y), 2(y), 2(-x),
2(-y), 2(x), 2(-x), 2(-y), 2(x), 2(y), 2(-y), 2(x), 2(y), 2(-x); ф7 = 2(y), 2(-x), 2(-y), 2(x), 2(-x),
2(-y), 2(x), 2(y), 2(-y), 2(x), 2(y), 2(-x), 2(x), 2(y), 2(-x), 2(-y); Ree. = x,-x,y,-y, -x,x,-y,y,
y,-y,-x,x, -y,y,x,-x, -x,x,-y,y, x,-x,y,-y, -y,y,x,-x, y,-y,x,-x. Quadrature detection in the indirect
dimension was achieved by the States-TPPI method (Manon et al., 1989b), incrementing φι
and фз.
threshold value does not affect the band width nor the rotation angle. This character
istic makes the hyperbolic secant insensitive to Bi inhomogeneities once the power used
is larger than the minimum for adiabatic inversion. Then, spins near the edges of the
NMR tube, which usually experience lower fields strengths, may be completely inverted
as well. Thus, the sech pulse has two remarkable properties, which we expect to make it
a very useful pulse for a variety of high field NMR experiments. First, the broad excita
tion which is of course particularly important for carbon, and secondly, the remarkable
dependence of the B! field strength. Both features increase the overall sensitivity of this
and other experiments where one or more

13

C broad band inversion pulses are required.

Fig. 5.3 indicates the pulse sequence we used to record the double 13 C-half-filtered
NOESY. All 180° carbon pulses are implemented by full power hyperbolic secant pulses
of 360 /ÍS length.

Now, X-filter editing can no longer be achieved by alternating the

phase of the second pulse in the 90°-90°> pair. Instead, we vary between applying the
pulse centered in the

13

C spectrum, and at 60 kHz offset. The latter case is then again

equivalent to omitting the pulse. The selective pulses are treated in a similar fashion.
Furthermore, two spinlock pulses are added to destroy the antiphase components of
magnetization that is not completely refocuscd at the end of the half-filter.
The proposed sequence has been tested on a mutant (Phe36—»His) of the single-
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Figure 5-4 Complete subspectrum of the double half-filtered 2D NOESY experiment, obtained
after subtraction of the two data sets (see text). The spectrum was recorded at 500 MHz on
a Vanan Unity + spectrometer equipped with a (,3C,15N) triple-probe. The effective protein
concentration was 0.7 mM (only half of the monomers are in heterodtmers). The experiment
was recorded at 27°, with a mixing time of 120 ms. Both data sets consisted of 200 complex t¡
increments, for which 256 transients were accumulated.

stranded DNA binding protein of bacteriophage Pf3, which forms a dimer in solution
(Folmer et ai, 1994a). To obtain a suitable NMR sample a 1:1 mixture of uniformly
(99%) labelled ( 13 C, 15 N) and unlabelled protein was prepared at 0.04 mM concentration.
We established that at this concentration the monomers exchange rapidly enough to
allow the formation of heterodimers with one monomer labelled and the other unlabelled.
This volume was concentrated on a monoS cation-exchange FPLC-column, lyophilized
and dissolved in 2 H 2 0 to a 1.4 mM protein solution containing the desired heterodimers
and the two types of homodimers in a 2:1:1 ratio. We note here that in some cases
(e.g. very good protein solubility) it may be advantageous to use mixtures with a higher
content of the unlabelled species.
Because in the case of a dimer molecule one is only interested in the inter-monomer
NOEs, it is sufficient to record two data sets; one in which both 180° editing pulses are
applied, and one in which they are both omitted (Folkers et ai, 1993a). Fig. 5.4 shows
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F2 (PfXTi)

F2 tipm)

Figure 5.5 Comparison of the methyl regions from the double, half-filtered NOESY spectrum
recorded with the sequence of Fig. 5.3. (a) Subspectrum obtained after addition of the two data
sets, which is equivalent to a regular 2D NOESY. (b) Subspectrum obtained after subtraction of
the two data sets, displaying the inter-monomer NOE contacts. As an example the inter-subunit
NOEs between the methyl groups of Leu68 and Leu68' are indicated.

the 500 MHz spectrum that was obtained with this new sequence, after subtraction of
the two recordings. Due to the 1.1% occurrence of
unlabelled monomers, as well as the

12

13

C at natural abundance in the

C fraction in the 99%

13

C labelled monomers,

the intra-monomer NOEs will always be attenuated by about 2% in the recording where
both editing pulses are applied (assuming random distribution of the minor isotope in
both fractions). Therefore, it is stressed that this experiment will only work properly
for isotropically highly pure subunits.

To compensate for this effect, the recording

with the editing pulses was multiplied by 1.02 before it was subtracted from the other.
The resulting spectrum displays a large number of inter-monomer NOEs, but more
importantly, only very few off-diagonal artifacts.

Unwanted intra-monomer contacts

are almost exclusively found between aromatic protons.

These NOEs are usually so

intense that apparently even a few per cent leakage still gives rise to fairly strong
crosspeaks.

Fig. 5.5 compares the methyl regions of the 'regular' NOESY spectrum,

obtained by addition of the two subspectra, and of the filtered spectrum, obtained by
subtracting the subspectra. The efficiency of the sequence is best illustrated by the
NOEs between the ¿-methyl groups of Leu68, indicated in Fig. 5.5b. This spectrum
clearly shows that these NOEs have an inter-monomer contribution, indicating that the
side chains of the two symmetry-related Leu68 residues are in close contact. The strong
intensity of the diagonal obscures these NOEs in the left-hand spectrum, but the nearly
perfect subtraction of intra-monomeric NOEs and diagonal peaks allows them to be
easily detected in the filtered spectrum. Recently, we determined the three-dimensional
structure of the protein, which indeed confirmed that Leu68 is very close to the dyad
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axis of the molecule (Folmer et al, 1995b) The interpretation of this spectrum resulted
in the nearly complete assignment of the inter-monomer NOEs, which is generally of
great importance for the structure calculation of dimenc proteins In this respect, it is
noted that the spectrum of the recording in which the two editing pulses are applied can
be quite useful too Provided that the mixture of hetero- and homodimers is exactly
2 1 1 , precisely half of the inter-monomcric NOEs occur as 12CH-13CH NOEs, whereas
the other half are contacts inside the homodimers As these have opposite signs in the
recording with the editing pulses, they will totally cancel and, consequently, the ìntermonomer NOEs are absent from this particular subspectrum In this way, one obtains a
double check for the identification of lnter-monomenc NOEs m symmetric dimers
In conclusion, it has been demonstrated that it is possible to apply 13C half-filter
editing simultaneously to aromatic and aliphatic proton-carbon spin pairs Although this
was shown here for a protein, it is equally applicable to nucleic acids, in which the ^ініэс
couplings in the sugar and the base are also quite different (M H Kolk, unpublished
results) Applied to the Pf3 ssDBP, the improved double 13C-filtered NOESY allowed the
unambiguous identification of many inter-monomer NOEs, particularly between methyl
groups, which were essential for the calculation of the structure of the protein

CHAPTER 6

Solution Structure of the Single-Stranded DNA
Binding Protein of the Filamentous Pseudomonas
Phage Pf3: Similarity to other proteins binding to
single-stranded nucleic acids

Abstract
The three-dimensional structure of the homodimenc single-stranded DNA binding pro
tein encoded bv the filamentous Pseudomonas bacteriophage Pf3 has been determined
using hetcronuclear multidimensional NMR techniques and restrained molecular dynam
ics NMR experiments and structure calculations have been performed on a mutant
protein (Phe36—>-His) that was successfully designed to reduce the tendency of the pro
tein to aggregate The protein monomer is composed of a five-stranded antiparallel
/?-sheet from which protrude two /?-hairpins and a large loop The structure is compared
to the single-stranded DNA binding protein encoded by the filamentous Escherichia coli
phage Ff, a protein with a similar biological function and DNA binding properties, yet
quite different amino acid sequence, and to the major cold shock protein of E coli,
a single-stranded DNA binding protein with an entirely different sequence, biological
function and binding characteristics The amino acid sequence of the latter is highly
homologous to the nucleic acid binding domain of proteins belonging to the Y-box fam
ily (1 e , the cold-shock domain) Despite their differences in amino acid sequence and
function, the folds of the three proteins are remarkably similar, suggesting that this is a
preferred folding pattern shared by many single-stranded DNA binding proteins

R H A Folmer, M Nilges, R Ν H Komngs & С W Hilbers, EMBO J 14, 4132-4142 (1995)
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Introduction
Single-stranded DNA binding proteins perform a wide variety of key functions in
prokaryotic and eukaryotic cells. They play indispensable roles in processes such as
DNA replication, repair and recombination, and can function as specific regulators of
gene expression as well. Despite their very important biological functions, detailed
structural knowledge of ssDBPs and their complexes with DNA is scarce. It is only quite
recently that X-ray diffraction analysis and NMR spectroscopy have started to provide
structural insight into this class of proteins (Folkers et ai, 1994; Skinner et ai, 1994;
Tucker et ai, 1994). One of the best characterized ssDBPs is the gene V protein (GVP)
encoded by the filamentous E. coli phage Ff (for a review see Stassen et ai, 1995).
Since it was first isolated, this protein has been subjected to extensive biochemical
and biophysical studies, and it is considered a model system for studying non-specific
protein-ssDNA interactions (Anderson et ai, 1975; Gray et ai., 1982b; Bulsink et ai,
1985; Gray, 1989). It binds strongly and co-operatively to single-stranded DNA and
RNA (Alma et ai, 1982; Kansy et ai, 1986; Bulsink et ai, 1988a), and is capable of
destabilizing double-stranded DNA. During phage DNA replication, GVP mediates the
switch from dsDNA synthesis to the production of progeny viral strands by forming a
tight complex with the single-stranded tail of the rolling circle intermediate (Salstrom
& Pratt, 1971; Oey h Knippers, 1972) (Fig. 1.4). Following an incorrect, though often
cited, crystal structure (Brayer & McPherson, 1983), the solution structure (Folkers
et ai, 1994) and the revised X-ray structure (Skinner et ai, 1994) have recently been
reported. Furthermore, a model of the complex between GVP and ssDNA has been
postulated (Folmer et ai, 1994b; Guan et ai, 1994).
Recently, the three-dimensional structure of another member of this protein class,
the adenovirus (Ad) ssDBP, has been elucidated (Tucker et ai, 1994). There exists no
structural similarity between the Ad ssDBP and Ff GVP, despite the fact that the two
proteins have similar DNA binding characteristics, such as co-operative DNA binding
without apparent sequence specificity (Van der Vliet et ai, 1978), and helix destabilizing
properties. The binding stoichiornetries, on the other hand, are quite different; 10-15
nucleotides are bound per Ad protein (Van Amerongen et ai, 1987), whereas only 4
nucleotides are covered by the much smaller Ff protein (Alma et ai, 1982; Kansy et ai,
1986; Bulsink et ai, 1988a). To our knowledge, the Ff and Ad ssDBPs are the only
ssDBPs for which the three-dimensional structures are known to date (see footnote to
page 50). To extend our understanding about structure and function for this class of
proteins, we have investigated the ssDNA binding protein encoded by the filamentous
phage Pf3, using NMR spectroscopy.
Bacteriophage Pf3 specifically infects Pseudomonas aeruginosa cells harbouring IncPl
Plasmids (Stanisich, 1974). The Pf3 ssDBP is 78 amino acids long (Putterman et ai,
1984) and exists in solution predominantly as a symmetric dimer with a molecular mass
of 18 kDa (Folmer et ai, 1994a). In the life cycle of the phage, the protein fulfils
functions similar to those performed by Ff GVP, and the two proteins have comparable
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DNA binding properties (unpublished results; Powell & Gray, 1993). However, so far
there exists no evidence that the Pf3 and Ff bacteriophages originate from a common
ancestor; although there is some similarity with respect to the genetic organization and
pattern of open reading frames, there exists no significant sequence homology beUveen
the genomic sequences (Luiten et al, 1985, see Fig. 1.1). Thus, knowledge of the 3D
structure of the Pf3 protein would allow the comparison of two evolutionary non-related
yet functionally similar ssDBPs. Possible similarities might indicate a preferred folding
pattern and/or DNA binding motif which are structurally appropriate for the function
of these proteins, and which therefore may be employed by other ssDBPs as well.
Recently, we have reported the nearly complete assignment of the XH and 1 5 N NMR
signals and the secondary structures of both wild-type and mutant (Phe36—»His) Pf3
ssDBP (Folmer et al, 1994a). This mutant protein was successfully designed to reduce
the protein's tendency to aggregate, and hence to increase its solubility (Folmer et al,
1994a). It has been shown that the amino acid substitution does not affect the structure
of the protein; the chemical shifts of the wild-type and mutant proteins only differ for a
few residues near the site of the substitution (Table 4.1) and their secondary structures
are identical (Fig. 4.8). Here, we present the three-dimensional solution structure of
the Phe36->His (F36H) mutant of Pf3 ssDBP. Its overall folding is compared with
those of Ff G VP and the major cold shock protein of E. coli (Newkirk et al, 1994;
Schindelin et al, 1994), a small iiionomeric protein with ssDNA binding properties,
though generally not classified as a ssDBP. Similarities will be discussed in view of a
fold that may be shared by many proteins binding to single-stranded nucleic acids.

Materials and methods
N M R experiments
The F36H Pf3 ssDBP was isolated as described on page 78. Uniformly (99%) 1 3 C/ 1 5 N
doubly labelled protein was prepared using M9 minimal medium, containing 13C-labelled
glucose and 15 NH 4 C1 (Isotcch) as the sole carbon and nitrogen sources. The concentra
tion of the NMR samples was typically 2 mM at pH 4.3. The samples were unbuffered
and contained only a few millimolar salts.
NMR experiments were performed at 400, 500 and 600 MHz on a Bruker AM, Varian
Unity-I- and Bruker AMX spectrometer, respectively, and were carried out at 300 K.
Unless stated otherwise, the Ή carrier was placed at the position of the water resonance,
States-TPPI was used for signal accumulation in the indirectly detected 'H and 1 3 C
dimensions (Marion et al, 1989b), and quadrature detection in the 1 5 N dimension was
achieved by the TPPI method (Marion к Wüthrich, 1983). All spectra were acquired
with solvent suppression by presaturation during the relaxation delay.
Homonuclear NMR experiments and 15N and Ή resonance assignments have been
described elsewhere (Folmer et al, 1994a). Additional Ή and all relevant aliphatic 1 3 C
assignments were obtained from two 3D HCCH-TOCSY experiments (Bax et al, 1990),
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recorded at 500 MHz with mixing times of 7 and 21 ms. Maximum evolution times
were 30.5(ίι) χ 9.1(i2,13C) χ 76.4(ί3) ms, with the carbon carrier frequency at 41.8
ppm. Quantitative distance constraints involving amide protons were taken from a 3D
15
N NOESY-HMQC spectrum (Messerle et ai, 1989), recorded at 600 MHz. A mixing
time of 75 ms was used, with 12 transients per increment and maximum evolution times
of 16.9(<j) χ 15.3(^2,15N) χ 67.6(<3) ms. Distance restraints between aliphatic and/or
aromatic protons were obtained from a 3D 1 3 C NOESY-HMQC spectrum (Ikura et ai,
1990), acquired at 600 MHz with a mixing time of 75 ms. The spectrum was folded in the
13
C dimension using a sweep width of 28.0 ppm, with the carrier at 41.8 ppm. Carbon
decoupling was achieved by applying a composite 90°-240°-90° pulse (Freeman et ai,
1980) centred in ti and by low-power G ARP decoupling (Shaka et ai, 1985) during
acquisition, both with the carrier at the center of the carbon spectrum (76.6 ppm).
The spectrum was recorded with maximum evolution times of 25.8(ίι) χ 7.3(í2,13C) χ
77.8(¿a) ms, 16 transients per increment and the proton carrier at 3.54 ppm.
Three-bond JNHO coupling constants were measured in an HMQC-J (Kay & Bax,
1990) and 3D HNHA (Vuister к Bax, 1993) spectrum. The HMQC-J experiment was
performed at 400 MHz with a 1 5 N evolution time of 175 ms. The HNHA spectrum was
recorded at 600 MHz with evolution times of 14.4(^) χ 19.6(ί2,15Ν) χ 67.6(ί3) ms and
32 scans per increment. During the t\ proton evolution time the carrier frequency was
at 6.65 ppm.
In order to discriminate between intra- and inter-monomer NOEs, a double halffiltered NOESY spectrum was recorded on a sample containing dimers consisting of one
13
C labelled and one unlabelled monomer (Otting & Wüthrich, 1989; Folkers et ai,
1993a). We recently proposed an improved pulse sequence (Folmer et ai, 1995a), which
allows a much better suppression of unwanted signals, usually arising in these kinds of
experiments from insufficiently subtracted 13C-bound proton magnetization. To obtain
a suitable NMR sample a 1:1 mixture of uniformly labelled (13C,15N) and unlabelled
protein was prepared at 0.04 mM concentration. We established that at this concentration the monomers exchange rapidly enough to permit formation of these 'heterodimers'.
This volume was concentrated on a monoS cation-exchange FPLC-column, lyophylized
and dissolved in 2 H 2 0 to give a 1.4 mM protein solution, containing the desired heterodimers and the two types of homodimers at a 2:1:1 ratio.
Spectra were processed using the MNMR program (PRONTO Software Development
and Distribution, Copenhagen, Denmark) and analyzed with the XEASY package (Bartels
et ai, 1995), both running on a Silicon Graphics Indigo workstation.
Generation of restraints
NOEs were assigned from the 3D 13C- and 15N-edited NOESY spectra, both recorded
with a mixing time of 75 ms. Obviously, extracting NOE peak volumes directly from
3D data has the advantage of strongly reduced overlap in comparison with the corresponding 2D spectrum. The disadvantage is that the intensity of the crosspeak is no
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longer dominated by the inter-proton distance; the intensity is also heavily influenced
by the T 2 relaxation rate of the frequency-labelled heteronucleus, as well as the value
of the one-bond J-couplings responsible for the generation of heteronuclear antiphase
coherence in the HMQC building block. However, we feel that these effects can be
largely compensated for by correcting the NOE crosspeak volumes in every individual
15
13
F2F3 strip with respect to the relative peak volumes of the corresponding Ν-*Η or C 'H correlation in the 2D HMQC spectrum. In practice, this means that all crosspeak
integrals in the 2D HMQC spectrum are normalized, thus yielding a correction factor
for each correlation, which ranges from 1.0 for the strongest peak to as much as 10-20
for the least intense crosspeaks. This is done, of course, separately for the 1 5 N and 1 J C
NOESY-HMQC. Then, NOE peak volumes from the 3D spectra are multiplied by the
appropriate correction factor belonging to the correlation involved in the HMQC step.
Only those HMQC peaks that were not overlapping were used. These were basically all
^ Ν - Ή , " С а - ' Н and all aromatic and methyl 1 3 C-'H correlations, and a small frac
tion of the other side-chain carbon proton correlations. In those cases where side-chain
correlations were overlapping, the integral of the CaH correlation was taken. This was
performed using an in-house developed program (R.H.A. Folmer, unpublished), which
finally also converts the peak volumes into inter-proton distance constraints. Because
this method automatically takes into account the higher apparent intensity of the methyl
resonances, no additional distance was added to the upper limit for NOEs involving a
methyl proton in the h\ dimension.
Inter-strand daa and sequential da^ distances were used for calibration of the 1 3 C- and
15
N-edited NOESY, respectively. Upper distance restraint limits were set by lengthening
all distances r in an empirical fashion by г · max [0.2, (0.2 + (r — 3.0) • 0.1)] to allow for
spin diffusion. Lower limits were put at 0.8r, except for intra-residue NOEs, for which
no lower limits were used.
In the HMQC-J spectrum, 3JJVWQ coupling constants were extracted from the inphase splittings through inverse Fourier transformation of the data points representing
a crosspeak along ί\, and a subsequent nonlinear least-squares fit in the time domain
using the program INFIT (Szyperski et ai, 1992). In addition, these constants were
evaluated in the HNHA experiment, employing the formula described by Vuister & Bax
(1993), using a correction factor of 1.19.
Structure generation
Three-dimensional structures were calculated with a modified version of the program
x-PLOR, version 3.1 (Briinger, 1992), using simulated annealing. The employed protocols
are improved versions of earlier published ones (Nilges et al., 1988b, 1991). The impor
tant features of this minimization procedure are high temperature molecular dynamics,
soft atoms, and a linear behaviour of the potential for inter-proton distance restraints
for large deviations. In our experience, simulated annealing from random structures
gives a similar sampling of the conformational space to a combination of distance geom-
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etry with metrization and simulated annealing refinement, but is computationally more
efficient (M. Nilges, unpublished). Starting structures were generated by individually
randomizing the φ and φ angles of two spatially separated, extended monomers.
The entire simulated annealing protocol consisted of three stages, one high temper
ature stage (6500 steps at 2000 K), a first cooling stage (in 2500 steps from 2000 to
1000 K), and a second cooling stage (in 1000 steps from 1000 to 100 K) ended by 250
steps of conjugate gradient minimization. The time step was uniformly set to 5 fs, and
the atomic masses to 100 a.m.u. In the high temperature stage, non-bonded interac
tions were only evaluated for two atoms per amino acid, namely the C° atom and one
side-chain carbon atom. The atom radii of these atoms were increased to 2.25 Â. This
reduced non-bonded representation speeds up the calculations significantly. In the first
cooling stage, a full non-bonded representation was introduced, with atom radii at the
standard values for the 'parallhdg' force field ('repel'=0.78; see Briinger, 1992, page 50),
and force constants for 'floating' methylene and isopropyl groups brought to their final
values (see below). All other energy constants for covalent interactions were constant
through the simulated annealing protocol, at 1000 kcal mol -1 Â - 2 for bonds and 500
kcal mol - 1 rad - 2 for bond angles, planarity and chirality.
The structures were further refined by a second simulated annealing run, consisting of
1000 steps at 1000 К and cooling to 100 К in 3000 steps of molecular dynamics. Problems
associated with the fact that the Pf3 ssDBP is a symmetric dimer were treated exactly
as described by Nilges (1993); we used a pseudo-energy term to minimize the atomic
root mean square (rms) differences between the two monomers, insisting that these are
identical, and a set of artificial distance constraints forcing the dimer to adopt two-fold
symmetry. Most NOEs were explicitly assigned as being intra- or inter-monomcr, but
some were treated as ambiguous (Nilges, 1993). These typically concerned protons close
to the dyad axis of the protein, where many NOEs have both intra- and inter-monomer
contributions.
All non-stereospecifically assigned methylene and isopropyl groups were treated by a
floating assignment procedure (Weber et al, 1988; Holak et ai, 1989). The 'improper
torsion' energy constants defining the chirality of these groups in the force field were set
to zero. The energy constants of all angle terms involving the protons of the methylene
groups, and the methyl carbons of the isopropyl groups, were reduced to 1/100 of their
standard values during the high temperature stage, and slowly increased to their final
value in the first cooling stage. In addition, a randomly selected subset of the methylene
hydrogens and propyl carbons were explicitly swapped every 250 steps of dynamics. We
note that floating assignment is the only method that ensures a consistent assignment
of methylene and propyl groups in a single structure, in contrast to R-6 averaging or the
pseudo atom approach (see chapter 7).
Structure calculations were carried out on a Silicon Graphics R8000, on which the
computation of each structure took about 40 minutes of CPU time.
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Figure 6.1 'H- C HMQC spectrum at 600 MHz of 2.0 mM doubly labelled ( C, N) P}3
F36H ssDBP. Only the aliphatic region of the spectrum is shown. Alia- and methyl-correlations
are indicated.

Results
Assignments and restraints
The majority of the aliphatic 1 3 C assignments of Pf3 ssDBP were obtained from
the two 3D HCCH-TOCSY experiments in conjunction with the previously reported
proton assignments (Folmer et al, 1994a). Most assignments were carried out in the
spectrum with the mixing time of 7 ms, while the 21-ms spectrum served to check
relayed connectivities that were not present in the short mixing time spectrum. In
addition, the experiment allowed an extension of the proton assignments. The remaining
unidentified aliphatic carbon and proton resonances (mostly of proline residues) were
assigned in the 75-ms 3D NOESY-HMQC, by evaluating the intra-residue NOEs. This
spectrum also permitted the assignment of all aromatic 13C/lH spin pairs of the seven
phenylalanine and three tyrosine residues of the Pf3 mutant protein F36H. At this point,
all non-exchangeable protons had been assigned, as well as all carbons attached to
them (chemical shifts are collected in Table 8.6, page 187). This is obviously of great
importance in the process of assigning the NOEs, because for this situation the exact
number of possible correlations is known for each unassigned NOE crosspeak.
Identification of the proton and carbon resonances benefited much from the excellent
spread of the 1 3 C chemical shifts. This is particularly true for the methyl peaks, which
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Figure 6.2 Strips collected f rom a 3D 13C-edtted NOESY spectrum, recorded at 600 MHz with
a mixing time of 75 ms. NOE connectivities are shown for the α-, β- and methyl-protons of
Пе5. Strips were cut out of an F¡ F3 plane at the appropriate F% (i3C) and F3 chemical shifts.

are all resolved in the [13C,

X

H] COSY (Fig. 6.1). This means that in a 3D HCCH-

TOCSY spectrum all spinsystems originating from a methyl resonance are separated in
the spectral cube. Moreover, this accounts for the NOE patterns of the methyl groups,
which constitute an important class of inter-proton distances as they often include many
long range contacts. As a consequence, a very large fraction of the NOEs in the "Credited NOESY could be assigned unambiguously, based on the analysis of this spectrum
only. Fig. 6.2 illustrates the high quality data that could be obtained from this spectrum.
The favourable spectral dispersion allowed the assignment of 1712 cross peaks, eventually
resulting in 864 independent distance restraints. In addition, 575 inter-proton distances
were extracted from the

15

N-edited NOESY. Thus, in total 1439 NOE restraints were

obtained, 636 of which are intra-residue, 292 are sequential, 97 are medium range (two
to five residues apart in the sequence) and 414 are long range (five residues or more
apart in the sequence).
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Figure 6.4 Overview of the inter-residue NOE restraints used m the structure calculations
Below the diagonal are shown NOEs which were assigned as mtra-monomer, while above the
diagonal the explicit mter-subunit and ambiguous NOEs (see text) are indicated by squares and
diamonds, respectively

Fig 6 3a shows how these NOEs are distributed over the 78 residues of the protein
An overview of all inter-residue connectivities is given in Fig 6 4

Since we used a

floating chirahty procedure to treat diastereotopic protons and methyl groups, there
are no restraints referring to pseudo-atoms

Particularly for isopropyl groups of valine

and leucine residues, it is favourable to use specific NOEs for the two methyl groups,
as these frequently display quite different NOE patterns

The procedure allowed the

stereospecific assignment of four out of the five glycine methylene groups (except Gly51)
and four out of five valine isopropyl groups

Furthermore, methylene protons of most

proline and aromatic residues could be stereospecifically assigned, as well as those of
a few other residues

However, following Fogh et al (1994) we emphasize that these

stereospecific assignments were not used as input in the structure generation process,
a practice explicitly discouraged by Havel (1991) because of the risk of introducing
incorrect assignments

In fact, the assignments made are all the result of analyzing the

final set of structures We expect that, at a later stage, we will be able to confirm these
assignments experimentally
To distinguish between intra- and inter-monomer NOE connectivities in the symmetric
homodimer, a

13

C double half-filtered NOESY spectrum was recorded on a sample
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containing dimers consisting of one subunit uniformly enriched with 1 3 C, and one nonlabelled subunit. This spectrum was of very good quality and many inter-monomer
contacts could be assigned. Importantly, the residues that are close to the dyad axis
of the protein were easily identified in the spectrum. These were mainly Metl, Tyr57,
Ile59, Ргобб and Leu68. To illustrate the quality of the spectrum it is noted that intersubunit NOEs could be detected between the two isopropyl groups of Leu68. All NOE
contacts observed in the X-filter spectrum that involve residues close to the dyad axis
may, in principle, have both inter and intra-residue contributions. Consequently, it is
not possible to identify these NOEs as being either inter- or intra-monomer and they
should be treated as ambiguous (Nilges, 1993). A total of 1283 NOEs were assigned
as intra-monomer, 23 as explicit inter-monomer contacts and 133 as ambiguous. It is
stressed that, for most of these 133 NOEs, 'ambiguous' means: probably having both
intra- and inter-monomer contributions. Finally, although amide proton exchange data
were available, no extra distance restraints were added to enforce inter-strand hydrogen
bonds.
Dihedral constraints were applied to 33 φ angles with bounds of —120 ± 30° for those
angles with 3JN[,a > 9 Hz, -120 ± 40° if J=8-9 Hz and +60 ± 120° if J < 4 Hz.
Structures and statistics
A set of 80 structures was generated using simulated annealing from random starting
structures. These were submitted to an additional refinement step and energy minimized.
Out of these 80 structures, only the ones with no violations larger than 0.5 Â and no
dihedral violations larger than 5 degrees were selected. Then, the 8 structures with the
highest total energy were rejected, resulting in a final set of 30 accepted structures. The
structures were superimposed for the backbone atoms (N, Ca, С) of residues 1 to 11 and
25 to 78, and the coordinates were averaged to create the average structure, (SA), which
was energy minimized through 1500 steps of conjugate gradient minimization to give the
energy minimized average structure, (SA)r. A best-fit superposition of 12 structures,
arbitrarily chosen from the ensemble of 30 structures, is depicted in Fig. 6.5.
It was found that no distance restraint was violated by more than 0.4 Â in any
of the final structures and, moreover, there were no consistent violations larger than
0.2 Â ('consistent' here meaning: the same violation occurring in more than 60% of the
structures). The rms deviation for the whole set of 1439 independent NOEs was 0.038 A
(a rather meaningless but often quoted statistic). Table 6.1 affords some statistics for
the ensemble of the 30 Pf3 F36H ssDBP structures. In addition, Fig. 6.3b shows rms
deviations per residue with respect to the mean structure.
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Discussion
Description of the structure
The solution structure of the Phe36->His mutant of Pf3 ssDNA binding protein is
represented in Fig. 6.5. The protein has overall dimensions of approximately 52 χ 43 χ
33 A, and is composed entirely of /3-strands connected by loops and turns. A schematic
representation is depicted in Fig. 6.6. Each monomer consists of 7 /3-strands (/31-/37) of
which /34, /33, /31, /35 and /37 form a five-stranded antiparallel sheet across the midsection
of the molecule. From this core protrude two prominent /3-hairpins and a large loop.
The hairpins are composed of residues 11 to 25 and 57 to 70, and are designated the
'DNA binding loop' and 'dyad loop', respectively (Folkers et ai, 1991b; Folmer et ai,
1994a). The large loop consists of residues 31 to 36 and is referred to as the 'complex
loop'. The protein does not contain helical elements.
The N-terminal methionine is not involved in secondary structure. Still, as can be
deduced from Fig. 6.3b, its position is rather well defined. Many long range intraand inter-subunit NOEs were found for the ε-methyl group, which is quite buried in

Table 6.1 Structural
Structural statistics
X-PLOR energies (kcal m o l - 1 )

statistics

of the 30 Pf3
(SA)"

Etot
Ebond

Wangle

^¡mpr
EvdW
ENOE6
ENCS C

R.m.s. deviations from ideal geometry
bonds (Â)
angles (°)
impropere (°)
R.m.s. deviations from experimental restraints
NOEs (Â)
Dihedrals (°)
Atomic rms differences
(SA) vs. (SÄ)
(SA) vs. (SA) not residues 12-24
(SA) vs. (SÄ) not 12 24, only V,I,L,F,Y

666
28.6
313
71.7
51.8
201
0.5

±
±
±
±
±
±
±

structures
(SA) r
22
1.8
10
3.3
6.7
12
0.6

593
23.8
293
70.6
43.2
171
0.0

0.0034 ± 0.0001
0.67 ± 0.01
0.59 ± 0.01

0.0031
0.65
0.58

0.038 ± 0.001
0.28 ± 0.09
backbone
0.52 ± 0.16
0.38 ± 0.10
0.32 ± 0.10

0.035
0.22
all non-H
1.00 ± 0.10
0.88 ± 0.08
0.41 ± 0.09

" (SA) is the ensemble of the 30 final structures. (SA) is the cartesian coordinates obtained by
averaging (SA) following a least squares superposition of the backbone atoms for residues 1 to 11 and
25 to 78. (SA) r is the energy-minimized averaged structure.
6
Force constant was 50 kcal m o l - 1 A - 2 .
c
The NCS-restraint routine (Brtinger, 1992; Nilges, 1993) was used, which minimizes the rms difference between the monomers. Force constant was 10 kcal m o l - 1 Â - 2 . Typically, the rms difference
between the two monomers (all residues, all atoms) is smaller than 0.01 Â in the final structures.
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Figure 6.5 Stereoviews showing best-fit superpositions of the backbone atoms (N, CO, Ca) of
12 structures arbitrarily chosen from the final set of 30 structures. The structures were overlaid
for residues 1-11 and 25-78. In the top figure the two-fold axis of rotation is parallel to the
plane, whereas in the bottom figure it is perpendicular to the plane of drawing.
the protein. A comparison of the solvent-accessible surfaces of the monomer and dimer
structures indicates that Metl is in fact involved in the stabilization of the dimer (data
not shown). The first strand (residues 2-7, see Fig. 6.6) is the most structured and best
defined part of the molecule. A large amount of medium and long range inter-proton
contacts were found for the hydrophobic residues ПеЗ, Ile5 and Phe7 (Fig. 6.3a). It
can be deduced from Fig. 6.3b that the side chains of ПеЗ and Ile5 are actually better
defined than their backbone atoms. This strand is followed by a short turn (residues
8-10) which leads to the /3-hairpin referred to as the DNA binding wing. It is composed
of the second /3-strand (residues 11-16), a /3-bend (residues 17-20) and the first half of
strand /33 (residues 21-25). Both Figs 6.3b and 6.5 clearly show that this is the most
disordered region of the molecule. Root mean square deviations up to 1.5 Â are found for
the backbone atoms at the tip of the hairpin. Most likely, this is related to the proposed
high flexibility of the hairpin, a suggestion supported by the absence of slowly exchanging
amide protons in this region (Folmer et ai, 1994a). This, in turn, is probably a reflection
of its role in ssDNA binding (vide infra). Because of this variability, the structures were
always superimposed for residues 1 to 11 and 25 to 78. Interestingly, Gln25 is completely
buried in the protein. Although no electrostatic terms were incorporated in the present
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calculations, it appears that both amino protons of Gln25 are involved in hydrogen
bonding. The acceptors are the carbonyl oxygens of Phe7 and Ile48. This is consistent
with the finding that both amino protons are in slow exchange with the solvent (Folmer
et al, 1994a).
The second part of strand ß3 (residues 26-30) is part of the five-stranded sheet.
The large complex loop (residues 31-36) connects this strand to /?4. This loop is quite
exposed to the solvent (Fig. 6.3c) and consequently only few long range NOEs are
observed, which explains its somewhat ill-defined structure. Strand /34 (residues 37-43)
again is part of the five-stranded sheet. It contains a cysteine residue at position 40,
which is totally buried in the protein. This is nicely in agreement with the fact that
its 7-proton is slowly exchanging and readily spotted at 1.23 ppm in e.g. a 15 N-edited
TOCSY. Inter-subunit NOEs were found for Cys40 and Gln41, which are in contact
with Val61/Gly64 and Gly64/Arg65, respectively, at the tip of the dyad loop of the

Complex loop
Figure 6.6 Schematic representation of the P/3 ssDBP aimer. The three major loops of the
monomer at the left-hand side are denoted, and the 7 ß-strands are indicated with their strand
numbers and first and last residue numbers. Five residues are shown per monomer in balland-stick representation to illustrate the location of the two putative DNA binding domains (see
text). The prime at Arg65 indicates that this residue is situated on the other monomer. The
molecule was drawn using MOLSCRIPT (Kraulis, 1991).
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opposite monomer
Residues 44 to 51 constitute a large but fairly tight connecting loop Particularly,
Val44 and Ile48 are part of the hydrophobic core of the molecule, they exhibit a large
number of long range NOEs and their amide protons remain visible in 2 H 2 0 solution for
almost a day This loop leads into strand /35 (residues 52-61), of which the first half
belongs to the five-stranded sheet The second half is part of the /3-hairpin designated
the dyad loop It is connected to /36 (residues 66-70) via a /3-bend (residues 62-65)
All six residues situated at one side of the dyad loop are hydrophobic Tyr57, Ile59,
аібі, Ргобб, Leu68 and Phe70 This side is in close contact with the equivalent region
of the other monomer and together they constitute the main stabilization of the protein
dimer The loop formed by residues 71 to 75 connects the dyad loop to the C-terminal
/3-strand (/37, residues 76-78), which again is part of the central five-stranded sheet
Strand 07 is hydrogen bonded to the same side of /35 as is /36 (see Fig 6 6) Because of
the pronounced twist of /35, however, the loop connecting /36 to /37 has a cross over-like
appearance
As a whole, the Pf3 ssDBP is highly structured The N-terminal residue is well-defined
and the C-terminal residue is still involved in secondary structure interactions The fact
that the protein is so structured explains the excellent spread of the proton and carbon
resonances This, in turn, was obviously very much in favour of the protein structure
determination as many NOEs could be assigned unambiguously Fig 6 5 shows that the
structure is rather well determined, which is also reflected by the atomic rms deviations
listed in Table 6 1 Taking all residues into account, the rms deviation with respect to
the mean coordinates is 0 52 Â for the backbone atoms (N, C, Ca), and 1 00 Â for all
non-hydrogen atoms However, upon omitting residues 12 to 24, which are situated in
the flexible DNA binding wing, these figures drop to 0 38 and 0 88 Â, respectively The
structural variability of this loop is a result of its orientation with respect to the core
of the molecule, rather than a low definition of the loop itself The rms deviation for
residues 13 to 23 when overlaying these for the ensemble is only 0 78 Â for the backbone
and 1 24 A for all non-hydrogen atoms This indicates that the DNA binding loop itself
is not as ill-defined as for instance Fig 6 3b might suggest
A second region of some structural disorder is formed by the solvent-exposed complex
loop Relaxation measurements will have to be performed in order to investigate whether
this is due to a mere lack of constraints or to local flexibility In contrast, the dyad loop
is quite well determined, thanks to the many NOEs that were found between this loop,
notably Gly64 and Arg65, and strand /34 Finally, it is noted that the hydrophobic
residues (Val, Ile, Leu, Phe, Туг) m the protein are very well defined, with an rms
difference for all non-hydrogen atoms of only 0 41 Â (Table 6 1)

Structure-function relationship
In the hfe-cvcle of bacteriophage Pf3, the ssDBP fulfils an indispensable role Immediately after the conversion of the parental viral strand into the circular duplex form
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(replicative form, RF) its synthesis is initiated (for a review, see Model к Rüssel, 1988).
Late after infection, when the concentration of ssDBP has reached a threshold level,
it starts to bind tightly and co-operatively to the displaced single-stranded tail of the
rolling circle intermediate. In this way, it promotes the switch from synthesis of RF DNA
to the synthesis of progeny (single-stranded) viral DNA. Interestingly, the complex of
ssDBP and the circular phage genome forms a linear superhelix (Casadevall L· Day,
1985). Apparently, the protein brings together opposite sides of the DNA circle which
now run side-by-side and antiparallel in the nucleoprotein complex. After formation, the
complex is somehow transported to the host cell membrane, where, concomitant with
phage assembly and extrusion, the ssDBP is exchanged for the major and minor coat
proteins.
Fig. 6.6 shows two basic and three aromatic residues located in the putative DNA
binding domain of the protein; preliminary DNA binding studies, using NMR spectroscopy, have indicated that these residues are involved in DNA binding (see chapter 8). The prime at Arg65 indicates that this residue of the DNA binding domain is
not situated on the same monomer as the others. Therefore, to form (two) complete
DNA binding domains, formation of a dimer is a prerequisite. As a consequence of the
two-fold symmetry, the two DNA binding sites have opposite polarity for ssDNA. As
such, the protein is indeed ideally suited to coalesce circular ssDNA into a linear rod.
As can be deduced from Fig. 6.3c, Phe24 has a relatively large solvent-accessible
surface for a hydrophobic residue. Furthermore, Figs 6.3ab show that only few NOEs
could be detected for this residue and that its side chain is not well-defined. Apparently,
the phenylalanine ring points into solution, which obviously makes it a likely candidate
to stack with the bases of DNA. The same is true for Phe43, which is located across
the strand on /34. Tyr22, on the other hand, is much less solvent exposed, and bends
towards Glyl4 on strand /32. The side chains of Lysl8 and Arg65 point into the solution;
they are most likely involved in electrostatic interactions with the DNA backbone. Other
basic residues in the protein are Argl2, Lys34, Arg58, Lys73, Lys76 and Arg77. With
the exception of Argl2, these seem to be too far away from the DNA binding domain to
be involved in direct interaction with bound DNA.
The aforementioned flexibility of the DNA binding wing may very well be related to
its function. It might act as a claw, embracing the DNA upon binding. Flexibility could
also facilitate the ability of the protein to rearrange along the growing ssDNA chain
during the rolling circle replication, or the exchange of the protein for the coat proteins
during phage assembly. It is noted that the spread of structures as shown in Fig. 6.5 is
not a reliable measure of the actual range of possible conformations the DNA binding
wing may adopt in solution, because NMR data generally represent average structures.
The strong preference for binding to ssDNA and the helix destabilizing properties of
the protein can be rationalized on the basis of its structure; the DNA binding domain
is simply not large enough to accommodate a double helix. In particular the two dyad
loops partly fill the cavity created by the DNA binding loops, and they appear to serve to
keep the two bound strands of DNA spatially separated. In this respect, it is of interest
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to compare this structure to those of other homodimeric DNA binding proteins, such
as HU encoded by Bacillus staerothermophilus (Tanaka et al, 1984) and Arc repressor
from Salmonella (Breg et ai, 1990), or the pseudo-dimeric eukaryotic TATA-box binding
protein (Nikolov et al, 1992; Kim et ai, 1993). These proteins basically consist of a
core with two large protruding loops, constituting one large cavity in which there is no
equivalent for the dyad loops of Pf3. As such, these proteins can nicely accommodate
an intact or only partially unwound DNA double helix.
At this point, we cannot, on the basis of the available structure, present a mechanism
for the co-operative binding to ssDNA. It is remarkable, however, that substitution of
Phe36 for a histidine considerably reduces the protein's tendency to aggregate. This
is analogous to the effect of a corresponding substitution (Tyr41-+His) in the gene V
protein of phage Ff (Folkers et ai, 1991a). The latter residue has been implicated in
dimer-dimer interactions and is hold (partly) responsible for the co-operative binding of
this protein to ssDNA (Folmer et al, 1994b; Guan et al, 1994). It therefore seems likely
that residue Phe36 in the Pf3 protein plays a similar role.
Common motif in ssDNA binding
Previously, we reported that the secondary structures of the ssDBPs encoded by
the filamentous phages Pf3 and Ff are very similar, despite their very limited sequence
homology (Folmer et al, 1994a). Because of this low homology, a correct sequence
alignment could only be made after elucidation of the secondary structures (Fig. 4.9).
The alignment revealed that the two proteins have only 16 identical residues, 7 of which
are situated in the DNA binding loop. Notwithstanding this limited sequence identity,
their 3D structures are very similar. Fig. 6.7 clearly shows that the monomer structures
adopt surprisingly similar overall folds; both consist of an antiparallel five-stranded sheet,
of which strand one to four are arranged in the form of a Greek key motif (Hutchinson &
Thornton, 1993) with the fifth strand running antiparallel to strand four. Strikingly, the
three major loops are positioned at nearly identical positions. In fact, the Pf3 ssDBP
looks as if it is a 'trimmed' version of a GVP molecule. For instance, the two 3m helices
of GVP do not occur in Pf3 ssDBP, and the loop connecting strands /34 and ßb is
much shorter in the latter. As mentioned before, there is hardly any sequence homology
between the genomic sequences of the phages Pf3 and Ff (Luiten et al, 1985), thus
it is certainly possible that these phages have evolved from different ancestral viruses.
From an evolutionary point of view, the finding that these two ssDBPs have such similar
tertiary structures is therefore very remarkable, and may point in the direction that,
from a structural point of view, this protein fold is most appropriate for (co-operative)
binding to ssDNA and destabilization of dsDNA.
In addition to this shared fold, there exists particular similarity between the DNA
binding loops of the Pf3 and Ff ssDBPs. A secondary structure comparison already
showed that these /3-hairpins are much alike, with 7 residues at identical positions
(Folmer et al, 1994a). The tertiary structure comparison now reveals that the DNA
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Figure 6.7 Comparison of the structures of Ff GVP (Folkers et al., 1994), Pß ssDBP and
E. coli CspA (Schindehn et al., 1994)- Only the monomer structures are shown for the first
two proteins, which normally occur as homodimers. The CspA structure was taken from the
Brookhaven Protein Data Bank (entry code 1MJC). The diagrams were made with MOLSCRIPT
(Krauhs, 1991).
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binding wings in Pf3 ssDBP and Ff GVP are indeed very similar. Most strikingly, Tyr22
in Pf3 ssDBP bends over to the opposite glycine residue in exactly the same way as
Tyr26 to Glyl8 in Ff GVP. The DNA binding loops are only different in the fact that
there is a pronounced twist in the loop of the GVP, a feature much less apparent in
the Pf3 protein as visualized in Fig. 6.7. This may be a consequence of the wing in Ff
extending two residues further away from the core of the molecule (Folmer et al, 1994a).
Interestingly, recent work by Rietman and collaborators (1996) showed that a circular
11-peptide, representing the DNA binding loop (residues 17-27) of Ff GVP, adopts a
structure virtually identical to the corresponding region in the native protein, i.e. a ßhairpin. Apparently, its amino acid composition has a rather unique preference for the
formation of /9-sheet structure. In this connection, it should be noted that computational
analyses (Prasad & Chiù, 1987; Stassen, 1994; Stassen et al, 1995) have demonstrated
that amino acid sequences highly similar to those of the DNA binding loops of the Ff
(and Pf3) proteins arc present in several other ssDBPs. These observations are all in
support of our earlier proposal that a loop structure as present in the Ff GVP is a motif
that is shared by many ssDNA binding proteins (De Jong et al, 1989ab; Van Duynhoven
et ai, 1990).
Recently, X-ray and NMR structures have been reported for the major cold shock
proteins encoded by E. coli (CspA) (Newkirk et al, 1994; Schindclin et al., 1994) and В.
subtilis (CspB) (Schindelin et al, 1993; Schnuchel et ai., 1993), small (about 70 residues)
monomeric proteins of which preliminary DNA binding studies indicate that they have a
much higher affinity for single-stranded than for double-stranded DNA (Schnuchel et al,
1993; Schindeliri et α/., 1993, 1994). The specificity of the binding, however, remains
unclear although there appears to be a preference for sequences containing either an
ATTGG box or its reverse complement (CCAAT) (Graumann к Marahiel, 1994). No
indication of co-operative binding has been reported. In this respect, CspA and CspB
have very different ssDNA binding properties than for instance the Ff and Ad ssDBPs,
and they are generally not classified as ssDBPs. Interestingly, both CspA and CspB
are highly homologous (sequence identity ~43%) to the nucleic acid binding or cold
shock domain (CSD) of the so-called Y-box proteins, the most evolutionary conserved
family of nucleic acid binding proteins yet defined in bacteria, plants and animals (for
a review, see Wolffe, 1994). Members of the eukaryotic Y-box proteins have shown to
fulfil a large variety of functional roles, including transcription activation and repression,
chromatin modification, DNA repair, selective translational repression and general DNA
packaging; they are found to have very diverse interactions with both double-stranded
and single-stranded DNA, often with pronounced sequence specificity (Wolffe, 1994, and
references therein).
It has already been recognized (Schindelin et al, 1993; Schnuchel et al, 1993) that
the folding of the monomeric CspA (and the nearly identical CspB) is remarkably similar
to that of a GVP monomer. Here, it is shown that the fold of CspA (Schindelin et al.,
1994, PDB entry code 1MJC) resembles that of Pf3 ssDBP even more strongly (Fig. 6.7).
Both proteins consist of a distorted antiparallel five-stranded /3-barrel with strands one
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to four forming the Greek key motif The CspA is more compact and globular, but the
positions of the /?-strands and turns, and even of the N- and C-termini are surprisingly
similar Although the two proteins have no sequence identity at all, an alignment is
possible on the basis of their secondary structures In Fig 6 7 they are oriented with
respect to each other following an alignment of residues 3 7, 11, 23-29, 38-42, 51 59,
68-70, 76-78 of Pf3 ssDBP, to residues 5-9, 12, 17-23, 28-32, 49 57, 62 64 and 68-70,
respectively, of CspA For these residues, the rms difference between the Co-atoms of
the CspA crystal structure and the average Pf3 solution structure is only 2 5 Â Out of
these 33 residues, only two are identical (Phe24/Phel8, Ala69/Ala63) Considering these
different amino acid sequences and the facts that these proteins originate from totally
different organisms and have different biological functions, it is indeed remarkable that
they have the same topology and a preference for binding to single-stranded rather than
double-stranded DNA The observed similarities suggest that a fold similar to that of
Pf3 ssDBP somehow has offered a functional advantage during the evolution of a very
large class of proteins that bind to single-stranded nucleic acids, among which are the
Y-box proteins *
Experimental data so far indicate that contrary to the overall fold, the DNA binding
sites of the Pf3 ssDBP and CspA are rather different Specifically, NMR analyses have
demonstrated that in CspA the residues implicated in DNA binding are mostly located
on the outer surface of the monomenc molecule (Newkirk et al, 1994), while in Ff G VP
and Pf3 ssDBP they are part of a concave cleft located on the inside of the DNA binding
loop of one monomer and the tip of the dyad loop of the other (Folkers et al, 1993b,
and chapter 8 of this thesis) It remains to be investigated how these differences explain
the very different ssDNA binding properties, in particular with respect to the sequence
specificity

'Recently, the structure of a pnmairy 16S rRNA-binding nbosomal protein, S17, has been reported
to feature this five-stranded Greek-key topology as well (Jaishree et al, 1996) In addition, similar
folding patterns were observed in the ssDNA-binding domain of human replicator protein A (Bochkarev
et al, 1997), human mitochondrial ssDBP (Yang et al, 1997), and SI RNA binding domain (Bycroft
et al, 1997) Murzin (1993) identified a folding pattern, initially found in four proteins binding to
either oligonucleotides or oligosaccharides, which was called the OB (oligonucleotide/oligosaccharide
binding) fold According to his definitions, the Pf3 fold is not characterized as an OB fold, the Pf3
monomer does not contain the α-helix, but moreover, it does not form a truly closed /9-barrel During
the last four years, the number of structures containing this five stranded antiparallel Greek-key motif
has increased dramatically, most of them not satisfying all structural determinants of the original OBfold Nevertheless, it was strongly suggested that these proteins are all members of a single 'superfamily'
(Mumn et al, 1995), which prompted a redefinition of the OB fold (Bycroft et al, 1997) Nowadays,
the OB-fold has been accepted as the common motif describing protein folds as in the Pf3 protein

CHAPTER 7
Floating Stereospecific Assignment Revisited:
Application t o an 18-kDa Protein a n d Comparison
with J Coupling D a t a

Abstract
We report a floating chirahty procedure to treat non-stereospecifically assigned methy
lene or isopropyl groups in the calculation of protein structures from NMR data using
restrained molecular dynamics and simulated annealing The protocol makes use of
two strategies to induce the proper conformation of the prochiral centres explicit atom
'swapping' following an evaluation of the NOE energy term, and atom 'floating' by re
ducing the angle and improper force constants that enforce a defined chirahty at the
prochiral centre The individual contributions of both approaches have been investi
gated In addition, the effects of accuracy and precision of the interproton distance
restraints were studied The model system employed is the 18-kDa single-stranded DNA
binding protein encoded by Pseudomonas bacteriophage Pf3 Floating chirahty was
applied to all methylene and isopropyl groups that give rise to non-degenerate NMR sig
nals, and results for 34 of these groups were compared to J-couphng data We conclude
that floating stereospecific assignment is a reliable tool in protein structure calculation
Its use is benificial because it allows the distance restraints to be extracted directly
from the measured peakvolumes without the need for averaging or adding pseudoatom
corrections As a result, the calculated structures are of a quality almost comparable to
that obtained with stereospecific assignments As floating chirahty furthermore is the
only approach treating prochiral centers that ensures a consistent assignment of the two
proton frequencies in a single structure, it seems to be preferable over using pseudoatoms
or (R - 6 ) averaging

R H A Folmer, С W Hilbers, R N H Konings & M Nilges, J Biomol NMR 9 3 (in press)
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Introduction
Soon after the first NMR structures were reported more than a decade ago, it was
recognized that the availability of stereospecific assignments for methylene protons and
isopropyl groups improves both accuracy and precision of a calculated ensemble (Giintert
et al, 1989; Driscoll et al., 1989; Havel, 1991). If these assignments are missing usually pseudoatoms are introduced, replacing the methylene or methyl protons (Wiithrich
et al, 1983). Consequently, the corresponding experimental distance constraints must
be widened to correct for the position of the pseudoatom relative to those of the protons for which the NOE has been measured. These effects are significant because the
pseudo-atom corrections that are generally used (1 Â for methylene, 2.4 Â for isopropyl)
are based on worst-case geometries. Recent improvements in the pseudoatom concept
allow somewhat smaller corrections (Giintert et al, 1991; Fletcher et al, 1996) but a
loss of information is inevitable when pseudoatoms are used to compensate for the lack
of stereospecific assignments.
Before the widespread use of multidimensional heteronuclear NMR, stereo assignments were generally obtained by careful analysis of intra-residue and sequential NOE
patterns and 3JQ|9 couplings (Zuiderweg et al, 1985; Hyberts et al, 1987). Automated
procedures have been introduced that analyse these NOEs and coupling constants by
grid searches (Giintert et al, 1989) or searches in X-ray structure databases (Nilges
et al, 1990). In contrast, the program GLOMSA analyses calculated structures for consistent positions of prochiral groups to obtain assignments for a further refinement of
the structures (Giintert et al, 1991). The obvious aim of these procedures is to gather
as many stereospecific assignments as possible so that in a final structure calculation
run the number of (inefficient) pseudoatoms can be reduced. An alternative approach
to achieve the same goal has been suggested by Blaney (Weber et al, 1988), which is
referred to as the floating chirality method. Instead of using pseudoatoms to constrain
experimental distances, NOEs are measured for both individual resonances of a methylene or isopropyl group, which are arbitrarily assigned, i.e. simply denoted H/32 and Hß3
in case of a /3-mcthylene group. During the structure calculation (distance geometry
(DG) or restrained molecular dynamics (RMD)) stereo-related atoms or methyls are
then allowed to float between the pro-R and pro-S configurations. Of course, all energy
terms that enforce a defined chirality at the prochiral center have to be removed (Weber
et al, 1988). In the case of a simulated annealing refinement also the bond-angle energy
constants involving the two protons or methyl groups are reduced (Holak et α^., 1989).
In this way, the protons or methyl groups can choose (DG) or move to find (RMD) the
energetically most favourable conformation. The advantage of such an approach is that
no correction factors have to be introduced and therefore no information content of the
NOEs is lost.
Nevertheless, floating chirality strategies have never gained much popularity in NMR
structure calculations. In fact, critical papers have appeared demonstrating that wrong
assignments may easily ensue which, if not recognized, produce misleading results (Beck-
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man et al, 1993). Moreover, if wrong assignments obtained from a previous structure
refinement are really used in subsequent cycles, they may result in a strong 'bias' away
from the correct structure (Havel, 1991). In his study, Havel used simulated NMR data,
obtained from the crystal structure of BPTI, to study the accuracy of floating chirality
as a method to make prochiral assignments and to investigate the effect on the precision
of the calculated structures. Beekman et al. (1993), on the other hand, used real NOESY
data from oxidized horse cytochrome с to examine the floating chirality method, but in
their study the true stereo assignments (e.g. from J-coupling experiments) are not avail
able. Both these studies focus on floating chirality as a method to obtain stereospeciflc
NMR assignments as such. In particular Beekman et al. describe quite an extensive
mathematical analysis to statistically validate the obtained assignments.
Here, we use the floating chirality method in a simulated annealing protocol to calcu
late the structure of a mutant (Phe36—»His) of the 18 kDa dimeric single-stranded DNA
binding protein (ssDBP) encoded by Pseudomonas bacteriophage Pf3. We will present
a description of the annealing protocol used, which contains several modifications com
pared to previously reported ideas (Nilges et ai, 1988b, 1991). J-coupling experiments
have revealed stereo assignments for 34 prochiral centres in the 78 amino-acid protein,
which thus can be used to verify the results obtained from the automatic assignment.
We have tested three protocols to examine the effect of 'atom swapping' strategies
(Williamson L· Madison, 1990) versus truly 'floating' prochiral centres. Furthermore,
using different sets of NOE restraints we studied in what respect the success of floating
chirality depends on the NOE input, notably the tightness of upper and lower bounds.
Nowadays, with the availability of isotopie labelling and heteronuclear NMR techniques,
in many cases stereo assignments can be obtained directly from the NMR experiments.
Clearly, this would be the preferred approach, allowing the assignments to be made prior
to and independent of the structure calculation process. Nevertheless, isotope labelling
is not always possible and especially 7- and ¿-methylene prochiral centres are difficult
to assign in larger proteins using present-day NMR techniques. However, the purpose
of this paper is not to demonstrate that floating chirality is a computational equal of
the often elegant J-coupling experiments. Instead, we want to show that it is a useful,
reliable and easy-to-use tool in protein structure determination, its primary goal being
to improve convergence and to increase accuracy and precision, rather than to yield a
table of assigned chemical shifts.

Materials and methods
N M R measurements
The 15N-labelled and 13 C/ 15 N doubly-labelled F36H Pf3 ssDBP were isolated as described previously (Folmer et al., 1994a, 1995b). The concentration of the NMR samples
was 2 mM for the 15N-labelled and about 1.4 mM for the doubly-labelled protein.
NMR experiments were performed at 500 and 600 MHz on a Varian Unity-H and
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Bruker AMX spectrometer, respectively, and were carried out at 300 K. Unless oth
erwise stated, States-TPPI was used for signal accumulation in the indirectly detected
dimensions and low power GAR.P (Shaka et αί., 1985) was used to decouple 1S N or 1 3 C
during acquisition. In experiments performed in D 2 0 solution the solvent resonance
was suppressed by presaturation, which was not necessary in the experiments in H 2 0 as
these involved coherence selection using gradients.
Quantitative distance constraints were obtained from a 3D gradient-enhanced 1 5 N
NOESY-HSQC spectrum, recorded at 600 MHz with a mixing time of 40 ms and 12
transients per increment. Maximum evolution times were 20.2(ίι) χ 18.0(Í2,15N) χ
67.6(ί3) ms. In addition, a 3D 1 3 C NOESY-HMQC (Ikura et al, 1990) was acquired at
600 MHz with a mixing time of 40 ms, 24 transients per increment and evolution times
of 24.3(¿i) χ 7.1(í2,13C) x 69.6(ί3) ms. Carbon decoupling during ίι was achieved by
applying a 500 μβ hyperbolic secant with an RF field strength of 13 kHz and the carrier
at 77 ppm (Folmer et al, 1995a).
The stereospecific assignments reported in this paper are based on the following exper
iments, all performed at 500 MHz: 3D CT-HNHB (Archer et al., 1991), 3D HACAHBCOSY (Grzesiek et al, 1995), 2D {15N} spin-echo difference HSQC (Vuister et al, 1993)
and 2D { 13 CO} spin-echo difference HSQC (Grzesiek et al, 1993). The HNHB exper
iment was recorded with 32 scans per increment and evolution times of 20.0(íi,15N) χ
19.1(ί2) x 77.8(<з) ms. The original sequence of Archer et al was modified to enable
gradient coherence selection (Kay et al, 1992a) and sensitivity enhancement (Cavanagh
et al, 1991; Palmer et oí., 1991a). The HACAHB-COSY experiment was acquired on a
0.9 mM sample with 40 transients per increment and evolution times of 21.3(íi,13C) χ
11.6(ί2) χ 56.9(£з) ms. We took the exact sequence of Grzesiek et al, using a separate
channel for garp decoupling of the carbonyl resonances (0.3 kHz field). The {13CO}
spin-echo difference HSQC was recorded with 64 transients per individual increment
and evolution times of 50.0(ii,13C) χ 77.6(i2,'H) ms, whereas the {15N} analogue was
recorded with 96 transients.
Annealing protocol
Structures were calculated using simulated annealing starting from conformations with
random backbone torsion angles. The basic ideas have been published previously (Nilges
et al, 1988b, 1991). Several modifications were introduced to make the protocol more
efficient and to allow for the use of floating diastereospecific assignment. All calculations
were performed with the program X-PLOR, version 3.1 (Briinger, 1992), with an extension
for floating chirality and with a modified version of the 'parallhdg' geometric force field
which now more closely matches the geometric parameters reported by Engh &; Huber
(1991).
The entire protocol is summarized in Table 7.1. In principle, the stages denoted
'0' and 'I' can be merged into one high-temperature phase, but here stage 0 served to
calculate a set of starting structures. These were accepted subject to the criterion that
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Table 7.1 Details of the simulated annealing protocols
Stage
Temperature"
Number of steps'
Parameters and
force constants c
KNOE'
d

0

I

2000
5000

(kcal mol" 1

Â~ 2 )

1

Kviw
(kcal m o r Â~ 4 )
Kdihedrat (kcal m o l - 1 r a d - 2 )
К ¡¡oat1 (kcal m o l - 1 r a d - 2 )
repeld
cuino"

2000

II
20ОО-П00О

IH
1000-4100

IV
1000-»100

3000

3500

2000

3000

3/6/12/25/50

12/25/50

50

50

50

0 002

0 002

0 003-44 0

4 0

0 5-»4

20->200
25->500
0 9-+0 78
45

200
500
0 78
45

200
500
0 78
45

10
25
12
12

KNOE

10
25
12
12

KNOE

0

" The temperature was controlled by the heat-bath coupling method of Berendsen et al (1984) The
_1
friction coefficient was set to 10 ps
The bath was cooled stepwise using 50 К decrements
ь
The time step was 5 fs throughout the whole protocol Masses were uniformly set to 100 amu
c
-1
Force constants for bonds, angles and impropers were uniformly set to 1000 kcal mol Â - 2 and
500 kcal mol -1 rad - 2 The improper constants defining the chirahty of the prochiral groups subjected
to floating stereospecifíc assignment were obviously set to zero
d
The repulsive non-bonded potential has the form Ev¿w = Ä\,iiv{max[0, (гере/ 2 Д 2 п т -п 2 )]} 2 where
Rmm 1S the sum of the two Van der Waals radii, repel is a scaling factor, and Kv¿w is the energy constant
(Konnert & Hendrickson, 1980) During stages 0 and I a reduced atom representation was used for the
non bonded interaction, evaluating only two atoms per amino acid (Folmer et oí, 1995b) In stage II,
the full non-bonded representation was introduced
e
We used a harmonic 'flat-bottom' potential (or square-well with harmonic walls) with a linear
behaviour for upper bound violations larger than 1 A (Nilges et al, 1988b) The slope of the asymptote
was put at 2 KNOE was increased as indicated every 1000 steps during stages 0 and I
I This force constant refers to the three-atom bond angles of the prochiral centers subjected to floating
assignment
5
This parameter specifies the interaction cutoff for the non-bonded list generation

the backbone root mean square (rms) difference to a (the) correct structure, which we
knew from a previous refinement (Folmer et al, 1995b), was within 6 Ä
The annealing protocol consisted of four stages a high-temperature search phase and
three cooling phases

During the search phase a reduced representation for non-bonded

interactions was used as described previously (see page 112) to increase the convergence
rate The temperature is reduced from 2000 to 1000 К in the first cooling phase, and all
weights on the different energy terms are brought to their final values (see Table 7 1)
The second cooling phase comprises simple cooling from 1000 to 100 К

In principle,

this yields well-converged, low-energy structures, but these may be further relaxed by
a subsequent mild annealing phase consisting of cooling from 1000 to 100 K, while
increasing the force constant of the non-bonded interactions from 1/8 of its standard
value to the final 4 kcal m o l - 1 Ä - 1

In our experience this does not significantly change

the overall structure, but local reorientations allow the various energy terms to drop by
about 10 % The protocol ends with a 500-step conjugate gradient minimization
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For NOE-denved distances we used a harmonic flat-bottom potential with a linear
behaviour for upper bound violations larger than 1 Â (Nilges et al, 1988b) This prevents
large forces in the beginning of the calculation when restraints in the random starting
conformations are violated by a large amount, and facilitates convergence especially for
ambiguous distance restraints (Nilges, 1993) Large energy barriers between the random
initial conformations and the correctly folded structures are reduced by using soft atoms
(Nilges et al, 1988b), here in the form of a quartic repulsive potential similar to that
used in various distance geometry programs

Floating diastereospecific assignment
In the most elegant approach, floating chirahty is actually performed on the restraints
themselves rather than on the involved atoms (Habazettl et al, 1990) Unfortunately,
this approach is not easily combined with the use of ambiguous NOEs In homodimenc proteins, NOE contacts of residues close to the symmetry axis will have both
intra- and inter-monomer contributions, and these can only be treated correctly with
an ambiguous NOE approach (Nilges, 1993) Here, we have therefore chosen the more
standard method, where the restraints are unchanged We used floating chirahty for
all prochiral centres in Pf3 ssDBP for which the NMR frequencies are resolved These
include all valine and leucine isopropyl groups and a large fraction of the methylene
groups The method consists of removing all energy terms that enforce a defined chirahty
at the prochiral centre (improper torsion angles) (Weber et al, 1988), and reducing all
relevant bond-angle energy constants (Holak et al, 1989) This allows the protons or
methyl groups to move and find the energetically most favourable conformation In
our experience, the protocol as described by Holak et al (1989) converges well only if
rather tight limits on the distances are used, in particular on lower bounds, otherwise
the protons very often do not 'flip' In order to be able to use floating chirahty also
with more qualitative upper bounds, we have introduced systematic swapping of the
prochiral groups (Williamson & Madison, 1990) At various stages in the refinement
procedure, the atoms in a methylene or isopropyl group are explicitly swapped The
resulting conformation is accepted if it gives rise to a lower NOE energy, otherwise the
original conformation is restored This is done for all prochiral groups every 1000 steps
of dynamics during the search phase, and for a small, randomly selected fraction each
time the heat-bath temperature is reduced during cooling (ι e every 50 K) No explicit
swapping is performed during phase IV
As can be deduced from Table 7 1, the prochiral groups are kept floating throughout
the high temperature search phase During phase II the force constants of the nonbonded interactions and of the three-atom bonds angles are slowly increased, which
means that at the end of the first cooling phase (1000 K) true floating is no longer
possible As mentioned above, explicit swapping continues until the system has been
cooled to 100 К during phase III
The main advantage of floating chirahty as opposed to the pseudoatom approach is
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that it allows using distance restraints which are closest to the experimental data for
resolved but unassigned prochiral groups. Similarly, in the case of NOE contacts to a
group of equivalent spins two approaches can be distinguished. Wüthrich et al. (1983)
proposed to have such NMR constraints refer to a single pseudoatom at the mean position of the atoms in the equivalent group. Again this involves adding pseudoatom
corrections to the measured distance, resulting in a less accurate set of NOE constraints.
In particular, introducing a pseudoatom which replaces the H* and Ηε protons in tyro
sine and phenylalanine residues results in a loss of directionality for the aromatic ring.
In contrast, in the so-called R_6-average method the inter-spin distances are measured
separately for each proton in the equivalent group (гг) which are appropriately averaged
into a single 'effective' distance R; R = (r" 6 ) - « (Briinger et ai, 1986). This calculated
average distance can only be compared to the experimental distance if the latter cor
responds to an 'average' crosspeak volume, i.e. crosspeak integrals involving equivalent
spins should be divided by the number of overlapping resonances (Briinger et ai, 1987).
Here, we used the method known in X-PLOR as 'sum averaging', originally introduced to
treat ambiguous NOEs in symmetrical multimers (Nilges, 1993). With this method, the
sum of the separate interactions is computed (R = { Σ Γ ί ~ 6 } - 8 ) i n s t e a -d of the average
which means that the aforementioned divisions need not to be performed. Hence, in
combination with the floating chirality approach all crosspeak volumes integrated from
the 2D or 3D spectra can be converted into distances without any kind of correction.
Thus, after calibration we have converted all peak integrals from the 1 3 C- and 15N-edited
NOESY spectra directly into distances using a plain R~6 relation. We used sum averag
ing for all experimental distance restraints after separating unambiguous and ambiguous
NOEs (Nilges, 1993). This means we used an R _6 -sum also for the methyl groups, for
which an R _3 -sum would be more appropriate (Tropp, 1980; Koning et ai, 1990). The
difference, however, is not very large, the former being slightly more conservative. All
non-degenerate methylene protons and isopropyl groups have been named according to
their relative chemical shifts, e.g. H/32 and H/?3 simply correspond to the low-field and
high-field resonating lines, respectively.
In order to investigate the dependence of the floating chirality procedure on the
quality of the NOE input and the efficiency of the molecular dynamics protocols, we
calculated six different sets of structures. The set denoted A is the family of structures
calculated from what is considered the optimal NOE input. A total of 1145 indepen
dent NOEs were used per protein monomer, 543 of which are intra-residue, 210 are
sequential, 74 are medium range (two to five residues apart in the sequence) and 318
are long range (five residues or more apart in the sequence). Upper distance restraint
limits were set by lengthening all determined distances г in an empirical fashion by
r • max [0.15, (0.15 + (r - 2.6) · 0.08)], and lower limits were set at 0.85r.
The NOE input for set В differs from that of A in that no lower limits are used,
and that of set С uses the upper and lower bounds of A but now lengthened by 0.5 Â.
Sets D and E were calculated from the same NOE input as A but the floating chirality
was treated differently in the molecular dynamics protocols. While sets Α-C were
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calculated with the combined floating-swapping approach described above, in set D
only the floating aspect was incorporated and no explicit swaps were performed Set
E was calculated using only explicit swapping m the proclnral groups, while floating
was prevented by keeping the three-bond angles close to their equilibrium values Set
15
13
F is the ensemble of structures calculated from the 75-ms N- and C-edited NOESY
spectra reported earlier (Folmer et al, 1995b) Upper and lower restraint limits were set
as for A, and the combined floating-swapping procedure was used
Generally, in large systems not every random conformation will converge into a prop
erly folded structure In our case only approximately 40-50 % of the conformations
calculated in stage 0 with the optimal NOE input were sufficiently folded to converge
into acceptable low-energy structures after annealing This number will be lower when
less accurate or precise NOE data are used To remove these effects from our floatingassignment study, we generated 80 starting conformations for each set (A F) ensuring
that all annealing calculations at least result in properly folded molecules
Although the Pf3 ssDBP is a homodimer in solution, we did not enforce this symmetry
in the calculations Normally, one would use an extra energy term minimizing the rms
difference between the two monomers, as well as a set of pseudo-NOEs ensuring two
fold symmetry (Nilges, 1993) However, in order to test floating chirahty in the most
general application (ι e non-symmetric systems) we discarded all symmetry terms from
the calculations Effectively, this corresponds to calculating a 156-residue monomer but
it offers the additional advantage that better statistics are obtained as two equivalent
prochiral centres can be independently evaluated per structure
Finally, the amino protons of asparagine and glutamine residues, usually giving rise
to well-resolved NMR signals, were also treated with a floating assignment approach
For those, a somewhat different protocol had to be used, aimed at keeping the H2NC = 0 moiety flat throughout the entire dynamics run This was achieved by leaving all
angle and improper force constants unaffected The amino protons then can only change
positions through explicit swapping, at various stages in the MD protocol (Table 7 1) the
protons are swapped and the new conformation is accepted if its contribution to the NOE
potential is lower than that of the original The main difference to the methylene and
2
isopropyl groups is that the improper angle defining the stereogeometry (Св-Су-Νδ 21
2
21
Ш in Asn, Cy-CS-Ne -Ee in Gin) changes by 180° every time a new conformation
is accepted, while the corresponding force constant remains unchanged (and non-zero)
In contrast, the force constants of the tetrahedral centres are always set to zero, so that
the actual values of their improper angles have become irrelevant

Results
NMR analysis
Fig 7 1 shows strips taken from the 3D HACAHB-COSY (Grzesiek et al, 1905) and 3D
CT-HNHB (Archer et al, 1991) spectra of Pf3 ssDBP recorded at 500 MHz Both spec-
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Figure 7.1 (a) Strips from the 500 MHz 3D HACAHB-COSY spectrum of 0.9 mM doublelabelled Pf3 ssDBP F36H. The strips are taken at the 13Ca and ; Я а frequencies of residues
38-43, with the exception of GlnJ^i which has degenerate ß-protons. (b) Strips from the 500
MHz 3D HNHB spectrum of 2.0 mM '5N-labelled Pf3 ssDBP F36H. The strips are taken at the
15
N and 1HN chemical shifts of the residues shown in (a).

tra are of relatively high quality with good signal to noise ratios. The HNHB spectrum
reveals nearly all /?-protons, also when the three-bond

15

N Hß coupling corresponds to

a gauche conformation. In the HACAHB-COSY spectrum typically only one /3-proton
is visible, the one trans to the Ha. To rise above the noise level of this spectrum, an
H a Hß crosspeak should result from a 3 J Q ß-coupling larger than about 4-5 Hz.

The

absence of such a crosspeak, therefore, is diagnostic of the smaller gauche coupling. In
total, the 78-amino acid Pf3 ssDBP contains 51 /^-methylene groups, 43 of which give
rise to resolved NMR signals. The combined analysis of the aforementioned experiments
yielded stereospecific assignments for 30 of these centres. The remaining 13 prochiral
/3-pairs could not be unambiguously assigned due to spectral overlap (5 residues) or
because the J-couplings suggest significant degrees of rotamer averaging (8 residues).
Analyzing the 3JC-TN and 3 Jc-rc couplings in the { 15 N} and { 13 CO} spin-echo HSQC
spectra (Vuister et ai, 1993; Grzesiek et ai, 1993) stereospecific assignments could be
made for 4 out of the 5 valine isopropyl groups in Pf3 ssDBP. The various J-couplings
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measured for Valli indicate the presence of rotamer averaging The relative resonance
positions of the /^-methylene and valine isopropyl frequencies that could be assigned
are presented in Table 7 3 A complete list of all chemical shifts is given in Table 8 6
(page 187)
Structures and floating chirality
Six ensembles of 80 structures were calculated using simulated annealing from six sets of
80 approximately correctly folded conformations (see Materials and methods) In each
ensemble, the 30 structures with the lowest total energy were selected, which will be
denoted (A) to (F) No distance restraint was violated by more than 0 5 Â m any of
these structures The 30 structures in each family were superimposed for the backbone
atoms (N, Ca, С') of residues 1-11 and 25-78, ι e excluding the rather flexible DNAbinding wing (Folmer et al, 1995b), and the coordinates were averaged to create the
respective average structures, (A) to (F) These were energy minimized through 1500
steps of conjugate gradient minimisation to give (A)r to (F)T Table 7 2 affords some
statistics for the six ensembles of 30 ssDBP structures, and Fig 7 2 shows a schematic
representation of (A)r
{A) to (F) were analyzed for the final prochirahty adopted by the centres subjected to
floating chirality (all isopropyl and non-degenerate methylene groups) As all symmetry

Table 7.2 Statistics of the family of structures
Family11

(A)

(B)

(C)

(D)

(E)

(F)

X-PLOR energies
Etot6
Ebond
Wangle
^impr

Evdw
knoe

backbone
all non-H

35
2
13
3
7
18

132 ± 17
7 0 ± 12
57 ± 5
87±09
13 ± 4
47 ± 9

0 69 ± 0 20
1 13 ± 0 16

0 81 ± 0 27
1 22 ± 0 26

291
14
107
18
27
124

±
±
±
±
±
±

55 ± 6
474 ± 49
25 ± 4
19±05
38 ± 2
140 ± 14
4 8 ± 02
21 ± 3
4 9 ± 22
49 ± 8
45±32
240 ± 37
c
Atomic rms differences
1 08 ± 0 31 0 76 ± 0 13
1 51 ± 0 29 1 22 ± 0 11

376
20
125
21
40
169

±
±
±
±
±
±

67
4
20
6
10
34

0 76 ± 0 16
1 23 ± 0 15

350
19
124
22
27
158

±
±
±
±
±
±

20
2
7
2
4
12

0 65 ± 0 18
1 10 ± 0 14

" The different ways in which the six ensembles of structures were generated are explained in the
text In short they are
A calculated from 'optimal' NOE input, obtained from 40-ms NOESYs
В as A, but no lower limits on NOE restraints
С as A, but lower and upper limits relaxed by 0 5 À
D as A, but no explicit swaps in prochiral centres during d>namics, only floating
E as A, but only explicit swaps, no floating
F as A, but distance constraints extracted from 75-ms spectra
6
The force constants of the various energy terms are listed in Table 7 1
c
Rms differences of ( X) from (X) are listed for residues 1-11 and 25 78 (see text), where X denotes
each of the six calculated families
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Figure 7.2 Schematic drawing of (A)r. The three major loops are denoted on the left-handed
monomer. The seven ß-strands are indicated with their strand numbers (left-handed monomer)
and first and last residue numbers (right-handed monomer). The molecule was drawn with
MOLSCRIPT (Krauhs, 1991).

terms were excluded from the calculation, 60 conformations were evaluated per prochiral
centre in these ensembles. Table 7.3 shows how the two possibilities (pro-R and pro-S)
are distributed over the 60 monomers for all prochiral centres for which unambiguous
stereospecific assignments could be obtained from the J-coupling experiments.

Discussion
General features
The structures in family A had been calculated from completely assigned 40-ms NOESY
spectra, using rather tight upper and lower distance bounds (±15% of the distance).
To current standards, this would be considered fairly optimal experimental NOE input
for biomolecules of the size of Pf3 ssDBP. Hence, to be accepted as a useful method
floating chirality should at least perform well in the structure calculation of (A). The
first column of Table 7.3 shows that for 24 out of the 34 studied prochiral centres the
preference for a particular prochiral geometry is higher than 48/60 monomers. Without a
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single exception these turned out to be the correct configurations. This means that if one
accepts a preference of ^ 8 0 % for either configuration to be the criterion for a prochiral
assignment, then all 24 assignments obtained for Pf3 ssDBP are correct. Interestingly,
the majority of these 24 centres are of buried residues. In particular the aromatic rings of
all tyrosines and phenylalanines listed in Table 7.3 (except Phc43) are very much buried
in the protein, displaying a large amount of long-range NOEs.

Consequently there

is little play in the %j angles of these residues, and exchanging positions has become
the only degree of freedom along which the methylene protons can adapt to the NOE
constraints. Therefore, flipping of /7-protons in (buried) tyrosines and phenylalanines
appears to be a true yes-or-no situation which is likely to enhance the success rate. This
suggestion is supported by the fact that in (A) the correct configuration for each of these
residues is found in all 60 monomers.
To the same extent this is true for the α-protons of glycines, and we indeed found
that their assignments are highly decisive. Four out of the five glycines show a 60/0
preference, while a 58/2 distribution was found in Gly51. So far, we have not been able
to check these assignments experimentally, but intuitively one may feel that these are
likely to be correct, and that floating chirality is also very much suited to treat glycine
residues

Similar effects were also observed for the 7-methylenes of the four isoleucines

in Pf3 ssDBP. These are all located in the hydrophobic core of the molecule, and their
7- and 5-methyl groups display a vast number of long-range NOEs. These firmly define
both the χι and X2 angles, again clasping the methylene protons in a yes-or-no situation.
If the side chain is shorter or pointing into solution a rotation around the χ ι angle
may also move the /?-protons into NOE-fulfilling positions. In fact, 9 out of the 10
residues for which no preferred (i.e. < 80%) configuration is found have their side chains
pointing more or less into solution. These side chains are not sterically restrained and

Table 7.3 (left page) Overview of the final prochirahhes adopted by the ß-methylene and valine
isopropyl groups for which stereospecific assignments were available from J-couplmg experiments.
If the residue is printed 'black-on-white' (e.g. Gln4) Hß2 is the low-field and Hß3 the high-field
shifted resonance (as established experimentally). For these residues, the nomenclature used
m the NOE input was (by 50% chance) already correct. Then, a correct floating assignment
would be obtained if the two ß-protons (methyls in valine) do not change positions during the
dynamics, because the calculations started from molecules with the proper (IUPAC) prochirahty.
Conversely, if the residue is printed white-on-black (e.g. Phe7) Hß2 should be the high-field
shifted proton, while it is the low-field shifted proton in the NOE hst. Therefore, the atoms
m the prochiral centre should swap positions during the dynamics to end up m the correct
prochirahty. The little pie charts show m white the number of centres that (effectively) did not
swap, and m black the centres that did swap. As an example, m Phe7 all 60 ß-methylene protons
switched positions in all six families. This corresponds to a correctly adopted prochirahty (the
residue is printed white-on-black), hence to a successful floating assignment for Phe7 m all six
calculations. Argl2, on the other hand, is an example of a residue whose prochiral centres could
not be uniquely assigned m any of the calculations.
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the structures generally reveal a wide range of χι angles. Furthermore, their /3-protons
often do not display any intermediate or long-range NOEs, so it is not surprising that
a preferred stereo assignment is not always induced. In the Pf3 protein, this appears
to be the case for Argl2, Lysl8, Asn20, Lys34, Pro35, His36, Asn63, Arg65 and Lys76.
This means that for each of these residues, several structures have been calculated
from NOE restraints referring to misassigned /3-protons. Because of the lack of longrange and intermediate NOEs these local errors are not expected to cause noticeable
problems elsewhere in the molecule. To confirm this, for instance, for the /3-methylene
group of Arg65, we divided the 60 monomers of (A) into two groups according to the
prochiral assignment (of Arg65). Then, the residues were selected which have at least
one proton closer than 5 Â to the С

of Arg65.

These residues were superimposed

for their backbones to the first structure of the ensemble, and their coordinates were
averaged within each group to yield two average structures. These correspond to the
two possible assignments of the prochiral centre (of Arg65), one of which of course
being the wrong one. These two averaged local structures were compared without being
superpositioned, which should reveal any possible inter-residue effects originating from
the incorrect prochiral assignment. These were, however, not observed as can be deduced
from Fig. 7.3a; the two groups of substructures are highly similar. The rms difference for
the backbone atoms (N, C, C a ) between these two averaged structures is as small as 0.10
Â. This number varies from 0.05 (His36) to 0.14 Á (Lysl8) for eight of the nine residues
listed above, generally well below significance in an ensemble of NMR structures. Only
for Lys34 a backbone rms difference of 0.27 Â was measured between the two average
structures, which might be explained by this residue being located at the tip of a rather
flexible and somewhat disordered loop (Folmer et ai, 1995b).

One should, however,

realize that better results will not be obtained for these residues with methods that use
averaging to treat prochiral groups, namely, pseudoatoms with appropriate corrections,
and R" 6 or 'sum' averaging.

A comparison of these different methods will be given

below.
We conclude therefore that floating chirality can safely be used for solvent-exposed

Figure 7.3 (left page) Stereoviews of substructures centred around a prochiral group. Structures with the correct and incorrect prochiral assignments are shown in black and grey, respectively. Only non-hydrogen atoms are shown, except for the methylene protons of interest, which
are indicated with arrows. For clarity, only about 15 structures have been plotted, arbitrarily
taken from the ensembles, (a) Substructures taken from (A) centred around the ß-CHi of Arg65.
Note that the two assignments result in clearly different rotamer states of χι in Arg65 (except
for one 'grey' structure), (b) Substructures taken from (A) centred around the ß-Cfy of Met75.
Particularly the position of the side chain of Tyr53 appears to be sensitive to the assignment of
the Met75 methylene group. This is basically the result of one (weak) NOE between Tyr53-HS
and Met75-Hß2. A similar but less pronounced effect is observed for the ring of Phe72. (c)
Comparison of {A)r (black) and (C)r (grey) around Pro21. (d) Substructures taken from {F)
centred around the ß-CUi of Tyr57.
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residues, despite the fact that incorrect assignments may easily be produced due to a
lack of inter-residue NOE contacts. In these cases floating chirality is indeed used only
as a tool to calculate protein structures, and not as a method to obtain stcreospecific
assignments as such (see Introduction). In this respect it is of interest to consider the
hypothetical situation sketched in Fig. 7.4a. It represents a methylene group that has
only very few NOE contacts, e.g. the /3-CH2 of a surface residue, and a nearby proton,
which could be of the next residue's amide group. In a non-spectral-overlap situation
both the MN and MN' contacts will become distance restraints, and N and N' will
most likely be assigned correctly. If due to overlap only the MN crosspeak can be
found, floating chirality will probably still yield a correct assignment as N wants to be
relatively close to M while N' is not restrained. However, if only the MN' crosspeak has
been assigned and used, the result is quite dependent on the presence of spin diffusion.
If spin diffusion is negligible the MN' distance is measured correctly and N' will be
pushed away from M, while N is not and a correct assignment will be produced. But
in case the MN' crosspeak has a significant contribution from spin diffusion through
proton N, the MN' distance will be underestimated which can easily result in proton N'
taking up the position of N. Thus, N and N' are swapped during the MD simulation
yielding a wrong stereospecific assignment. We emphasize that the resulting structure
is nevertheless essentially the same as the correct structure, with one proton close and
the other more distant to M. In the end only the proton names are incorrect, which
is of interest to chemical shift libraries but not really to the protein structure itself.
Of course, Fig. 7.4a illustrates an oversimplified situation, but the effects described
here are likely to play a role in protein structure determination employing floating
chirality. In Pf3 ssDBP this was observed for instance for Glnl3, which is located at
the surface of the protein pointing away from from the molecule. In the structures
calculated from the 75-ms NOESYs, a 59/1 distribution was found for H/92 being the
low-field shifted proton, while the 40-ms NOESYs produce a 60/0 preference for H/Ï2
being the high-field proton (it is not known which of the two assignments is correct,
due to overlap in both the HNHB and HACAHB-COSY spectra). Nevertheless, the
local structure around Glnl3 is basically identical in the respective minimized average
structures (i.e. (A)r and (F)r). Moreover, the χι angle of GInl3 differs by only 4° in
the two structures. So the assignments obtained by floating chirality may not always
be correct, but this example clearly demonstrates that incorrect assignments do not
necessarily yield incorrect structures.
Leu68 and Met75 are the only two buried residues listed in the first column of
Table 7.3 which have a worse than 58/2 preference for either of the prochiral assignments.
Leu68 is located very close to the dyad axis of the molecule and, as a consequence, all
its NOEs had to be incorporated as ambiguous (Nilges, 1993). Considering furthermore
that its ¿-methyl groups are treated with floating chirality as well, it is not too surprising
that the convergence rate for this particular residue is not optimal. To check whether the
misassignment give rise to serious structure errors, we performed a similar evaluation as
described above for Arg65. The rms difference between the two averaged substructures
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(residues 57-59 and 67-70) is 0 24 Â for the backbone and 0 72 Â for all atoms (excluding
the distorted side chain of Arg58) These numbers indicate that the misassignment does
have some intcr-residue effects albeit rather small It is less clear what causes the wrong
prochiral assignments in Met75, there are many NOEs to this residue, in particular to
the e-mcthyl group and the H/J3 proton No long-range NOEs, however, were observed
for Hi/32, which may help to explain why it ends up at the wrong side of H/33 in a number
of structures Figure 7 3b shows how the local structure around Met75 is affected by the
misassignment In fact, it is the only example in Pf3 ssDBP where a wrong assignment
caused noticeable long-range effects Still, the overall differences are relatively small
although Met75 is one of the most buried residues in the protein
Finally, in Pf3 ssDBP many asparagines and glutamines are solvent-exposed and their
amino protons frequently do not show very different NOE contacts Clear preferences
nevertheless were obtained for Asn20, Gln25, Gln41, Asn60 (all 60/60) and Asn62
(58/60), of which only Gln25 is a buried residue The amino protons of the remaining
2 asparagines and 4 glutamines showed non-decisive distributions of the two possible
geometries
Floating or swapping?
When floating chirahty was first introduced in MD calculations (Holak et al, 1989),
the prochirahty of a methylene group could only be reversed if the two protons moved
(floated) into each other's positions Alternatively, atom swapping protocols can be used
in which the atoms are explicitly swapped if the opposite geometry results in a lower
NOE energy (Williamson & Madison, 1990) The structures of A were calculated with
a combined floating-swapping strategy, the floating part being restricted to the hightemperature (>1000 K) stages To test the individual contributions of these two tools
to the outcome of the procedure, we calculated ensemble D using only floating atoms,
and E using only explicit atom swapping
Much to oui surprise, it turned out that for most residues the swapping protocol
yielded very similar results as the combined approach (compare columns A and E in
Table 7 3) If only atom floating is employed (column D), much less correct assignments
are made In particular residues Pro21, Asp33, Gln39, Phe43, Glu45, Gln54 and Val61
show clear preferences in (A) and (E) while random-like pro-R/pro-S distributions are
found in (D) The opposite result occurs only once, Val44 is correctly assigned in (A) and
(£)), while without the floating atoms a random-like distribution is found Furthermore,
sometimes only the combined approach gives rise to clear assignments, whereas both
separate methods yield unsatisfactory results (e g Gln4, Glu45, Asp71) These different
observations infer that both atom floating and swapping should be included in floating
chirahty protoc ols This is furthei supported by the finding that there are no residues for
which omitting either floating or swapping yields significantly better assignments (with
the possible exception of Pro21 and Arg65) In other words, the results in (D) or (E)
are never better than those in (A)
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Analyzing the results for the 'rigid' methylenes (vide supra), such as those of glycines,
prolines and isoleucines, we conclude that here explicit swapping is particularly necessary
to get proper assignments. In (D) many of these show random distributions while 59/1
and 60/0 ratios are found in (E) (data not shown). This can be explained from the
discussion above relating to the yes-or-no situation for these methylene groups. Explicit
swapping is of course perfectly suited to handle these 'rigid' centres.
Sensitivity towards accuracy and precision of NOE restraints
So far, the results described were from structures calculated from a rather precise and
accurate NOE data set (for definitions of 'precise' and 'accurate', see Zhao L· Jardetzky,
1994). Upper and lower bounds were put at ±15% of the distance, and the NOE
mixing time was as short as 40 ms. Often one will use longer mixing times and, to
compensate for concomitant spin diffusion, less precise bounds. To investigate whether
floating chirality still performs well with less optimal NOE input, we calculated three
more families of structures.
First, to individually study the need for lower bounds, family В was generated from
NOE input in which all lower bounds were put to zero (i.e. not enforcing a minimal
distance). Interestingly, the distribution of assignments in (B) is very similar to that in
(A); only 4 out of the prochiral centres listed in Table 7.3 show significantly different
pro-R/pro-S ratios. Pro21 and Asp71 are more successfully assigned in (A) while Lysl8
and Pro35 in fact show better results when lower bounds are absent. These results
suggest that the presence of lower bounds is not essential and hence that the upper
bounds strongly dominate the floating chirality process.
Still, the upper bounds used are relatively tight. To test whether such precise re
straints are necessary family С was calculated from distances whose upper and lower
bounds had been relaxed by an additional 0.5 A. Despite this considerable distance of
1.0 Á added to the zero-potential bottom of the NOE term, the success rate of the automatic assignment did not drop dramatically. Compared to (A), selectivity is only lost
for Asp33, Gln39 and Asp71, and to a lesser extent also for the isopropyl group of ValGl.
A few more residues (His36, Phe43, Val44, Glu54) show slightly less conclusive proR/pro-S ratios but the differences are rather small taking into account the loose NOE
restraints. Like in (B) the distribution in (C) of configurations for the /J-CH2 of Pro21
is almost opposite to that in (A), the latter corresponding to the correct assignment.
Apparently there is a crucial lower bound that, when tight enough, enforces the correct
positioning of the two ^-protons. The overall effect of the other NOE restraints however,
seems to be more compatible with the opposite assignment. This may be explained by
the fact that spin diffusion is quite effective in proline residues, even during 40 ms in
an 18-kDa particle. Fig. 7.3c compares the local structures around Pro21 of (A)r and
(C) r , in which the proline /3-protons have adopted opposite positions. Although the two
structures are difficult to compare because they were derived from different NOE data,
the figure shows that the misassignment of Pro21 in (C) r does not significantly affect
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the overall structure. As Pro21 is on the surface of the molecule, possibly a situation
applies here similar to that sketched in Fig. 7.4a, for which it was indeed argued that
wrong assignments do not necessarily cause structural errors.
Thirdly, to investigate the effect of a less accurate NOE dataset, family F was generated from the 75-ms NOESY spectra. Crosspeaks in these spectra will contain a
significant contribution from spin diffusion, but in most cases the two protons in a
methylene group still showed slightly different NOE intensities. The same setting of upper and lower bounds was used as for A, to which F therefore must be compared. From
an inspection of Table 7.3 it is apparent that for many residues the assignment procedure has yielded the proper results in (F); in particular the aromatic residues (except
Tyr57) show 60/0 preferences for the correct assignment. Rather similar pro-R/pro-S
distributions are found in (A) and {F), the ratios in the latter being slightly smaller.
Some residues, however, could not be assigned from the 75-ms spectra, while conclusive
preferences were found in (A) (Gln39, Val47, Tyr57). Fig. 7.3d shows local structures of
(F) around Tyr57 for both assignments of its methylenes. Clearly, these structures are
virtually indistinguishable, indicating that the NOE input simply cannot differentiate
between the two assignments. Again, if wrong assignments easily appear, these do not
seem to have significant effects on the overall structure. Other residues (Pro21, Pro35,
Asn63, Met75) show in fact conclusive pro-R/pro-S ratios in (F) while less so in (A).
Of these, Pro21 and Asn63 are incorrectly assigned; Asn63 is a surface residue whose
assignment has no consequences for nearby residues, and problems with Pro21 have been
described above (see Fig. 7.3c).
An interesting observation during the structure elucidation of Pf3 ssDBP (Folmer
et al, 1995b), using floating chirality and 75-ms NOESY spectra, was that for many
pairs of NOEs connected to methylene groups (particularly of aromatic residues and
glycines) often the longer distance was consistently violated while the shorter was not.
This is very indicative of the presence of spin diffusion, and in the early stages of the
structure calculation process these longer restraints were usually removed or relaxed.
These violations nicely illustrate that floating chirality can be quite advantageous also
when some amount of spin diffusion is present. Apparently, relatively small differences
in intensities between the two NOEs of a methylene group to a third atom are sufficient
for the prochiral protons to be distinguished. Because no pseudo-atom corrections were
applied, the closest proton did properly end up close to this third atom. Spin diffusion
obviously caused the distant proton to experience a too tight NOE restraint resulting in
a distance violation.
Table 7.2 shows that quite large differences occur in the statistics of the six sets of
structures. These can be explained directly from the differences in NOE input or calculation protocol. The energies of (B) are lower than those of (A) simply because the
distance restraints are less restrictive, which is even more so in (C). Concomitantly, the
atomic rms differences increase upon going from (A) to (C). The fact that the energies
in (D) and (E) are higher than those of (A) is a more interesting observation, indicating that the combined swapping floating protocol indeed yields the best structures.
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Figure 7.4 (a) Schematic representation of a methylene group on the surface of a protein and
a nearby proton M. Both the M-N and M-N' distances are short enough to produce a NOE
crosspeak, that of M-N of course being more intense, (b) Schematic picture of a methylene
group in the interior of the protein and two protons fixed in the protein matrix. Both P-N and
Q-N distances are short enough to produce NOEs.

Apparently, the higher energies in (D) and (E) are due to incorrectly assigned prochiral
centres causing geometric stress. The energies of (F) cannot be compared to the others
because these structures were calculated from different NOE spectra.

R e l a t i o n t o p s e u d o a t o m approach and R _ e

averaging

In cases where the floating chirality method does not produce a unique result, some of
the structures have incorrect assignments at some prochiral centers. It is illustrating to
compare the behaviour of floating assignment to that of methods that use averaging to
treat prochiral groups, namely, pseudoatoms with appropriate corrections, and R~ 6 or
'sum' averaging.
The distinctive difference between floating stereospecific assignment and averaging
methods is that only floating assignment assures that the assignment of prochiral groups
is consistent in one structure (Habazettl et ai, 1990). This is illustrated by the hy
pothetical case sketched in Fig. 7.4b, where two protons t h a t are fixed in the protein
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matrix (Ρ and Q) have an NOE to the same proton of a methylene group. With floating
6
assignment, both NOEs would be assigned either to proton N or proton N'. R~ type
averaging, on the other hand, could assign the NOE from proton Ρ to proton N, and
that from proton Q to proton N'. Since this relaxes effectively the restraint by 1.8 Â
in the situation of Fig. 7.4b (i.e. the N-N' distance), this might in fact be the more
likely outcome. A pseudoatom between N and N' with the worst-case correction of
0.9 Â would have a very similar effect, that is, de facto one might end up with structures with effectively inconsistent and partially incorrect assignments. Both methods
could conceivably lead to a rotation of the methylene group or local distortions of the
structure. It seems therefore unlikely that the convergence problems observed for the
residues discussed above when using floating chirality could be alleviated by resorting to
an averaging technique.
As discussed before, any of the methods should really be seen as a way to sample the
space of conformations and possible assignments of the prochiral groups for low energy
conformations. Since floating assignment restricts the sampling to assignments that are
internally consistent, it seems the preferable method.

Conclusions
We have demonstrated that floating stereospecific assignment is a reliable tool in protein
structure calculation employing restrained MD, allowing one to stay as close to the NOE
data as possible. The calculated structures are of a quality almost comparable to that
obtained with experimental stereospecific assignments. Furthermore, floating chirality
is a very easy method to use since no data manipulations have to be performed before
the calculation (e.g. averaging of the intensities to use R - 6 averages, or choice of the
larger intensity). Also, in the form described here it lends itself especially well to cases
where ambiguous NOEs are treated with sum averaging (as is necessary in homodimeric
proteins). Optimal results were obtained only when explicit atom swapping was included
in the protocol, and the combined floating-swapping approach appears to be the most
successful. Floating assignment has a very high probability to produce the correct result
for 'rigid' methylene and isopropyl groups and for buried residues, also when less precise
or accurate NOE input is used. Solvent-exposed residues may not always be correctly
assigned, even when using fairly good NOE data. In Pf3 ssDBP, however, this never
resulted in noticeable inter-residue effects, indicating that floating chirality can safely be
used for all prochiral groups in a protein.
An important observation in this study is that the correct prochiral assignment is
often found with a very high preference when this is essential to the protein's structure
(e.g. in core residues). Conversely, when both prochiralities are equally produced, these
do not seem to have significant inter-residual consequences for the three-dimensional
structure.
Finally, as was already pointed out in the introduction section, we believe that floating
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chirality should be used as a tool in protein structure calculation, rather than as a
method to produce stereospecific assignments. In other words, one should refrain from
converting the pro-R/pro-S distributions found in an ensemble of structures into true
assignments. In particular, we would discourage using such assignments in subsequent
structure refinement cycles. Floating chirality should be considered an alternative to
pseudoatom correction or Rr 6 averaging, not to NMR experiments that directly yield
stereospecific assignments.

CHAPTER 8
Refined s t r u c t u r e , D N A binding studies a n d
dynamics of t h e bacteriophage Pf3-encoded
single-stranded D N A binding p r o t e i n

Abstract
The solution structure of the 18-kDa single-stranded DNA binding protein encoded by
the filamentous Pseudomonas bacteriophage Pf3 has been refined using 40-ms 1 5 N- and
13
C-edited NOESY spectra and many homo- and heteronuclear J-couphngs The struc
tures are highly precise, but some variation was found in the orientation of the /?-hairpin
denoted the DNA-binding wing with respect to the core of the protein Backbone dy
namics of the protein was investigated in the presence and absence of DNA by measuring
the R\ and R2 relaxation rates of the 1S N nuclei and the 1 5 N Ή NOE It was found
that the DNA-binding wing is much more flexible than the rest of the protein, but its
mobility is largely arrested upon binding of the protein to d(A)6 This confirms earlier
hypotheses on the role of this hairpin in the function of the protein, as will be discussed
Furthermore, the complete DNA-binding domain of the protein has been mapped by
recording two-dimensional TOCSY spectra of the protein m the presence and absence
of a small amount of spin-labelled oligonucleotide The roles of specific residues in Ό\Α
binding were assessed by stoichiometric titration of d(A)e, which indicate for instance
that Phe43 forms base stacking interactions with the single-stranded DNA Finally, all
results were combined to form a set of experimental restraints, which were subsequently
used in restrained molecular dynamics calculations aimed at building a model for the
Pf3 nucleoprotein complex Implying in addition some similarities to the well-studied
M13 complex, a plausible model could be constructed that is in accordance with the
experimental data

R II A Folmer, M Nilges, С H M Papavoine, В J M Harmsen, R N H Konings & С W
Hilbers, submitted to Biochemistry
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Introduction
The filamentous Pseudomonas phage Pf3 codes for a 78-residue protein that belongs to
the classical family of ssDNA binding proteins. Proteins in this class bind non-specifically
and stoichiometrically to ssDNA (and ssRNA), and are capable of destabilizing dsDNA.
They are presumed to function by binding to transient ssDNA formed during replication,
recombination and repair. Many ssDBPs bind with positive cooperativity (Alberts &
Frey, 1970), which allows them to saturate a stretch of single-stranded nucleic acid at
relatively low protein concentration. This ability is thought to be necessary to protect
the DNA from the action of nucleases and to hold the DNA in a conformation which
facilitates the function of other replication, recombination or repair enzymes (Alberts &
Sternglanz, 1977).
Recently, three-dimensional structures of several ssDBPs have been reported: the
Ff gene-V protein (Folkers et al., 1994; Skinner et al, 1994; Prompers et α/., 1995),
the Τ4 gene32 protein (Shamoo et al, 1995), the Pf3 ssDBP (Folmer et ai, 1995b),
and the nucleic acid binding domain of adenovirus (Ad) ssDBP (Tucker et ai, 1994)*.
Two of these proteins have the same topology: M13 GVP and Pf3 ssDBP both form
a 5-stranded antiparallel /?-sheet from which protrude two /?-hairpins and a large loop,
and both proteins occur in solution as homodimers. Notwithstanding the similar over
all folds and the positions of the loops being strikingly similar, there is very limited
sequence homology between these two proteins. Only when their secondary structures
were elucidated a reliable sequence alignment was possible (Fig. 4.9). This revealed
that they have 16 identical residues, 7 of which are situated in the /3-hairpin denoted the
DNA-binding loop. The M13 GVP is one of the best-characterized ssDBPs and is consid
ered a paradigm for the study of non-specific protein-ssDNA interactions. DNA-binding
studies using fluorescence (Alma et ai, 1983a; Bulsink et ai, 1985), CD (Kansy et ai,
1986), neutron scattering (Gray et al, 1982b), EM (Gray, 1989; Olah et al, 1995), NMR
(Folkers et al, 1993b), and mass spectrometry (Cheng et al, 1996) have provided much
insight into the binding characteristics and the macroscopical structure of the nucleoprotein complex formed with phage DNA. So far, however, a high-resolution structure
of the M13 protein-ssDNA complex could not be determined. Instead, reliable models
were constructed that are in accordance with all studies mentioned above (Folmer et al,
1994b; Guan et al, 1994, 1995).
Similarly extensive studies have been performed on the Ad ssDBP (Tucker et al,
1994, and references therein) and the T4 gene32 protein (for a review, see Chase &
Williams, 1986). In contrast, much less data is available on the DNA-binding properties
of Pf3 ssDBP. Some parameters of the in vivo precursor complex were assessed by EM
(Casadevall & Day, 1985) and CD studies have been reported on complexes formed with
various polynucleotides (Powell &; Gray, 1993, 1995). The latter indicate that Pf3 ssDBP
*Early 1997, two more structures of ssDNA binding proteins were reported; human replicator protein
A (Bochkarev et al., 1997), and human mitochondrial ssDBP (Yang et oí-, 1997). A short overview on
all ssDBPs solved to date is given m chapter 1 (see also Bochkarev et al, 1997; Suck, 1997).
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can use different binding modes m binding to polynucleotides, as binding ratios of n=2,
π=3 and n—A nucleotides per monomer were observed
Here, we report the refined 3D solution structure of a Pf3 ssDBP mutant (Phe36—>His)
as determined from short-mixing-time NOESYs and several homo- and heteronuclear Jcouphngs This so-called 'solubility mutant' was designed to reduce the tendency to
aggregate observed for the wild-type protein (Folmer et al, 1994a) It was shown earlier
that the wild-type and mutant proteins have identical tertiary structures In addition, we
describe the DNA-binding domain of the protein, which was mapped using spin-labelled
oligonucleotides These results will be related to the dynamics data of the protein, which
were obtained from backbone 15 N relaxation and heteronuclear NOE measurements,
performed in the absence and presence of the oligonucleotide d(A)e Furthermore, we
report the results of DNA-binding studies using fluorescence spectroscopy, and of a DNA
titration series monitored by NMR Finally, from a combination of all data presented,
and imposing some similarities to the M13 complex, we were able to build a plausible
model for the Pf3 nucleoprotein complex

Materials and methods
NMR measurements
The 15N-labelled and 1 3 C/ 1 5 N doubly-labelled Pf3 ssDBP F36H were isolated as de
scribed previously (Folmer et al, 1994a, 1995b) The concentration of the NMR samples
was about 1 8 mM for the 15N-labelled and 1 4 mM for the doubly-labelled protein
NMR experiments were performed at 500 and 600 MHz on a Vanan Unity-I- and
Bruker AMX spectrometer, respectively, and were earned out at 300 К Unless stated
otherwise, States-TPPI was used for signal accumulation in the indirectly detected di
mensions and low power GARP (Shaka et al, 1985) was used to decouple 1 5 N or 1 3 C
during acquisition In experiments performed in D2O solution the solvent resonance
was suppressed by presaturation, which was not necessary 111 the experiments in H 2 0 as
these involved coherence selection using pulsed-field gradients
Homonuclear NMR experiments and 1 5 N, 1 3 C and ! H resonance assignments have
been described earlier (Folmer et al, 1994a, 1995b) Backbone carbonyl resonances were
assigned from 3D СОСАН and CT-HNCO experiments (Dijkstra et al, 1994, Grzesiek
& Bax, 1992), while shifts of the carbonyl carbons m the side chains of Asx and Glx
were found in a 2D LRCC spectrum (Bax et al, 1992) All three experiments were
performed at 500 MHz Quantitative distance constraints were obtained from a 3D
gradient-enhanced 1 5 N NOESY-HSQC spectrum, recorded at 600 MHz with a mixing
time of 40 ms and 12 transients per increment Maximum evolution times were 20 2(^)
χ 18 0(ί 2 , 15 Ν) χ 67 6(í3) ms In addition, a 3D 13C NOESY-HMQC (Ikura et al, 1990)
was acquired at 600 MHz with a mixing time of 40 ms, 24 transients per increment and
evolution times of 24 3(*ι) χ 7 l(f 2 , 13 C) χ 69 6(t 3 ) ms Carbon decoupling during ty
was achieved Ъу applying a 500 /ÍS hyperbolic secant at 13 kHz held with the carrier at
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77 ppm (Folmer et al., 1995a). Hence, the full proton spectral width in this dimension
could be used for analysis.
The following homo- and heteronuclear J-couplings were measured at 500 MHz:
3
JHNHQ in both an HMQC-J (Kay к Bax, 1990) and 3D HNHA (Vuister & Bax, 1993)
(see Folmer et al, 1995b), 3 Л На ад in a 3D HACAHB-COSY (Grzesiek et al, 1995),
3
J NH/ 3 in a 3D CT-HNHB (Archer et al, 1991), 3 J C 7 N in a 2D {15N} spin-echo difference
HSQC (Vuister et al, 1993), and 3 J C 7 c in both a 2D {13CO} spin-echo difference HSQC
(Grzesiek et al, 1993) and a 2D LRCC (Bax et ai, 1992). The latter experiment also
allowed measurement of the 3 Jcoc* couplings in (iso)leucines. The HACAHB-COSY
experiment was acquired on a 0.9 mM sample with 40 transients per increment and
evolution times of 21.3(ii,13C) x 11.6(i2) x 56.9(i3) ms. We took the exact sequence of
Grzesiek et al, using a separate channel for garp decoupling of the carbonyl resonances
(0.3 kHz field). The CT-HNHB experiment was recorded with 32 scans per increment
and evolution times of 20.0(ίι,15Ν) χ 19.1(ί2) x 77.8(ί3) ms. The original sequence of
Archer et al. was modified to enable gradient coherence selection (Kay et al, 1992a)
and sensitivity enhancement (Cavanagh et al, 1991; Palmer et al, 1991a). The {13CO}
spin-echo difference HSQC was recorded with 64 transients per individual increment and
evolution times of 50.0(ii,13C) x 77.6(i2) ms, whereas the {15N} analogue was recorded
with 96 transients. Peak volumes in the two subspectra of each experiment were in
tegrated and divided to obtain values for the couplings, as described by Vuister et al
(1993). To compensate for systematic errors reducing the apparent coupling as outlined
by these authors, calculated values were multiplied with 1.05 and 1.075, for 3 Jcc and
3
JCN respectively, to obtain the final J-couplings. The LRCC experiment was recorded
with 64 transients and evolution times of 22.0(ii,13C) x 77.6(t2) ms.
Backbone 1 5 N relaxation experiments were carried out at 500 MHz and 25°C, to mea
sure the R\ and R2 rates, and the heteronuclear NOE (XNOE). The pulse sequences are
based on those described by Dayic & Wagner (1994) but we implemented the following
improvements: instead of dephasing the solvent resonance, it is returned to the +2:-axis
prior to acquisition (Stonehouse et al, 1994). During the relaxation delay of the R2
experiment a 3.7 kHz CPMG-type sequence was used (Kay et al, 1992b; Palmer et al,
1992). In particular, we used {[Δ-180;( 1 5 Ν)-Δ] 3 - 180°('H) - [Δ-180£( 1 5 Ν)-Δ] 6 180Ι Ι ( 1 Η)-[Δ-180φ( 1 5 Ν)-Δ] 3 } Ν , where Δ = 500 με and φ = χ, -χ. In our experience,
it was necessary to apply two proton pulses with opposite phase in each CPMG cycle
to prevent saturation of the H 2 0 resonance, which otherwise is quite efficient at longer
relaxation delays (>200 ms). Similarly, we used {á-180°( 1 H)-2á-180^ I ( 1 H)-á}^ in
the Ri experiments (S = 2 ms). Here, the phase of the 90° pulse prior to the relaxation
delay is alternated between y and — y to ensure that the N2 magnetization properly relaxes as exp(—R\T) (Kay et al, 1989). Furthermore, a constant duty cycle (i.e. sample
temperature) was enforced in the series of R2 experiments by applying an appropriate
number of 15N pulses during the recycle delay.
Recycle delays in the Rx, R2 and XNOE experiments were 1.7, 1.8 and 6.0 s, respectively, and they were all acquired with evolution times of 177(ίι,15Ν) χ 117(ί2) ms. To
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sample Л ь ten relaxation delays were recorded, Τ = 16, 48, 97, 202, 403, 702, 1000,
1403, 2000 and 2597 ms An equal number of R2 delays was sampled 14, 27, 41, 68, 95,
123, 163, 231, 313 and 408 ms All experiments were performed twice, under identical
conditions once for the Pf3 protein free in solution and once for a stoichiometric mixture
of protein and the oligonucleotide d(A) 6
Spectra were processed using the MNMR program (PRONTO Software Development
and Distribution, Copenhagen, Denmark) and analyzed with the XEASY package (Bartels
et al, 1995), both running on a Silicon Graphics Indigo workstation
Structure generation and restraints
Distance constraints were obtained from the 3D 1 5 N- and 13C-edited NOESY spectra,
recorded with 40 ms mixing times Peak volumes were corrected for the HMQC building
block in the 3D pulse sequences as described earlier (Folmer et al, 1995b) Integrals were
converted into distances by a plain R r 6 relation, using the pre-refined average structure
for calibration Upper distance restraint limits were set by lengthening all determined
distances г by г max [0 15, (0 15 + (r — 2 6) 0 08)], and lower limits were put at 0 85г
Stereospecific assignments and angle restraints were obtained from a qualitative anal
ysis of the various J-couplmg spectra The χι angles of most residues were accessible
through two or more experiments so that the extraction of angle restraints was rather
straightforward The \2 angles of isoleucines were measured in the LRCC experiment
(Bax et al, 1992) If the J-couplings were diagnostic of near-purely staggered rotamer
conformations the angles were restrained with 30° upper and lower limits Otherwise,
40° or 50° limits were used, depending on the apparent degree of rotamer averaging
Structures were calculated using simulated annealing starting from conformations
with random backbone torsion angles Calculations were performed with the program
X-PLOR, version 3 1 (Brunger, 1992), with an extension for floating chirahty and with a
modified version of the "parallhdg" geometric force field which now more closely matches
the geometric parameters reported by Engh & Huber (1991) The protocol used contains
several modifications with respect to the basic ideas published previously (Nilges et al.
1988b, 1991) In particular, we used a reduced atom representation for non-bonded
interactions during the high-temperature phase to improve efficiency Furthermore, all
prochiral centres for which no stereospecific assignments were available were treated with
a floating chirahty procedure (Weber et al, 1988, Holak et al, 1989) The entire protocol
has been amply described in chapter 7 Here, it is summarized in Table 8 1
The ensemble of structures calculated with this protocol will be denoted (SA), and
they were used for most of the analyses mentioned m the present paper However, the
force field used does not include electrostatic interactions, which are needed eg for a
proper evaluation of hydrogen bonds Therefore, the SA structures were subjected to
an additional RMD calculation they were immersed in a 7-Â shell of TIP3P water
molecules (Jorgensen et al, 1983), the electrostatic interactions were switched on, and
the purely repulsive non-bonded interaction was replaced by the OPLS Lennard-Jones
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potential (Jorgensen L· Tirado-Rives, 1988; LeMaster et ai, 1988).

This refinement

step consisted of 14 ps of dynamics at 500 K, using 5-fs timesteps and uniform masses
of 100 a.m.u., followed by a cooling phase of 8 ps during which the temperature was
brought to 100 K. The resulting 'water-refined' structures are denoted (WR).

Analysis of relaxation d a t a
The Ri, R? and XNOE data sets were processed using Lorentzian-to-Gaussian apodization in the acquisition dimension and a squared cosine in the indirect dimension.
After zero filling, digital resolutions of 1.46 and 0.68 Hz/point were obtained in Fi
and F2, respectively.

Wc used peak volumes rather than intensities to determine the

relaxation rates, which was possible as nearly all resonances are well-separated in the
[15N,1H] correlation spectrum. For partly overlapping peaks, the integration region was

Table 8.1 Details of the simulated annealing protocol used to calculate the structure of Pf3
ssDBP F36H.
Stage
Temperature"
Number of steps*
Parameters and force constants 0 :
Ä N O E ' (kcal т о Г 1 A" 2 )
KvdVfd (kcal т о Г 1 A" 4 )
•^dihedral (kcal m o l - 1 r a d - 2 )
Afloat' (kcal m o l - 1 r a d - 2 )
ÍÍNCS 9 (kcal т о Г 1 A~ 2 )
repeld
cutnbh
0

I
2000
6000

II
2000->1000
3500

III
1000->100
2000

IV
1000->100
3000

3/6/12/25/50
0.002 -КтЕ
10
25
0.1
1.2
12

50
0.003->4.0
20->200
25-+500
0.1->10
0.9-Ю.78
4.5

50
4.0
200
500
10
0.78
4.5

50
0.5-Й.0
200
500
10
0.78
4.5

The temperature was controlled by the heat bath coupling method of Berendsen et al. (1984). The
friction coefficient was set to 10 p s - 1 . The bath was cooled stepwise using 50 К decrements.
0
The time step was 5 fs throughout the whole protocol. Masses were uniformly set to 100 a.m.u.
c
Force constants for bonds, angles and impropere were uniformly set to 1000 kcal mol - 1 A - 2 and
500 kcal mol - 1 rad - 2 . The improper constants defining the chirality of the prochiral groups subjected
to floating assignment were obviously set to zero.
d
The repulsive non-bonded potential has the form i?vdw = ATvdw{max[0, (тереі2R^ln — R2)]}2 where
Лтіп is the sum of the two Van der Waals radii, repel is a scaling factor, and AvdW is the energy constant
(Konnert & Hendrickson, 1980).
e
We used a harmonic 'flat-bottom' potential (or square-well with harmonic walls) with a linear
behaviour for upper bound violations larger than 1 Â (Nilges et al., 1988b). The slope of the asymptote
was put at 2. /ÏNOE was increased as indicated every 1200 steps during stage I.
1
This force constant refers to the three-atom bond angles of the prochiral centers subjected to floating
assignment (see chapter 7).
9
The NCS-restraint routine (Briinger, 1992; Nilges, 1993) was used to minimize the rms difference
between the two monomers in the dimer molecule.
h
This parameter specifies the interaction cutoff for the non-bonded list generation.

Binding studies, dynamics and nucleoprotein complex of Pf3 ssDBP

155

set to comprise only the non-overlapping part. This does not influence the measured
rates as the line shapes of the individual resonances are independent of the relaxation
delay T. Uncertainties in the peak volumes due to (thermal) noise were assessed by
integrating noise areas similar in size to the cross peaks. The R\ and R2 rates were
obtained by non-linear least-square fitting the experimental data to a two-parameter
single-exponential function using the MATLAB package (MathWorks, Inc.) (LevenburgMarquardt algorithm). Uncertainties in the rate constants were determined via Monte
Carlo simulations using MODELFREE 3.1 (Palmer et al, 1991b). The XNOE was deter
mined by dividing the peak volumes of the spectra recorded with and without saturation
of the Ή reservoir.
The experimental relaxation parameters were interpreted in terms of the reduced
spectral density mapping method first described by Farrow et al. (1995) and Ishima L·
Nagayama (1995ab).
DNA binding studies
The spin-labelled trinucleotide, three adenyl residues to which a 4-hydroxyl-l-oxyl2,2,6,6-tetramethyl piperidine (TEMPO) group is attached at both the 5' and 3' ends,
was a gift from Prof. G. I. Tesser. We will refer to this oligonucleotide as *d(A) 3 *, where
the asterisks denote the TEMPO groups containing the unpaired electron. A binding
experiment was performed by recording 30-ms homonuclear TOCSY spectra (Bax h
Davis, 1985; Griesinger et al, 1988) before and after addition of a small amount of
*d(A) 3 * to a 1.6-mM solution of Pf3 F36H in D 2 0 . Spectra were acquired at 500 MHz
with evolution times of 43x171 ms.
Furthermore, a stoichiometric titration series was carried out, adding d(A)ß to a 1.2mM protein solution in D2O. Resonance shifts were followed by measuring homonuclear
2D NOESY (120 ms mixing time) and TOCSY (29 ms) spectra at each titration point.
Experiments were performed at 600 MHz, with evolution times of 35x148 ms. At the
end of the series, when the DNA/protein ratio was 3.6 mononucleotides/monomer, a
500-ms 2D NOESY was recorded.
Fluorescence measurements were performed with a Perkin Elmer spectrophotometer MPF-4 equipped with a 150 W xenon lamp. Excitation was at the absorption
maximum of the tyrosine residues (276 nm) and the fluorescence was measured at the
emission maximum (303 nm). The polynucleotides used in this study were purchased
from Boehringer and experiments were carried out at 5°. A solution of polynucleotide
at low ionic strength (typically 50 raM) was titrated with wild-type Pf3 protein. This
binding experiment was analyzed with the model of McGhee L· Von Hippel (1974) as described by Alma et al. (1983a): it allows the determination of the fluorescence intensities
of the free and DNA-bound protein, the fraction of protein fluorescence quenched upon
binding (Qmax) and the number of nucleotides bound per protein monomer. In addition,
mixtures of Pf3 protein and polynucleotide at low ionic strength, containing the DNA
in slight excess, were titrated with a concentrated NaCl solution. This results in the
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Figure 8.1 Schematic drawing of the helical and onentattonal parameters determining the
super-helical nucleoprotein complex. The left-hand picture is a side-view of the helix, built of
two strands of ssDNA and eight protein dimer molecules. The right-hand picture provides a mew
along the helix axis. R is the distance from the helix axis to the centre of mass of the protein
molecule, and the angle θ measures the rotation around the protein's symmetry axis. From
symmetry considerations, we implied this two-fold axis to be perpendicular to and to intersect
the helix axis (page 53). The values of the diameter, the twist angle and helix pitch (printed m
italics) have been proposed on the basis of the apparent similarity with the M13 nucleoprotem
complex (see text).

dissociation of the nucleoprotem complex, giving rise to an increase of the fluorescence
intensity of the solution. In this way, we studied the affinity of the Pf3 protein for
various polynucleotides.

M o d e l b u i l d i n g of t h e n u c l e o p r o t e i n c o m p l e x
The procedure followed to build a model for the Pf3 nucleoprotein complex was essen
tially the same as was described earlier for the complex of the M13 gene-V protein and
ssDNA (pages 52-58) Here, the three-stage procedure will be outlined only briefly
Preliminary results from electron microscopy indicate that the Pf3 nucleoprotein com
plex forms a superhehcal structure similar to the M13 complex (K.R. Leonard, private
communication). As shown in Fig. 8 1, four parameters are necessary to describe this
helix: a twist angle (related to the number of protein molecules per helix turn), a helical
rise distance (related to the helix pitch), the distance R (related to the diameter) and
the rotational angle Θ. Unfortunately, the EM pictures so far obtained do not allow
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reliable estimates of these parameters. Therefore at this stage we simply assume a helix
pitch of 80 Â and a twist angle of 45° (close to the M13 values) basically to investigate
whether it is possible at all to construct a plausible model for the Pf3 complex. The
first stage consisted of a 2D grid search varying R and θ to uncover the combination
of these parameters that allows the energetically most favourable packing of the (rigid)
molecules in the protein superhelix. The grid search calculations were done using the
energy-minimized average Pf3 structure, from which all atoms having a rms fluctuation
in the ensemble of structures larger than 3 Â had been removed. In this way, the
influence of the mobile regions of the molecule on the protein packing is reduced. To
obtain a reproduceable reference orientation for θ this structure was fitted to the (dimer)
crystal structure of M13 GVP (Skinner et al, 1994, Brookhaven PDB entry lbgh), su
perimposing the following residues: 4-7, 27-30, 37-40, 51-54, 76-78 in Pf3 ssDBP, and
3-6, 33-36, 42-45, 59-62, 84-86, respectively, in M13 GVP. These residues constitute
the central 5-stranded /J-sheet. R was varied from 20-50 Â, corresponding to an outer
diameter of the complex of about 75-105 Â, with 2 Â intervals. The angle θ was scanned
from 0-180° in steps of 4°.
In the second stage, two 14-nucleotides of arbitrary sequence were added to a protein
superhelix built of three dimer molecules using the parameters found in the grid search.
At the same time, the histidine residue at position 36 was replaced by a phenylalanine
to restore the wild-type protein sequence. As His36 is very much solvent-exposed (see
Fig. 8.2c) this amino-acid substitution will have no significant inter-residue effects in
the protein structure, which is in accordance with predictions on the basis of chemical
shift analyses (Folmer et al, 1994a). Phe36 was expected, however, to be very impor
tant in quaternary interactions in the protein superhelix, which prompted us to use the
biologically relevant wild-type protein in all further calculations. The resulting nucleo
protein complex was relaxed by restrained MD in a geometric force field, allowing the
protein structure to adapt to the presence of the neighbouring protein molecules and
the ssDNA. Of this small (3/8 turn) protein helix, only the central protein molecule
was explicitly present in the calculations while mirror copies were generated at the sym
metrical positions to represent the flanking protein units. The non-bonded interactions
among adjacent molecules were computed using the helical symmetry operators (NCSstrict setup in X-PLOR). The protocol used is very similar to that reported in chapter 3.
The complete set of experimental restraints defining the protein structure was used,
following removal of the NOEs connecting to residues which are believed to play an
important role in DNA binding (vide infra). In addition, the DNA was restrained to
follow approximately the binding path outlined by the spin-label experiment described
above. This was achieved by including distance restraints from the broadened residues
to the DNA phosphorus atoms. Although the TEMPO groups are attached only to the
terminal phosphates on the ssDNA, we regard them as being present also on the other
phosphates. This is justified as the small oligonucleotide binds to the Pf3 protein in
fast exchange adopting a wide range of conformations. We used the following empirical
criteria to classify the spin-label restraints: if a TOCSY crosspeak was broadened by
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Figure 8.2
(a) Histogram showing the number of NOE-derived distance constraints per
residue. The bars represent intra-residue (filled), sequential (cross-hatched), medium range
(hatched) and long range (open) NOEs. The number of intra-residue restraints reflects in
dependent restraints, whereas the sequential, medmm range (2 ^ \i — j \ ζ 4) an(L long range
( I* ~ J\ ^ 5) restraints were counted for both residues involved, (b) Plot of the residue-based
root mean square deviation of (SA) from (SA) for the backbone (N, C, Ca; solid bars) and all
non-hydrogen atoms (open bars), (c) Histogram showing the relative solvent accessibility per
residue of the dimeric P}3 F36H energy minimized average structure. Numbers were calculated
with the program MOLMOL (Koradi et al., 1996).
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80-100%, the effective distance between the protons responsible for the crosspeak and
the nearest phosphorus atoms was assumed to be smaller than 6 Â Likewise, 0-8 5 Â
and 6 5-11 Â distances were implied for resonances broadened by 40-80% and 20-40%,
respectively If no broadening was observed the distance was set to be larger than 10 Â
It is noted that these restraints are ambiguous in two ways the individual contributions
of the protons constituting the broadened crosspeak are unknown and it is unclear which
is the nearest phosphorus atom Therefore, the effective distance can only be calculated
properly with the method known as 'sum averaging' m X-PLOR (Ду = { Σ , , Γ " } « )
(Nilges, 1993) AU distance restraints were treated with a harmonic flat-bottom poten
tial with a linear behaviour for large upper bound violations (Nilges et al, 1988b) The
slope of the asymptote was put at 2 for the regular NOEs, while 0 2 was used for the
spin-label restraints The force constant for all experimental distances was 25 kcal mol - 1
Â" 2
6

-

Because we used a force field in which the Van der Waals interactions are represented
by a repulsive potential, and in which no electrostatic interactions are incorporated,
there are no attractive forces between the protein molecules in the superhehx To
prevent the molecules from being pushed away form each other as a result of possible
stenc hindrance, a parabolic restraint was added keeping the well-determined atoms
(rmsd <0 4 Â) near their original positions (Bruccolen & Karplus, 1986)
The third stage consisted of a 30-ps restrained MD run at 500 К with explicit inclusion
of solvent The electrostatics were incorporated and the OPLS force field was used for
the non-bonded interactions (Jorgensen L· Tirado-Rives, 1988, LeMaster et al, 1988)
The parameters for the DNA were alwaj s from the AMBER force field (Werner et al,
1984) Now, the force field does contain attractive components, so that the harmonic
restraints could be released Thus, the molecules are allowed to move or rotate m order
to minimize the mtermolecular non-bonded energy, hence optimizing the protein-protein
interface

Results
Restraints for structure calculation
The pre-refined structures reported earlier (chapter 6) were calculated from 75-ms 1 3 Cand 15N-edited 3D NOESY spectra, which were completely assigned Assignment of
the 40-ms equivalents used for the current refinement was therefore trivial In total,
1145 independent NOE restraints were obtained, 543 of which are intra-residue, 210 are
sequential, 74 are medium range (two to five residues apart in the sequence) and 318
are long range (five residues or more apart in the sequence) Figure 8 2a shows how the
restraints are distributed over the 78 residues of the protein Out of these 1145 NOEs,
1018 were assigned to be intra-monomer, while 22 inter-monomer NOEs were counted
The remaining 105 distance restraints connect to residues close to the symmetry axis of
the molecule These NOEs will have both intra- and inter-monomer contributions and
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Figure Ä.5 Part of the methyl region of (a) the {1SC0} spin-echo difference HSQC spectrum
and (b) the {,5N} spin-echo difference HSQC spectrum The reference and attenuated spectra
were recorded in an interleaved manner and afterwards subtracted to yield the difference spectra
shown (Vutster et a l , 1993) Thr6 and Thrl5 show rather intense crosspeaks m both spectra,
indicative of rotamer averaging Despite partial resonance overlap, аЦ 7 and Val61 illustrate
examples of nearly pure rotamer states The χι rotamer states for four valines and one threonine
are shown below the spectra

hence were treated with the ambiguous-NOE approach of Nilges (1993)
Aside from the 33 φ angles restrained earlier, several J-couphngs could be measured
assessing the χ ι and χ2 dihedral angles

Figure 8 3 shows equivalent regions of the

{ 1 3 CO} and { 1 5 N} spin-echo difference HSQC spectra (Grzesiek et al, 1993, Vuister
et al, 1993) The presence of an intense crosspeak in the { 1 3 CO} variant (e g Val47-72)
is the result of a large 3 J c 7 e coupling, which in turn corresponds to a trans conformation
Similarly, the rotamer state of the C7 with respect to the backbone nitrogen can be
deduced from the { 1 5 N} analogue The analysis of the various coupling constants yielded
stereospecific assignment and approximate χι angles for all valines but Valli, whose
J-couphngs suggest the presence of rotamer averaging (see caption to Fig 8 3)

In

addition, χ ι angles could be measured for all four isoleucines m the protein and for Thr8
and Thr23, while rotamer averaging was observed for Thr6 and T h r l 5
Stereospecific assignment of the methylene groups was rather straightforward using
the CT-HNHB and HACAHB-COSY spectra Both spectra are of relatively high quality
with good signal to noise ratios The HNHB spectrum reveals nearly all /?-protons, also
when t h e three-bond 1 5 N-H/3 coupling corresponds to a gauche conformation In the
HACAHB-COSY spectrum typically only the /3-proton is visible that is trans to the H a
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Figure 8.4 Stereoviews showing best-fit superpositions of the backbone atoms (N, CO, Ca) of
12 structures arbitrarily chosen from the final set of 30 structures. The structures were overlaid
for residues 111 and 25-78. The orientation of the molecules differs from that of Fig. 7.2 by
a rotation of 30° around the horizontal axis, (a) Side chains are shown whose surfaces are
less than 25% solvent-accessible (see Fig. 8.2c). (b) Solvent-exposed residues are shown (>25%
accessible surface, see also footnote to Table 8.2).

To rise above the noise level of this spectrum, an H a H/? crosspeak should result from
a 3 J a g-coupling larger than about 4-5 Hz. The absence of such a crosspeak, therefore,
is diagnostic of the smaller gauche coupling. Altogether, χχ angles and stereospecific
assignments could be obtained for 30 of the 43 /3-methylene groups that give rise to re
solved *H NMR signals. The remaining 13 prochiral /3-pairs could not be unambiguously
assigned due to spectral overlap (5 residues) or because the J-couplings suggest some
kind of rotamer averaging (8 residues).
X2 restraints could be measured for all four isoleucines in the LRCC spectrum, which
was possible because all 3 J c n c i couplings corresponded to trans conformations (apparent
coupling ~3.5 Hz).

This experiment furthermore showed that rotamer averaging is

present in χ2 of Leu29, and that the low-field shifted C ä of Leu68 is trans to the C ° .
Resonance overlap prohibited analysis of Leu31 and Leu38 in this spectrum.
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Structures and statistics
A total of 1145 NOE restraints and 79 dihedral restraints were used per monomer
to calculate 80 (dimer) structures. The 30 structures with the lowest total energies
were selected, and this ensemble is denoted (SA). None of these structures had NOE
violations larger than 0.3 Â or dihedral violations larger than 2°. The structures were
superimposed for the backbone atoms (N, Ca, С) of residues 1 to 11 and 25 to 78, and
the coordinates were averaged to create the average structure, (SA). This was energy
minimized through 1500 steps of conjugate gradient minimization to give the energy
minimized average structure, (SA)r. This structure is virtually identical to the structure
schematically shown in Fig. 7.2. Each monomer consists of 7 /3-strands (/31-/37) of which
/34, /33, /31, /35 and /37 form a five-stranded antiparallel sheet across the midsection of
the molecule. From this core protrude two prominent /3-hairpins and a large loop. The
hairpins are composed of residues 11 to 25 and 57 to 70, and are designated the 'DNA
binding loop' and 'dyad loop', respectively (Folkers et ai, 1991b; Folmer et ai, 1994a).
The large loop consists of residues 31 to 36 and is referred to as the 'complex loop'. In
addition, there is a loop connecting strands /34 and /35, which is rather tightly bound
to the core of the protein, and which will be denoted the 'connecting loop'. A detailed
description of the structure was given earlier (chapter 6).
Figure 8.2b affords rms deviations per residue with respect to the mean structure.
Note that the high values around residues 12-24 (the DNA binding wing) are partly
due to the fact that these residues were not included in overlaying the ensemble. The
best-fit superposition of the family of 30 structures is shown in Fig. 8.4. A solventaccessible surface of 25% (see Fig. 8.2c) was used as a threshold to classify solventexposed and buried residues, which are shown separately. The rms deviation about the
mean coordinate positions excluding residues 12-24 is 0.50±0.17 Â for the backbone
atoms and 0.86±0.12 Â for all heavy atoms. If one furthermore excludes the side chains
of the solvent-exposed residues the latter number drops to 0.57±0.14 Â, which indicates
that the interior of the protein is well-defined. The Lennard-Jones energy, calculated
with the CHARMm force field, is large and negative indicating that the van der Waals
packing is favourable. A summary of the statistics of the ensemble of structures and their
average is given in Table 8.2. The quality of the protein packing was also checked with
the atomic-contact analysis implemented in the program WHAT IF (Vriend & Sander,
1993). Because this evaluation is entirely based on very local interactions, the force
field used to generate the structures requires a realistic representation of the non-bonded
interaction, i.e. electrostatics should be present and the van der Waals interaction should
also have an attractive component. This analysis was therefore performed on the waterrefined ensemble. A quality score of —1.00±0.08 was obtained, indicating that the
structures are indeed properly packed. Fig. 8.5 illustrates the excellent stereochemical
quality of the ensemble of structures, as basically 100% of the backbone dihedral angles
fall within the allowed regions of the Ramachandran map. The «Д-angle of one residue
(Phe70) in one structure (number 16 if ordered according to total energy) apparently got
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Table 8.2 Structural statistics
(SA) r

(SA)"
X-PLOR energies (kcal mol l)
193 ±
92±
75 1 ±
15 2 ±
14 7 ±
79 2 ±
01 ±
(5 4 ±
-459 ±

Etot
Ebond
Wangle
*4mpr
EvdW
ENOC
Edihe
ENCS6
EL-JC

Rms deviations from ideal geometry
bonds (Â)
angles (°)
impropere (°)
Rms deviations from experimental restraints
NOEs (Â)
Dihedrals (°)
Atomic rms differences
(SA) vs (SÄ)
(SA) vs (SÄ) not residues 12-24
idem, excl solvent-exposed residues'*
(SÄ) vs (SA) r

14
159
10
75
67 1
48
09
12 2
29
10 7
92
61 2
01
00
3 9) 10" 3
1 5 10~ e
-163
49

0 0020 ± 0 0001
0 33 ± 0 01
0 36 ± 0 007
0 027 ± 0 002
0 067 ± 0 037
backbone
0 81 ± 0 36
0 50 ± 0 17
0 49 ± 0 17
0 12

0 0017
0 31
0 35
0 023
0 031
non-hydrogen
1 07 ± 0 28
0 86 ± 0 12
0 57 ± 0 14
0 40

" (SA) is the ensemble of the 30 final structures (SA) is the cartesian coordinates obtained by
averaging (SA) following a least squares superposition of the backbone atoms for residues 1 to 11 and
25 to 78 (SA)r is the energy-minimized averaged structure
* Typically, the rms difference between the two monomers (all residues, all atoms) is smaller than
0 002 A in the final structures
c
Lennard-Jones energies were calculated with QUANTA, release 4 0, using the CHARMm22 force field
d
Side chains (all but O5) of residues whose solvent accessible surface was larger than 25% were
excluded (See Fig 8 2c) These were Ml, N2, Q4, D9, S10, R12, Q13, T15, S16, K18, G19, N20, P21,
F28, E32, D33, K34, P35, H36, P37, N39, F43, E45, S46, V47, P49, Q54, R58, N62, N63, R65, E67
K73, K76, and R77

trapped in a positive conformation (+59°), while this angle averages to —58 3 ± 4 4° in
the other 29 molecules According to the PROCHECK program (Laskowski et al, 1993),
version 3 4 4, 82 8% of the non-glycine backbone dihedral angles fall within the most
favoured regions of the map

Angular order parameters (5) (Hyberts et al, 1992) are

lower than 0 95 only for 5 φ- and 3 ^-angles (lowest values

Ξφ=0 86 for Leu38 and

S,/,=0 88 for Pro37), indicating that the structures are highly converged
This high precision and presumed concomitant accuracy should allow a reliable clas
sification of the various /9-turns in the protein

A classical analysis was performed as

first described by Venkatachalam (1968), which revealed that a type-I turn connects
strands /32 and /33 and that type-I turns are also present in the complex loop (residues
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Table

8.3 ß-turns

m P}3 F36H

11

Residues
16-19

Hydrogen Bond"
Gl> 19 ΗΝ - Serl6 0

Energy
-2 21 ± 0 32

31-34

Lys34 HN - Leu31 0

-1 32 ± 0 46

62-65

Asn62 HN - Arg65 0

-2 72 ± 0 39

71-74

Ala74 HN - Asp71 0 *

-3 13 ± 0 98

71-74 d

Ala74 HN - Asp71 0

-1 80 ± 0 48

ssDBP

Φ
Alai 7
Lysl8
Glu32
Asp33
Asn63
Gly64
Phe72
Lys73
Phe72
Lys73

52 7 ± 5 3
-80 1 ± 5 1
-61 7 ± 1 0
-99 2 ± 9 2
518±58
84 4 ± 6 5
-78 3 ± 4 7
-90 7 ± 10 0
-64 1 ± 3 3
-73 6 ± 3 8

Φ
-35 9 ± 7 9
-0 5 ± 10 5
30 5 ± 10 9
93± 93
34 4 ± 8 4
5 7 ± 11 5
-1 0 ± 9 6
-40 5 ± 6 1
-25 5 ± 2 6
-6 2 ± 8 1

c

Class
type I
type I

type I'

type Ι Π
type I

" Hydrogen bonds were evaluated in the structures refined in water, (WR) No distance restraints
were used to enforced the formation of hydrogen bonds during any of the structure calculations
b
-1
In kcal m o l , calculated with the program DSSP (Kabsch & Sander, 1983)
c
Turns were classified as described by Richardson (1981)
d
These numbers refer to the structures refined in the geometric force field, (SA) They are included
for this turn because in (WR) the backbone angles of residues 72 and 73 deviate rather significantly
from the predicted values of the common turns (Venkatachalam, 1968) This is likely to be related to
the amide proton of Ala74 uncommonly being hydrogen bonded to a side-chain oxygen of Asp71 In
contrast, the more classical hydrogen bond to the backbone carbonyl of Asp71 is formed m (S\), and
here the φ- and ψ-angles are actually quite close to the expected values for a type-I turn

31-34) and in the loop joining strands /36 and /37 (residues 71-74) A tight type-I' turn
constitutes the tip of the dyad loop Details on these results are compiled in Table 8 3
The presented angles and hydrogen bond energies were measured in the water-refined
structures Analysis of (SA) yields highly similar results except for the turn formed by
residues 71-74, which is discussed in a footnote to this table
The amino acids connecting strands /31 and β2 constitute a /3-bulge rather than a
turn The carbonyl oxygen of Glu26 is hydrogen bonded to the amide proton of Thr8
(average energy —1 9±0 2 kcal/mol), while the amide proton of Glu26 is very stably
hydrogen bonded to the carbonyl oxygen of SerlO (—3 0±0 2 kcal/mol) This indicates
that strands /31 and /32 could be considered one large /3-strand antiparallel to /33, with
three residues opposite to Glu26 According to Chan et al (1993) who analyzed and
classified a large number of /3-bulges in proteins, this would be termed a 'special' bulge,
the adjective referring to the fact that there are more than one extra residues in one of
the two strands In fact, the hydrogen bonding pattern observed corresponds to their
definition of an S3 bulge
Backbone dynamics
The backbone-nitrogen Ru R2 and XNOE parameters were measured for the Pf3 pro
tein in the absence and presence of a stoichiometric amount of the oligonucleotide d(A) 6
This hexanucleotide was added to a ratio of one molecule per protein dimer, 1 e three
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Figure 8.5 Ramachandran plot of (SA) showing all поп-glycine residues. There is basically
only one φ/φ pair out of 2160 in a disallowed region, which is that of Phe70 in one of the 30
structures. The plot was generated using MOLMOL (Koradi et al., 1996).

nt/monomer. Below, the subscripts 'free' and 'complex' will be used to denote parame
ters of the free protein and the protein in complex with d(A) 6 , respectively. Figure 8.6
shows ^ Ν - Ή correlation spectra of the free and DNA-bound protein. Quantitative data
could be obtained for all non-proline residues (except Metl) in the free protein, but
resonance overlap in the ' Η - 1 5 Ν correlation spectra of the complex prohibited analysis
of Asp9, T h r l 5 , Leu38 and Asp71. The signal to noise ratio in the R\ and R¿ correlation
spectra was excellent; peak volumes in the spectra recorded with the shortest T-dclays
were 50-100 times larger than the standard deviation calculated from a selected set of
noise-area integrals. These standard deviations were determined for both experiments
and both samples (with and without DNA). The R¡ and R2 rate constants were obtained from a non-linear least-square fitting procedure. Here, the noise-area standard
deviations were used as uncertainties in the peak volumes. Rit(rec values range from 1.33
(Ser46) to 1.69 (Phe7) s _ 1 , with typical numbers around 1.6 s~l for core residues. Very
similar rate constants were measured for the protein-d(A)e complex. iÎ2,free constants
vary between 6.6 (Asn20) and 13.2 (Glu26) s _ 1 , with values around 11-12 s

г

for most

core residues. R¿ values measured for the protein complexed to the oligonucleotide are
about 2 s~L larger for residues in the interior of the protein and up to 3 s - 1 larger
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in the DNA-binding loop.

Subsequent Monte Carlo simulations yielded the following

uncertainties in these relaxation rates, averaged over all residues analysed: 3.0±0.8% for
ñ l i f r e e, 1.9±0.5% for -Ri,compiex, 2.0±0.6% for Л2,сгее, and 3.5±0.9% for ñ2,compiex· The
values of the heteronuclear NOE in the free protein were about 0.7-0.8 for core residues
while values below 0.5 were found for residues 14-22 (the DNA binding loop; 0.07 for
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Figure 8.6 Ή-,5Ν HSQC spectrum at 500 MHz of 1.8 mM 15N-labelled Pf3 F36H ssDBP.
The solid contours are from an HSQC recorded on the free protein, while the dashed contours
show the HSQC spectrum of the protein m complex with d(A)g. Arrows indicate the most signif
icantly shifted resonances, and asterisks denote crosspeaks folded (once) m the 1SN dimension
The horizontal line connects the ammo resonances of Asn20, and the box near 113 ppm encom
passes the side-chain amide correlations of the ¡our arginmes m the protein, which are folded
into the spectrum from ~S5 ppm.
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Asn20), and for His36 (0.43) and Ala78 (0.45). Numbers for core residues increased only
slightly upon DNA binding but those of residues in the DNA binding loop increased by
up to 0.35. Notably residues 15 20, whose XNOEs were 0.07 0.30 in the free protein

| Proteirvd(A)6 complex -

Free protein]
J

5 xicr'stod

10

<P)

20

xl 0"" sAad
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(°>H)

.
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Figure 8.7 Histograms showing the spectral densities (open bars) at three frequencies for the
free protein (left) and the protein-d(A)ß complex (right), plotted against the residue number.
Solid bars show the difference between free and bound protein. For 3(0) and J(V¡vJ these are
plotted in the right-handed graph; the spectral densities at these frequencies generally increased
upon DNA binding and the bars show JCOmplex — Jfree- Spectral densities at frequency ω# mostly
decreased, and the solid bars show J'¡ree — JCOmplex- The four major loops, designated in Fig. 7.2,
are indicated below the graphs: the DNA binding wing (DBW), complex loop (CXL), connecting
loop (CNL) and the dyad loop (DL).
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all have values above 0.4 when the protein is bound to d(A)ß. Uncertainties in the heteronuclear NOE were: 5.7±2.6% for XNOEfree and 5.5±0.8% for XNOEcompie)[. Values
of R\, Ri and XNOE were subsequently used to calculate spectral densities, employing
the reduced spectral density mapping method (Farrow et al., 1995; Ishima & Nagayama,
1995a). Figure 8.7 shows the spectral densities, which were calculated at frequencies
zero, ωχ and шц (50.7 and 500 MHz, respectively). The discussion in the next section
will use these numbers rather than the rate constants when describing the effects of
DNA binding on the dynamical behaviour of the various parts of the protein. In that
discussion it is sufficient to understand that a higher than average value of J(wff) and
concomitant lower value of J(0) indicates an increase in flexibility at the nanosecond
timescale at the cost of zero-frequency motion. The uncertainties in the spectral den
sities are, of course, similar in size to those in the experimental constants, viz. a few
percent only.
The mean value of R2/R1 was used to asses the overall rotational correlation time
(rm) (Kay et ai, 1989). In a first step, the residues with XNOE<0.6 were excluded
from this procedure, as their Ri and R2 relaxation rates are likely to contain significant
contributions from fast internal motions. Then, an average R2/R1 was calculated and
the resulting standard deviation (σ) was used to further exclude residues whose R2/R1
deviated more than 2σ from the mean (only Glu26 and Phe43), as these are probably
influenced by exchange processes. The average ratios calculated from the remaining
residues were: (A2/iîi)free=7-37±0.59 a n d (#2/^i)compiex—7.94±0.76, from which correlation times were calculated of 9.7 and 10.2 ns, respectively. These numbers are
somewhat lower than what was expected on the basis of the molecular weights, which
are 17.8 kDa for the free protein and ~20 kDa for the complex (assuming an average
binding of 3 nt/monomer). Previously reported values for systems of similar size are
e.g. 13 ns at 27°C for 19-kDa human granulocyte colony-stimulating factor (Zink et ai,
1994), and 12.7 ns at 30°C for the 18-kDa complex of E. coli topoisomerase I (Yu et al.,
1996). The low number for the uncomplexed Pf3 protein might be explained by a high
relative mobility of the two monomers in the dimer molecule. Also, it emphasizes the
success of the substitution of Phe36 for His, and accounts for the high quality of the
NMR spectra that could be obtained. The fact that the correlation time increased by
only 0.5 ns upon DNA-binding indicates that the protein d(A)6 complex is a relatively
mobile system, which in turn is in accordance with the fast exchange observed in binding
experiments (vide infra).
DNA binding domain
Previously, we have demonstrated that the use of spin-labelled oligonucleotides is a
powerful method to map DNA-binding domains of proteins that bind to DNA in fast
exchange (Van Duynhoven et al, 1993; Folkers et al., 1993b). The first step in this study
was to determine the proper amount of *d(A)3* that has to be added to the Pf3 protein
so that an optimal dynamic range is obtained with respect to the degree of broadening
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Figure «.β (Ά; Part of a 30-ms TOCSY spectrum of P}3 ssDBP F36H recorded at 500 MHz
and 27° С (b) Absolute difference plot obtained by subtraction of the top spectrum and a spec
trum recorded after addition of 1/34 molar equivalent of *d(A)¡*. All crosspeaks broadened by
the spin label are indicated Asterisks denote resonances which are shifted rather than broadened
(they show an up-down pattern m the difference spectrum and have no net integral).

of the respective protein resonances. This is dependent on the rate of exchange, the
specificity of binding and the efficiency of dipolar relaxation of the paramagnetic moiety.
We established that one *d(A) 3 * molecule per 34 protein monomers was sufficient to
completely broaden the most sensitive TOCSY crosspeak, which is the Ha-II/3 of Ala69.
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The addition of more spin label led to the complete broadening of increasingly more
residues which prohibited differentiation between the most involved residues. Figure 8.8b
shows an absolute difference plot obtained by subtraction of a regular homonuclear
TOCSY spectrum recorded on the free protein and a TOCSY spectrum recorded after
addition of 1/34 molar equivalent of *d(A) 3 *. This spectrum clearly shows the residues
which are close to the spin-labelled oligonucleotide upon binding. These residues are
situated on the DNA binding wing (residues 10, 12 24, 26), strand /34 (res. 40, 42-45)
and the dyad loop (res. 60, 62-69).
In general, absolute difference spectra are not suited to quantify broadening effects,
because the residual peak intensity heavily depends on the intensity of the unaffected
TOCSY peak as well.

A few percent broadening of e.g. a strong threonine Н/З-Н7

correlation may give rise to an absolute difference intensity similar in size to, for instance,
a completely broadened Ha-H<S crosspeak. Therefore, relative numbers were calculated
for each crosspeak by dividing their integrals in the two spectra:
relative broadening = (1 — ƒ · Vpregence/Kbsence) * 100%
where V^reSence and absence are the peak volumes in the presence and absence, respectively, of the spin-labeled oligonucleotide, and ƒ is a correction factor. This factor is
used to correct for systematic deviations in cross-peak intensities caused by (1) sample
dilution upon oligonucleotide addition, (2) non-specific resonance broadening induced by
unbound spin-labelled DNA and (3) increased transversal relaxation due to the larger
rotation correlation time of the protein-oligonucleotide complex. We used ƒ = 1.06, a
number easily calibrated by 'nilling' the effect on residues that are not perturbed by the
spin label (i.e. the majority of crosspeaks). Table 8.4 lists these relative broadening effects and Fig. 8.9 shows where the affected residues are located in the three-dimensional
structure of the protein.

Table 8.4
constraints
broadening
(%)
80-100
40-80
20-40
α

Relative dipolar broadening effects and classification of protein-ssDNA
most affected crosspeak (per residue)"
R12/M,
GUaa,
G64aa,
T15Ö7L68/3Ä

distance

distance
restraint (Â)
0-6
0-8.5

S16/3/3, Y22aß, Y22Äe, F43aß, F43ÄC, A69aßb
ΑΠαβ, Ν20α/?, Ρ21α/3, F24Q/3, F42aß, Ε45α 7 , Ν63α/3,
R65aá, Р6б7<5
Κ18οε, T 2 3 Q 7 , Ε26α7, F42áe, V44a/J, Ν60α/3, Ν62α/3, 6.5-11

The aromatic residues Tyr22, Phe42 and Phc43 are listed for both the aliphatic and aromatic
resonances. Spectral overlap prohibited accurate measurement of the aromatic crosspeaks in Phe24, but
it is clear these are affected as well.
b
The Ala69a/3 crosspeak was broadened by 95%, but initial calculations on the protein-DNA complex
showed that this residue cannot be as close to the DNA as this number suggests. This particular distance
restraint was therefore released (see text).
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Figure 8.9 Ribbon plot of the Pf3 protein in two orientations, 'colour-coded' with respect to
the degree of broadening by the spm label. Light grey no broadening (<20%), grey: 20-40%,
dark grey: 40-80%, black: 80-100%. The left- and nghthanded pictures differ by a rotation of
90° along the y-axis. Plot was made with RIBBONS (Carson, 1991).

The stoichiometric titration series with the oligonucleotide d(A)6 proved useful in two
respects. First, it allowed an estimate of the binding ratio and secondly, it provided
some insight into the role of specific amino acids in nucleic acid binding. Figure 8.10
displays the shifts in resonance positions of some characteristic protons In particular
the ring protons of Phe43 shift significantly upon d(A)6 addition, which suggests that
this aromatic ring stacks or (partly) intercalates with the bases of the DNA. Chemical
shift differences on Tyr22 and Phe24, the other aromatic residues implicated in binding,
are much less pronounced. The 500-ms 2D NOESY recorded at the end of the titration
series shows further evidence for the proposed interactions of Phe43 as its ring protons
make clear NOE contacts to many ring protons of the oligonucleotide (data not shown).
In addition, NOE effects occurred between all ring protons of Phe43 on the one hand,
and many of the HI' sugar protons on the other. The aromatic protons of Tyr22 and
Phe24 show contacts very similar to those of Phe43, suggesting that these three residues
are about equally involved in binding. So far, the only DNA-protein NOE contacts
assigned in this NOESY spectrum are between HI', H2 and H8, and the ring protons of
Tyr and Phe. There is no indication of aromatic residues other than Tyr22, Phe24 and
Phe43 involved m DNA binding.
The results from the fluorescence experiments are given in Table 8.5. An important
parameter at this point was the binding stoichiometry (or binding mode, n), because this
number had to be used in the model calculations described below. Fluorescence exper-
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iments performed on the M13 GVP-ssDNA complex revealed an average stoichiometry
of 4.0±0.3 at these salt concentrations (50mM) (Alma et al, 1983a; Bulsink et al., 1985)
and a binding ratio of n=4 was used in building the M13 nucleoprotein complex (Folmer
et al., 1994b). The numbers listed in Table 8.5 suggest that in the various wild-type Pf3
protein-DNA complexes the binding ratio is at least one nt/monomer smaller
The relative amount of fluorescence quenching upon polynucleotide binding is 0 360.48. This range suggests that at least one of the three tyrosine residues in wild-type
Pf3 ssDBP is involved in DNA binding

Table 8.5 Binding characteristics of Pf3 ssDBP studied by fluorescence0.
polynucleotide

quenching

stoichiometry

[NaCl] at half

(nt/monomer)

saturation (M)

d(A)

0.36±0 02

3 2±0 3

d(U)

0 39І0.03

2.3І0 6

> 1

d(C)

0.38

2.3

~08

M13 DNA

0.45±0.10

2 2±0.2

0 78±0 07

Pf3 DNA

0 48±0 06

2 3±0 2

0 57±0.15

0 42±0 11

" Columns 2 and 3 show results of the binding experiment in which a solution of polynucleotide at
low ionic strength (typically 50raM)was titrated with wild-type Pf3 protein Analysis with the model
of McGhee h Von Hippel (1974) yielded the fraction of protein fluorescence quenched upon binding
(2nd column) and the number of nucleotides bound per protein monomer (3rd column) The titrations
involving poly-d(A) and -d(U) were performed three times, that on poly (C) only once, and those using the
viral DNA twice Figures represent the average values with standard deviations The last column shows
the NaCl concentration at which 50% of the protein was dissociated from the DNA in an experiment
where NaCl was added to the protein-DNA complex
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Model of the Pf3 ssDBP nucleoprotein complex
Apart from knowledge of the protein structure, its DNA-binding domain and the binding
stoichiometry, four more parameters are required to construct a reliable model for the Pf3
nucleoprotein complex (Folmer et al., 1994b; see Fig. 8.1). Three of these are in principle
accessible through electron microscopy. So far, however, the values of the parameters
extracted from the electron micrographs were somewhat inconsistent, and we did not
feel confident using them. Nevertheless, the pictures do show that the Pf3 nucleoprotein
complex forms a superhelical structure whose overall geometry appears quite similar
to that of the M13 complex. Since the M13 and Pf3 ssDBPs have similar folds and
very comparable overall dimensions, it was reasonable to assume that a plausible Pf3
nucleoprotein complex could be built by just taking parameters from its M13 analogue.
We decided to choose a helix pitch of 80 À and a twist angle of 45e, equivalent with 8
protein molecules constituting one helix turn. The sign of the twist angle determines
the handedness of the helix, which has not been established experimentally for the Pf3
complex. In principle, both possibilities could be investigated but the current study is
restricted to the left-handed conformation, which is the one exclusively observed in the
M13 complex (Gray, 1989). The two remaining parameters, the distance R and the
two-fold rotational angle θ (Fig. 8.1). were assessed in a two-dimensional grid search,
the result of which is shown in Fig. 8.11 and compared to that of its M13 analogue.
Electron microscopy and neutron scattering experiments revealed that R must be close
Pf3ssD6P

20

25

M13GVP

30

35

40

45

.

20

25

30

35

40

45

Figure 8.11 Contour plots of the energy matrices calculated m the two-dimensional grid
searches ¡or Pf3 ssDBP and M13 G VP. Energies were computed using a simple repulsive nonbonded energy term, m a two-step procedure as described earlier (Folmer et al., 1994b). The
normal Van der Waals type potential is too sensitive for such a global evaluation of the interaction energy. Contour lines are drawn from 100 to 5000 kcal/mol with a logarithmic distribution.
Our experience with the M13 complex is that both higher energies (as R decreases) and lower
energies (as R increases and the molecules no longer interact) most likely correspond to unlikely
conformations. The dashed lines m the diagram of M13 G VP show the conformation that was
measured m the final model, while those m the Pf3 plot show the initial guesses of R and Θ.
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to 30 Â in the M13 complex (Gray et ai, 1982b; Gray, 1989), which at the time allowed
a straightforward estimate of the angle θ in the grid search. We chose 0=64° and
subsequent MD calculations showed that within a few degrees this is indeed the optimal
orientation to build a compact, energetically stable protein superhelix (Folmer et ai,
1994b). On the basis of a qualitative comparison of the overall shapes of the Pf3 and
M13 energy profiles we established that the centre of mass of the Pf3 protein may be
~1 Â closer to the helix axis, and that the two-fold rotational angle is some 10° smaller
(see Fig. 8.11). Hence, (R, 0)=(29Â, 55°) was used to build the protein superhelix that
served as the starting structure for the molecular dynamics calculations.
Prior to the MD calculations it had to be decided which binding stoichiometry was
to be used. Our fluorescence data suggest n=2 or n=3, but from a simple geometric
argument it can be reasoned that the DNA binding path in the protein superhelix built
from the parameters outlined above would most likely be too long to be spanned by
only two nucleotides per protein monomer. The key residue here is Phe43, which we
have proposed to stack with the bases of the DNA. The distance between successive C^atoms of the Phe43 residues in this superhelix is 18 19 Á, which would require excessive
stretching of the ssDNA if it were to be covered by only two nucleotides. Therefore,
an n=3 ratio was assumed, which was imposed by applying distance restraints (3.5 Â)
between the ring protons of Phe43 and the appropriate bases (e.g. bases 1, 4, 7, etc.
stack with the Phe43s of successive protein molecules). Explicit mirror copies of Phe43
were generated at the —2, —1, +1 and +2 positions relative to the dimer molecule
explicitly present in the dynamics calculations. By making these stack with particular
bases these phenylalanine copies served as 'anchor' points forcing the 14-nucleotides to
stay extended and follow the superhelical path.
Ten complexes were calculated in the geometric force field, out of which the five
lowest-energy models were subsequently refined in explicit solvent using a complete
representation for the non-bonded interactions (OPLS and AMBER force fields, see
Materials and methods). In all five resulting complexes the protein molecules had
rotated counterclockwise by 5-9°, suggesting that the initial value for θ (55°) was ~7° too
small. We therefore repeated the calculations using 0=62° and the resulting five protein
structures now showed orientations scattered around this value. Figure 8.12 presents
two representations of the lowest-energy conformation: a space-filling model of the
protein superhelix consisting of multiple dimer molecules, built by repeated symmetry
operations on the one protein molecule explicitly simulated in the MD simulation, and
ribbon diagrams of a complex of two strands of ssDNA bound to a mini-helix of three
protein dimers.
Aside from protein reorientation there is also the possibility of movement, typically
in the direction perpendicular to the helix axis. This was quantified by calculating radii
of gyration. These averaged to 33.1Ü.2 A for the protein in the five models, while it
was 31.9 Â in the superhelix built prior to the MD simulations. Apparently, the protein
has moved slightly outwards suggesting that our starting value for R (29 Â) was about
one angstrom too small. The radius of gyration for the DNA was 20.1±2.6 Â, clearly
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Figure 8.12 (top-left) Space-filling representation of 1.5 turn of the PfS ssDBP superhelix.
Different grey scales are used for adjacent molecules. The DNA is not included in this picture,
(top-right) idem, now viewed along the helix axis, (bottom-left) Ribbon diagram of two strands
of DNA (coloured light-grey) bound to three protein dimer molecules (coloured grey-black-grey).
The side chains of ArglS, Arg65 and Phe43 are shown in black. Note how the latter stacks
with the bases of the DNA. The helix axis is vertically in the plane while in (bottom-right) it is
perpendicular to the plane.

smaller than that of the protein, as the DNA is bound to the inside of the protein helix.
The backbone rms deviation between the protein structures in the five calculated
complexes is 1.36 Â for the core residues (i.e. excluding the flexible DNA binding loop
and the complex loop) and 2.10 A for all residues. These numbers were calculated
following superpositioning of the structures, so they reflect the protein structures themselves rather than the protein's location in the superhelix. When the molecules are
not overlaid the rms deviations are 2.1 and 2.7 Â, respectively, indicating that the five
protein helices are reasonably similar. There is more variation in the structures of the
bound DNA strands in these complexes. This is due to the fact that the protein-ssDNA
interaction is only described by the rather loose restraints obtained from the spin-label
study. What is important, however, is that all protein -DNA restraints could be fulfilled
in these models. This indicates that the DNA-binding domain mapped by the spin-label
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experiment is completely exposed and available to the ssDNA also when the Pf3 protein
is in a superhelix. The spin-label studies were done using *d(A)3* to which only one
protein molecule can bind at the time. The complete protein surface is thus available to
this oligonucleotide, which is not the case when the protein is in a superhelix. Ala69,
however, forms the only and remarkable exception. Its Ha-Kß crosspeak is the most
affected signal in the entire TOCSY spectrum, indicating that the *d(A)3* molecule
must have been truly close to either the Ha- or H/3-proton. The RMD calculations
showed, nonetheless, that in the superhelices built Ala69 cannot be closer than approximately 10-12 A to the nearest phosphorus atom. To avoid excessive geometric stress in
the DNA and in the protein near Ala69, the corresponding spin-label-deduced distance
restraint was not incorporated in the final calculations.

Discussion
Structure and dynamics
In our opinion, the current structure refinement approaches the limit of accuracy that
can be obtained in NMR structure determination of proteins of this size (rotational
correlation time around 10 ns). This is mainly accounted for by the way the distance
restraints were collected and used in the RMD calculations. First, all observable protons
and the 15N- and 13C-nuclei to which they are attached had been assigned, and the
favourable dispersion of the ^ Ν - Ή and " C ^ I I correlation spectra allowed complete
and unambiguous assignment of the 3D 1 5 N- and 13C-edited NOESY spectra. Secondly,
the NOESYs were recorded with the exceptionally short mixing time of 40 ms, and
NOE build-up curves indicated that this is too short for spin diffusion to be really
effective (data not shown). Consequently, assuming a plain R~6 distance dependence
on the NOE becomes reasonable, particularly when the molecule is known to be wellstructured and rigid. To make optimally use of these accurate spectra, we manually
integrated them ensuring that overlapping peaks were treated properly and only reliable
integrals were obtained. These were subsequently converted into distances using the R~6
relation, yielding true distances to which both upper and lower limits were added in
generating the NOE input list. No corrections whatsoever were applied (e.g. for pseudo
atoms) which was possible as 'sum averaging' was used in x-PLOR to calculate effective
distances (Nilges, 1993; Folmer et ai, 1997). Note that the use of both upper and lower
limits constrains the distances to a relative small region (basically 0.85r to 1.15r), in
contrast with most commonly used procedures that effectively do not use lower limits.
Finally, the accuracy of the NOESY spectra was further exploited by the use of a floating
chirality procedure to treat prochiral centres for which no stereospecific assignments were
available (chapter 7).
Notwithstanding the rather tight NOE restraints, already the very first structures
calculated were in principle free of NOE violations. A few iterative rounds of calculations
were only necessary to overcome some problems caused by the combined use of floating

Binding studies, dynamics and nucleoprotein complex of Pf3 ssDBP

177

chirality and χ\ restraints. The list of distance restraints was never adjusted in this
stage. Only at the very end four NOEs were consistently violated by 0.1-0.3 Â in the
ensemble of structures. Out of these, three involved atoms in side chains where rotamer
averaging was observed in either \\ (Asn60) or χ 2 (Leu29), so that these violations could
be attributed to dynamic effects. These distance restraints were eventually relaxed by
0.3 Â. Manually integrating some 2000 NOE crosspeaks is tedious and may nowadays
even be considered inappropriate, but in our experience this still yields more reliable
integrals than automated routines. Moreover, the time spent is quickly regained as
there is hardly any need to reinvestigate the NOESY spectra when NOE violations are
encountered during the structure calculation process. In general, possible assignment
errors may be another reason to reinspect the experimental data but here it was certain
that the assignments were correct as the peak assignments were taken directly from
the 75-ms equivalents from which three-dimensional structures were calculated earlier
(Folmer et al, 1995b).
The many stereospecific assignments and J-couplings furthermore improved the quality of the structures. In this respect, we should mention that out of the several different
experiments we performed to asses the φ- and χι-angles, only the ones based on crosspeak amplitudes were of sufficient signal to noise ratio to permit accurate measurement
of the couplings. In particular, the spin-echo difference HSQCs (Grzesiek et al, 1993;
Vuister et al, 1993) were very sensitive and allowed determination of χχ in Val, Thr and
He, and permitted stereospecific assignments of the methyl groups in Val without having
to resort to fractional labelling (Neri et ai, 1989).
Despite the relatively high number of experimental restraints and the use of narrow
limits on the distances, including lower bounds, the rms deviation of the 30 structures
from the mean coordinates is not exceptionally low (see Table 8.2). Apparently, these
tight restraints still leave a reasonable amount of conformational space to be sampled
in the RMD simulations. It is tempting to deduce that the restraints are all nicely
compatible with one another, since conflicting NOEs often leave little conformational
space. Nevertheless, part of the 0.50 Â listed for the backbone atoms in Table 8.2
is actually due to the relative positioning of the two monomers. This number drops
to 0.34 Â if only one monomer is considered. Also, higher rms differences are the
consequence of the Pf3 protein being a relatively two-dimensional molecule; for a truly
globular protein one might expect smaller values. Not only are the structures in perfect
agreement with the NMR data, they also exhibit excellent covalent bond geometry as
indicated by the various rms deviations presented in Table 8.2 and the Ramachandran
plot shown in Fig. 8.5.
Pf3 ssDBP is a well-structured and compact protein. In fact, no less than 54 of its
78 residues reside in /3-strands and another 13 are part of /3-turns. The type-I' turn
connecting /35 and /36 (see Fig. 7.2) is particularly tight considering that Asn62 and
Arg65 still form two /9-sheet hydrogen bonds with each other. This is nicely reflected by
the dynamics data shown in Figs 8.7 and 8.13; Asn63 and Gly64 do not show increased
values for J(a>//). Rather, the dyad loop as a whole (residues 59-68) appears to be
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somewhat mobile. The two terminal residues of the protein are also involved in secondary
N
structure interactions. Hydrogen bonds are formed between Metl-0 and Tyr57-H
N
(-1.7І0.7 kcal/mol), and between Ala78-H and Ser52-0 (-3.2І0.2 kcal/mol). Values
of J(0) and J(wtf) indeed show that Asn2 already belongs to the core of the molecule.
The compact fold of the Pf3 protein is furthermore illustrated by the S3 /?-bulge formed
by residues 8-10. No increased mobility is measured for these amino acids, in accordance
with their presumed rigidity. Although forming a tiny /3-strand that is part of the 5stranded sheet, the three C-terminal residues are clearly more flexible than the core of
the protein.
The most striking feature of Pf3 ssDBP is of course the /3-hairpin formed by residues
12-24, the DNA-binding wing (DBW). Fig. 7.2 shows that it very much protrudes
from the core of the molecule and, not surprisingly, its exact position could not be
determined (see Fig. 8.2b). Earlier, we have proposed that this was mainly due to
the high flexibility of this loop (Folmer et al, 1995b), a suggestion supported by the
absence of slowly exchanging amide hydrogens in this region of the protein (Folmer
et al, 1994a). The relaxation data presented here confirm this: dramatically different
values of J(0) and 3(ωΗ) were observed for residues 14-22 (Figs 8.7 and 8.13) compared
to the majority of residues. Still, many (homonuclear) NOEs could be observed in the
DBW and locally its structure is actually very well defined. The rms deviation of the
backbone atoms of residues 12-24, when overlaying only this region, is as low as 0.26 Â.
This suggests that the high mobility is due to hinge motion rather than motion within
the hairpin itself. Rms difference calculations in which a floating window of five amino
acids is fitted to the average coordinates show that the local structure at residues 1214 is significantly less well-determined than at residues 15-20 (data not shown). This
suggests that Argl2, Glnl3 and Glyl4 are the key residues responsible for this hinge
motion. The mobility of the DBW has always been postulated to be important for
the protein's function; one could envision the loops opening up, presenting the binding
cleft to the DNA, and subsequently closing again, truly embracing the bound nucleic
acid. Indeed, Fig. 8.13 shows that the flexibility is much reduced upon complexation
with d(A)6, to which Pf3 ssDBP only binds in fast exchange and in a non-cooperative
manner. Even larger effects may be anticipated in case of cooperative binding in slow
exchange, characteristics valid for polynucleotide binding during phage replication. It is
attractive to speculate on Argl2 being the key residue in this DNA-embracing process.
Located in the hinge region it could somehow induce opening of the loops if triggered
by electrostatic interactions with DNA that is nearby but not yet bound. Likewise, once
the DNA has been 'guided' into the binding cleft, interactions with Argl2 may again
result in closure. Interestingly, there are arginines at exactly the same (relative) position
also in the DBWs of the M13 and IKe gene-V proteins (Folkers et ai, 1991b; De Jong
et al, 1989a). Replacing this arginine in the M13 GVP with Cys, Asp or His leads to
non-functional or partially functional proteins, based both on an assay for inhibition of
E. coli growth (Terwilliger et al, 1994) and on the ability of R16C and R16II mutants to
inhibit packaging of phage ssDNA and to repress translation of gene-II mRNA (Stassen
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Free protein

Protein-d(A)e

complex

Figure 8.13 Ribbon diagrams of Pf3 ssDBP 'colour'-coded with respect to the spectral density,
J(u¡¡), at 500 MHz (cf. Fig. 8.7). Grey scale runs from 5 ps/rad (black) to 20 ps/rad (lightest
grey). The. coordinates of (5j4) r were used to draw the ribbon of the uncomplexed protein,
while the bottom, ribbons were generated from the coordinates of the protein in the model of the
nucleoprotein complex (see Fig. 8.12). Hatching was used to indicate residues for which no
parameters could be obtained, either due to spectral overlap or because the residue is a proline.
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et al, 1992). However, most putative DNA-binding loops found in sequence-alignment
studies in a number of other ssDBPs (e.g. 029 p5, Ifl DBP, Pfl and 12-2 GVP) lack
a positively charged residue at this position (Stassen et al, 1995). Human vimentin,
on the other hand, whose N-terminal half contains a ssDNA-binding domain that is
structurally and functionally similar to the M13 GVP (Traub et al, 1992), does contain
the arginine; sequence alignment by Stassen (1994) suggests that vimentin features a
DNA binding wing as well, in which Arg28 is at the corresponding position to Argl2 in
Pf3 ssDBP.
The large difference in mobility measured for the DNA binding wing in the presence
and absence of DNA is in sharp contrast with a recent dynamics study on the C-terminal
ssDNA-binding domain of E. coli topoisomerase I (Yu et al, 1996). There, the binding of
a 12-mer ssDNA to the free protein caused only a slight decrease in the mobility of a few
specific residues, while in fact the mobility of the majority of residues slightly increased.
Although E. coli topoisomerase I has some structural similarity to M13 GVP (and Pf3
ssDBP) (Yu et al, 1995) its DNA-binding mechanism is probably quite different. This
is further illustrated by the fact that its DNA binding loop (residues 41-46) is actually
quite rigid (Yu et al, 1996). To our knowledge, no other studies have been reported on
backbone dynamics of both the free and complexed form of DNA-binding proteins.
A second region of structural variability in the ensemble of structures, though much
less pronounced, is the complex loop (Fig. 8.2b). Here, the relaxation data indicate
as well that this is due to dynamic effects rather than a lack of structural restraints.
Spectral densities at frequencies zero and ш^ are clearly smaller than average and J(o>#)
is higher (see also Fig. 8.13). While motion of the DBW was significantly diminished
upon oligonucleotide binding, this was not observed for the complex loop. This leads to
two important conclusions: first, the complex loop is not involved in DNA binding. We
knew already from the spin-label study that residues in the complex loop do not make
direct contact with bound DNA and now the relaxation data suggest, in addition, that
allosteric effects are probably negligible as well; the dynamics of the DBW appears to
be independent from that of the complex loop (at the time scales studied). Secondly,
cooperativity indeed seems to be fully absent in binding to d(A) 6 , as the concomitant
protein-protein interactions would have affected the mobility of the complex loop. This
absence of cooperativity is explained by the short length of the oligonucleotide, but also
by the experiments being conducted using the Phe36—»His 'solubility' mutant. Based on
the homologies with M13 GVP, Phe36 is expected to be one of the crucial residues in
the formation of protein multimers, not only in solution (causing aggregates) but also
when bound to DNA (causing cooperativity). Thus, the use of the F36H mutant in
combination with the short oligonucleotide enabled us to study dynamical effects solely
to be attributed to the protein-DNA interaction. In a future study, the relaxation
parameters of wild-type Pf3 protein bound to larger DNA fragments will be measured,
which should provide information on the protein-protein interactions responsible for
cooperativity.
The role of residue 36 in protein-protein interactions can be rationalized on the basis
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of the three-dimensional structure and the existing similarity with M13 GVP. Fig. 8.2c
shows that His36 is one of the most solvent-exposed residues in the F36H protein,
and the near-identity of the NMR spectra of wildtype and F36H protein (Figs 4.1-4.3)
strongly suggests that Phe36 is similarly exposed in the wildtype protein. In M13 GVP,
Tyr41 is at the position corresponding to Phe36 and X-ray analyses showed that Tyr41
intercalates in a cavity formed by Tyr34, Tyr41 and Pro42 on the adjacent molecule in
the crystal (Guan et ai., 1994). The Pf3 structure reveals that a similar cavity could be
formed by Phe28, Phe36 and Pro37, three hydrophobic residues which are all relatively
much exposed. We believe therefore that the hydrophobic interactions between Phe36
on one dimer and this cavity on the other are the main driving force for the observed
aggregation in solution. Consequently, it is perfectly reasonable that substituting Phe36
with the much less hydrophobic histidine (which is besides charged under our NMR
conditions) suppresses aggregation. Phe36 will most likely interact in a different manner
with adjacent protein molecules when bound to DNA (vide infra), but similar arguments
can be used to explain its importance there.
The structural variability in the DBW and the complex loop have been attributed
to dynamic effects, and this appears to be true as well for the connecting loop and
dyad loop (note the correlation between Fig. 8.2a and the plot of J(UH) in Fig. 8.7).
The relaxation data thus explain the higher rms values obtained for some parts of the
protein. Furthermore, in a qualitative manner, changes in dynamics upon oligonucleotide
binding have been discussed. Here, we refrained from an analysis of the relaxation data
in terms of the popular 'model-free' approach for macromolecules with isotropic overall
reorientation (Lipari & Szabo, 1982), because of the highly asymmetric form of the Pf3
ssDBP dimer. The atomic coordinates of the average structure reveal a relative ratio
of 1:1.3:1.9 for the principle components of its inertia tensor. This indicates that the
molecule is totally anisotropic, and the shape of the molecule cannot be approximated
by a sphere, nor by an ellipsoid. We are currently in progress of fitting models based
on anisotropic diffusion tensors (Woesner, 1962), for which we think Pf3 ssDBP forms
a challenging model system (L.M. Horstink, R.H.A. Folmer, R.N.H. Konings & C.W.
Hilbers, in preparation).
An extensive discussion of the structure-function relationship of Pf3 ssDBP and a
comparison to proteins with similar folds has been given earlier (chapter 6). Here, we
will in addition address some of the issues raised during the description of the secondary
structure (chapter 4), in particular those concerning amide proton exchange rates; the
high precision and presumed accuracy of the current structures should permit a reliable
analysis of hydrogen bonds. The amino protons of Gln25, for example, were found to
be slowly exchanging and they resonate at rather low field (7.90 and 8.21 ppm). This
is explained by the fact that Gln25-Ht22 is hydrogen bonded to Ile48-0, while He21 is
bonded to Thr8-0. The latter hydrogen bond helps to stabilize the S3 bulge formed
by residues 8-10, which is further stabilized by a hydrogen bond between Thr8-0 7
and an oxygen atom of Glu26. In most structures this is a carboxyl oxygen atom, but
sometimes the bond is formed to the backbone carbonyl. The side-chain oxygen of Gln25
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forms a very stable hydrogen bond to Ile48-H , which explains the very slow exchange
of the latter. The amide proton of Gln41 is slowly exchanging as well, which at the
time was explained by the formation of a hydrogen bond to the dyad loop of the other
monomer (Folmer et al., 1994a). Now, we can confirm that indeed this inter-monomer
N
hydrogen bond is formed to Gly64-0. A similar suggestion was made for Arg65-H , but
clearly this is hydrogen bonded to the carbonyl of Asn62 to form the type-I' /3-turn (see
Table 8.3). Likewise, slow amide exchange of Lys34 and AIa74 is explained by hydrogen
bonds in their respective /3-turns. Met75-HN was also found to be slowly exchanging,
but the current structures do not indicate its involvement in a hydrogen bond. The
nearest possible acceptor is Phe72-0, but if this bond would indeed be formed, residues
71-75 would meet the criteria for a Зю-helix. The JiiNHa-coupling of 9.2 Hz measured at
Ala74 is in conflict, however, with the 0-angle expected for this structural element.
Nucleic acid binding
Despite the biological importance of ssDBPs, structural studies on this type of proteins
have not advanced at the same pace as their double-stranded counterparts. From an
NMR point of view, this is almost completely due to the strong tendency present in
these proteins to form aggregates at concentrations needed for structural analysis. The
ssDBP of phage 029, for instance, forms a gel at concentrations ^0.5 mM, while that
of 12-2 precipitates already at concentrations above 0.1 mM (unpublished results). The
two solution structures that have been reported for this class of proteins, were in fact
determined using solubility mutants (Folkers et al., 1991a; Folmer et ai, 1994a). Al
though X-ray analysis is in principle more tolerant to this phenomenon, no more than
three structures could be solved: M13 GVP (Skinner et al, 1994), adenovirus ssDBP
(Tucker et al, 1994) and T4 gp32 (Shamoo et al, 1995). Neither method so far pro
duced high-resolution structures of protein-ssDNA complexes*. To a large extent, this
is due to problems of a technical sort such as too high molecular weights (NMR) or the
inability to grow suitable co-crystals (X-ray). However, a more intrinsic property may
hinder structural studies as well, which is the nature of the protein-ssDNA interaction
itself. The general idea is that ssDBPs bind to DNA via hydrophobic and electrostatic
interactions, both of which are rather non-specific. Not only will an ssDBP bind with
similar preference to various sequences, it is even conceivable that binding to the same
sequence may occur in a variety of DNA conformers that are relatively isoenergetic with
respect to each other. This has been proposed to explain the apparent ssDNA disorder
in the co-crystals of T4 gp32 (Shamoo et al., 1995). It also helps to explain the fast
exchange in DNA-binding of Pf3 ssDBP and the fact that the aromatic protons of Phe43
make NOE contacts to all bases of the d(A) 6 . It should be noted that both in the T4
gp32 crystals and in the Pf3-d(A)6 complex cooperativity is absent. A more rigid com'In fact, the recently reported crystal structure of the ssDNA-binding human replicator protein A
was solved in complex with octadeoxycytosine, and electron density was observed for the entire DNA
(Bochkarev et ai, 1997; see also page 16 of this thesis).
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plex may be formed in case a long stretch of ssDNA is saturated with protein molecules
Then, the DNA will probably be prevented from constantly dissociating and associating,
but sliding along the protein 'lattice' is still very well feasible This latter property is
likely to be related to a number of functions generally ascribed to ssDBPs, such as DNA
replication, repair and recombination In case of Pf3 ssDBP, sliding mechanisms may be
important in its ability to rearrange along the growing ssDNA chain during rolling circle
replication, or m the process of exchange with the coat proteins during phage assembly
Functionally relevant or not, this suppleness forms a major obstacle in the study of
protein ssDNA interaction, both by X-ray and by NMR In particular, NOE contacts
are very difficult to interpret as they represent an average situation, both in time and in
population, of the many possible conformations Therefore, we set out to use spin labels
to study the complexes (Anghster et al, 1984), a technique that in fact exploits the
flexible nature of binding although only a small amount of *d(A) 3 * is used (1/34 molar
equivalent, see Results) and the unpaired electrons are only attached to the terminal
phosphates, one may regard the TEMPO groups as being present on all phosphates
and the trinucleotide as being bound to all protein molecules In this way, the amount
of *d(A)3* can easily be tuned to yield the desired overall degree of broadening (the
'dynamic range', see Results) Inspection of Fig 8 9 reveals the success of the method
clearly, the protein contains two distinct DNA-bindmg domains, each formed by conjunc
tion of the DNA-binding wing and the dyad loop of different monomers Furthermore,
the technique indeed appears to be capable of quantifying the broadening effects The
side chains of Argl2 Phe24, Glyl4 Tyr22 and Serl6 Asn20 (residues г j are connected
through cross-strand hydrogen bonds), which all protrude to one side of the DBW, were
broadened by 50-90%, while those of the intermediate residues are affected by only 1050% The tip of the DBW appears to be quite distant from the bound DNA, with effects
of 40, 20 and 10% on Alal7, Lysl8 and Glyl9, respectively (see Table 8 4) Similarly,
the ring protons of solvent-exposed Phe43 were broadened by >90%, while those of the
neighbouring and buried Phe42 were affected by only 25% An unexpected exception is
Ala69 The spin-label data show beyond doubt that the aß crosspeak is almost completely broadened, but this seems incompatible with the geometry of the DNA-bmding
domain Ala69 is simply too far away from the DNA-binding wing, and moreover, the
methyl group points away from the binding cleft This was confirmed by RMD calculations, which demonstrated that one DNA strand cannot bind in the cleft formed by the
DNA-binding and dyad loops, while at the same time being nearer than 10 Â to Ala69
The DNA-binding domain of Pf3 ssDBP is very similar to that of M13 GVP, which
was mapped using spin-labelled oligonucleotides as well (Folkers et al, 1993b) Affected
residues on M13 GVP are also situated on the DBW, the fourth Д-strand and the dyad
loop, and approximately the same degrees of broadening were observed for equivalent
residues There are, however, two differences, the first of which is in the dyad hairpin
The secondary structure comparison already showed that this region is anyway quite
different in the two proteins (Fig 4 8) M13 GVP contains а Зю helix in the N-terminal
half of this hairpin, while there is a continuous ,3-strand in Pf3 ssDBP, and there is
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no apparent sequence homology (Fig 4 9) Asp79 and Arg80, two residues at the Cterminal half of the dyad loop of GVP were significantly broadened in the spin-label
experiment (Folkers et al, 1993b), but there are no obvious counterparts for these
residues in Pf3 ssDBP the sequences are not only too divergent to be aligned for this
region, a best-fit superposition of the three-dimensional structures simply shows that
the C-terminal halves of the respective dyad hairpins are relatively far separated In
fact, Arg65 of Pf3 ssDBP may be considered the equivalent of Arg80, although they are
several residues separated both in sequence and structure Both residues are prominently
present in the DNA-bmdmg cleft and there is no positively charged residue at the tip
of the dyad hairpin in M13 GVP that would be the obvious counterpart of Arg65 The
second difference involves Phe43 m the Pf3 protein, which is one of the most affected
residues in the spin-label experiment Secondary and tertiary structure comparisons
show that Thr48 in M13 GVP is at the position corresponding to Phe43, but Thr48 was
less broadened Instead, Phe73 at the tip of the dyad hairpin in GVP was completely
broadened, and this residue appears to be the true equivalent of Phe43 both residues are
solvent-exposed and make stacking interactions with the bases of bound ssDNA (King
L· Coleman, 1988, Folkers et al, 1991a)
The DNA-binding data presented m this work are in full agreement with the general
idea on protein-DNA interaction for this class of proteins, ι e hydrophobic interactions
between specific ammo acids and the DNA bases, or electrostatic interactions between
the phosphate groups and arginine and lysine side chains The hydrophobic interactions
include base stacking by exposed phenylalanine residues such as Phe73 in M13 GVP,
Phe43 in Pf3 ssDBP, and presumably Phe43 as well m E coli topoisomerase I (Yu
et al, 1996) Electrostatics calculations with the program GRASP (Nicholls et al, 1991)
indicate the importance of the electrostatic component in the Pf3-ssDNA interaction,
Argl2, Lysl8 and Arg65 cluster together to form a large positive potential (data not
shown) that will attract the DNA backbone and direct it into the binding cleft Lysl8 is
likely to be an essential residue in this respect, although it is not so close to the bound
DNA, given the relatively mild broadening measured in the spin-label experiment
Model of the nucleoprotein complex
Summarizing the results discussed so far, we may conclude that the Pf3 protein structure
is highly refined, its DNA-binding domain has been quite precisely mapped, the roles
of certain specific amino acids (notably Phe43) have been elucidated, and there is some
idea as to how many nucleotides are bound per protein molecule These data justified
the attempt to build a model for the Pf3 protein-ssDNA complex Although clear
macroscopical data on this nucleoprotein complex have not been reported to date, we
believe the similarities to the well-studied M13 complex should allow proper estimates
for the parameters describing the Pf3 superhehcal complex (Fig 8 1) The results from
the grid search confirmed this suggestion the contour plots in Fig 8 11 reveal a high
level of similarity in the non-bonded energy profiles of the M13 and Pf3 proteins in their
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respective superhelices. Apparently, the proposed values for the helix pitch (80 Â) and
twist angle (45°) of the Pf3 complex are quite reasonable. Furthermore, this similarity
provides a firm enough basis to deduce proper values for distance R and angle Θ, the
final two parameters necessary to build the superhelix. Obviously, it is uncertain whether
these numbers represent the deepest minimum in this four-dimensional energy surface,
but the conformation they describe is at least energetically similar to that of the M13
complex, for which the model has been independently derived by two groups on the basis
of a large variety of biophysical and biochemical data (Folmer et al., 1994b; Guan et ai,
1994). Anyway, the precise values of R and θ are not too critical in this stage of the
procedure, as the protein is allowed to move (changing R) or reorient (changing Θ) while
adjusting to the neighbouring protein molecules during the MD simulation. Indeed, in
the initial round of MD calculations it was found that the protein consistently rotated
counterclockwise, and θ was adjusted by 7°. This resulted in a conformation that is
energetically plausible, as evidenced by the following observations: first, the position
of the protein molecules does not change much in the course of the MD simulation.
If there were stress due to inter-protein steric hindrance this would most likely result
in protein movement away from the helix axis. This was not observed. Conversely,
the protein molecules could be too far separated to really interact with one another,
but this is not the case either: the total buried surface upon superhelix formation
is ~1500 Â2 per dimer, and the Lennard-Jones energy of a tetramer (two interacting
dimers) is 30 kcal/mol more favourable than that of the two separated dimers (calculated
with QUANTA). Finally, as was calculated with the program GRASP, the superhelix of
Pf3 molecules forms two continuous, positively charged paths on its inner surface, ideal
targets for two ssDNA strands.
Firm quantitative electron microscopy data for the Pf3 complex being absent, it
would be premature to discuss in great detail the quaternary interactions of specific
amino acids in the current model. On a subresidue level, however, it is apparent that
the complex loops of adjacent molecules in the superhelix interact with one another.
Similarly, the dyad loops are close to each other, as are the DNA-binding loops. Also,
the coil region connecting strands /36 and /J7 appears to be involved in quaternary
contacts. Detailed interactions are of course much dependent on the precise values of
the four helix parameters, which will have to be unraveled by future studies. Still, we
do not expect these parameters to deviate drastically from those of the M13 complex, so
that the model reported here is likely to be correct in its general features.
One of these features is the binding stoichiometry. CD measurements on complexes
formed by wild-type Pf3 ssDBP and various polynucleotides indicated a stoichiometry
of n=2 (Powell & Gray, 1993), but the authors also found evidence for n=4 binding in
gel electrophoresis experiments. A recent CD study on a mutant (Tyr22—»Phe) confirms
the presence of this n=4 mode (Powell & Gray, 1995). The model shown in Fig. 8.12 is
clearly incompatible with an n—2 stoichiometry: the average distance between phosphorus atoms in the calculated complexes is 5.9±0.9 Â. Here, three nucleotides are bound
per protein monomer (see Results), which means that the binding path measures 3 χ 5.9
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or ~18 A per protein unit. This distance is simply too large to be spanned by only
two nucleotides. We feel, therefore, that it is unlikely that the Pf3 protein binds to
polynucleotides covering only two nucleotides per monomer. Presumably, the n=2 ratios
found in the CD measurements are the result of unsaturated protein (or 'oversaturated'
nucleic acid) at the end points of the titrations, as indeed the authors propose themselves (Powell &¿ Gray, 1993). Our calculations cannot distinguish between n=3 and
higher ratios, but n=3 is clearly the minimum stoichiometry. Higher ratios simply infer
that the DNA will be more compressed.
The main benefit of the presented model is that it demonstrates the consistency
of the various results reported in this paper. Apparently, it is possible to construct
a superhelix that features two continuous binding paths for ssDNA, by rotation and
translation of the protein coordinates. What is more, the residues constituting these
paths are those broadened by the spin-labelled oligonucleotide, whereas the residues
that are distant from the ssDNA in the model were unperturbed (except Ala69) in the
spin-label experiment. Furthermore, the model shows that the position of Phe43 indeed
allows its side chain to stack with the bases of the DNA. Therefore, we believe that these
complex-calculations provide a suitable working model that will help to understand the
structure-function relationship of the Pf3 ssDNA binding protein.

Conclusions
Previously, we have reported the three-dimensional structure, DNA-binding domain,
binding characteristics, and model of the nucleoprotein complex of M13 gene-V protein.
Here, we present the same set of results obtained for a different and less well-known
member of the class of ssDNA binding proteins, the ssDBP encoded by bacteriophage
Pf3. The M13 and Pf3 phages share only little sequence homology and it is even
possible that they have evolved from different ancestral viruses. Nevertheless, we have
demonstrated that their ssDBPs share many homologies: the structures posses the same
overall fold, their DNA-binding domains are very similar, and comparable models can
be built for the respective nucleoprotein complexes. Clearly, the two proteins have
many basic principles in common, and we expect that by finding and understanding
these essentials, also in other proteins, insight will eventually be gained into how this
important class of proteins functions.

Supplementary material
The coordinates of the energy-minimized average structure of the (uncomplexed) protein
have been deposited with the Brookhaven Protein Data Bank, along with the related
NMR constraints. Entry codes are 1PFS and R1PFSMR, respectively. A list of lE, 15N,
and 13C resonance assignments of Pf3 ssDBP F36H is given in Table 8.6.
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5

Γαοίε 8.6 ' C, ' N and Ή chemical shifts for Pf3 ssDBP Phe36-*His at pH 4 3 and
27° С Proton chemical shifts (±0 02 ppm) are expressed relative to S-(tnmethylsilyl) pro
15
pionic acid (TSP), N chemical shifts (±0 2 ppm) are referenced to external liquid am
13
monia at 25° C, and C chemical shifts (±0 2 ppm) are relative to hypothetically internal
TSP (Ikura et a l , 1991b) Proton resonances are given between parentheses, following
the attached heteronucleus Carbon atoms whose chemical shifts are underlined are the
central atoms in stereospecifically assigned prochiral centres Here, the Ηβ2 chemical shift
is listed before that of Ηβ3, Hal before Ha2, and Cyl before Cy2 Except for the glycines
and Metl, which were assigned using a floating chirahty procedure (see chapter 7) these
assignments are based on J-couplmg experiments
1 5

N"

Metl

CO

С

С

171 4

55 6 4 11)

32 1

others
1 59, 1 81)

( Г 31 5 (2 49, 2 54), С'

17 1 (2 09)

Asn2

118 7 8 77)

174 0

52 8 5 75)

42 5 2 57, 2 60)

ІІеЗ

1213

172 8

59 7 4 81)

43 2 1 9 3 )

С

29 4 2 01, 1 95)

CT 34 3 (1 81, 2 21), С* 179 0, Ν ' 109 0 (6 62, 7 03)

9 23)

С

175 8, Ν* 113 3 (6 86, 7 44)
1

29 1 (1 35, 1 85), С

Gln4

127 2 8 80)

175 5

55 4 5 44)

IleS

125 9 9 02)

175 9

60 4 4 94)

42 0 1 3 2 )

С

Thr6

123 5 9 01)

174 8

613

70 7 4 19)

С

21 6 (1 23)

5 35)

1

27 9 (0 69, 1 66), С

2

2

15 3 (1 08), C ä 15 3 (0 93)

13 3 (-0 30), C ä 13 3 (0 24)

Phe7

127 2 9 54)

177 4

59 5 5 19)

415

Cs

131 8 (7 13), С ' 130 4 (6 51), С< 129 6 (6 15)

Thr8

113 7 8 57)

173 1

60 0 4 97)

70 2 4 74)

С

21 6 (1 42)

Asp9

115 2 8 44)

176 4

53 6 4 86)

40 4 2 82, 2 88)

С

179 8

SerlO

1164

8 15)

173 4

58 9 4 56)

62 9 3 85, 3 94)

Valli

125 1 8 20)

175 5

60 1 5 08)

35 9 1 94)

С

21 7 (0 84), 20 4 (0 87)

Argl2

125 2 9 07)

174 7

54 9 4 74)

33 3 1 92, 1 70)

Ст 27 2 (1 68, 1 68), С'' 43 4 (3 23), N* 84 6 (7 22)

Glnl3

122 3 8 73)

175 7

54 ·> 5 11)

32 0 1 9·;, 2 08)

CT 34 4 (2 25, 2 44), С* 180 6, N e 112 1 (6 82, 7 49)

Glyl4

109 8 7 65)

172 2

44 9 4 17, 3 59)

Thrl5

114 1 8 35)

174 8

61 1 4 75)

71 0 1 9 3 )

Scrl6

121 5 9 18)

175 8

57 6 4 73)

65 3 4 1 1 , 4 37)

2 88, 3 37)

CT 21 5 (1 16)

Alal7

124 5 8 97)

178 7

54 5 4 28)

18 6 1 5 3 )

LyslB

115 2 7 86)

176 8

55 8 4 40)

32 4 1 72, 2 05)

Glyl9

107 7 8 09)

174 0

45 2 3 66, 4 24)

Asn20

118 4 7 84)

173 1

513

5 21)

39 1 2 69, 2 91)

CT 167 7, Ν* 112 8 (7 0 1 , 7 63)

176 5

63 1 4 96)

32 5 1 95 2 28)

CT 27 3 (2 06, 2 09), С 4 51 2 (3 82, 4 04)
С ' 133 9 (6 87), С' 117 5 (6 53)

Pro21

2 82, 2 96)

CT 25 1 (1 45, 1 54), Cs 28 8 (1 72), С ' 42 0 (3 03)

Tyr22

1182

8 26)

174 2

56 4 4 95)

413

Thr23

117 1 7 91)

172 7

62 4 4 77)

70 8 3 91)

С 1 22 0 (0 90)

Phe24

123 0 9 10)

174 9

55 8 5 70)

42 5 2 87 2 87)

С* 111 1 (7 02), С е 131 4 (7 12) С< 130 0 (7 15)

Gln25

124 9 9 71)

175 0

54 7 5 15)

32 5 1 88, 1 88)

CT 33 4 (2 54, 2 83), N e 106 9 (7 90, 8 21)

Glu26

127 2 8 35)

175 7

56 6 4 81)

312

С 1 36 6 (2 00, 2 11), C ä 182 0

Gly27

111 1 8 69)

170 8

45 3 4 9 6 , 3 31)

Phe28

118 0 9 18)

175 6

56 4 5 17)

41 7 2 8 3 , 2 50)

С1 111 0 (6 95), O e 111 9 (7 36), C< 130 3 (7 32)

Leu29

125 2 9 36)

176 3

54 9

158)

44 9 1 71, 1 71)

CT 27 1 (1 73), С* 25 9 (0 91), 26 3 (0 94)

His30

124 1 8 60)

173 5

55 2 4 71)

27 9 1 43, 3 23)

C ä 2 120 3 (7 21), C e l 136 2 (8 55)

Leu31

125 0 8 37)

178 3

53 8 (4 76)

43 5 1 71, 1 78)

CT 27 3 (1 65), С6 23 6 (1 00), 26 7 (1 03)

Glu32

121 8 9 17)

176 6

58 4 4 14)

29 8 2 11, 2 1 3 )

CT 36 1 (2 42, 2 42), C ä 183 6

Asp33

114 7 8 59)

175 4

53 6 4 58)

40 2 2 95 2 67)

CT 181 1

Lys34

118 5 7 32)

175 8

52 1 4 93)

34 0 1 81, 2 03)

CT 25 1 (1 51, 1 51), C ä 28 8 (1 74, 1 86),

2 0 4 , 2 40)
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table 8 6, continued
15доа

с

CO

others
С' 42 6 (3 01, 3 10)

176 5

64 3 4 33)

323 (1 61, 2 22)

С

114 0 (7 63)

172 9

52 2 5 20)

29 3 (3 1 0 , 3 31)

С " 120 5 (7 39), С е І 136 6 (8 66)

176 0

63 0 4 72)

33 1 (1 47, 1 60)

С

27 4 (1 57, 1 79), С ' 50 9 (3 61, 3 91)

122 3 8 52)

176 1

54 0 4 80)

44 5 (1 65, 1 57)

С

27 3 (1 81), C ä 24 4 (0 98), 25 7 (1 04)

126 7 8 86)

174 9

56 8 3 71)

29 2 (1 83, 1 91)

С

33 4 (1 74, 1 91), С1 179 6, N* 111 9 (6 76, 7 65)

123 6 8 77)

1719

57 4 4 51)

313 (2 10, 2 29)

Ht

122

119 2 8 14)

174 9

53 9 4 74)

30 7 (1 69, 1 69)

С

33 4 (2 11, 2 И ) , С 5 179 5, M 109 5 (6 47, 7 14)

120 3 9 00)

175 3

57 6 4 88)

415 (2 9 1 , 3 14)

С г 132 3 (7 37), С ' 130 5 (6 61), С< 128 8 (6 63)

125 5 9 09)

175 6

57 9 4 86)

38 9 f
3 06, 3 22)

C ä 132 0 (7 04), С е 131 2 (7 19), С< 130 0 (7 26)

120 0 8 02)

175 1

59 1 4 63)

35 j (1 9 9 )

С

21 6 (0 51), 18 3 (0 52)

120 6 8 82)

176 8

57 8 4 07)

30 3 (1 98, 2 12)

С

36 9 (2 33, 2 38), C ä 183 4

111 5 7 33)

172 2

56 6 4 41)

64 6 (3 6 2 , 3 72)

1217 8 19)

176 3

64 2 3 48)

32 1 (1 77)

С

135 5 9 87)

175 3

58 5 3 93)

39 7 (0 84)

С

177 2

63 2 4 2B)

118 (1 75, 2 38)

С

127 6 8 43)

177 8

53 8 3 89)

18 7 (1 4 2 )

107 6 8 34)

1717

44 5 4 00, 4 29)

115 4 8 51)

173 6

58 3 5 56)

64 3 (3. 6 9 , 3 69)

122 3 9 22)

175 0

571

44 1 С
2 79, 2 90)

120 7 9 35)

176 0

55 3 4 70)

29 3 (1 97, 2 02)

С

32 9 (2 20, 2 41), С* 179 4 N e 109 0 (6 69, 7 47)

128 7 9 49)

173 7

60 1 4 65)

34 6 (2' 44)

С

21 7 ( 1 0 8 ) , 23 0 (1 17)

176 4

62 4 5 41)

32 8 (2' 00, 2 50)

С

28 3 (2 12 2 18), Cs 51 4 (4 06, 4 12)

1174

5 21)

27 1 (1 87, 2 07), С1 50 8 (3 75, 3 82)

21 3 (0 71), 22 7 (0 89)
1

27 7 (0 45, 0 91), С 2

12 4 (0 10), С* 12 4 (-0 49)

28 0 (1 94, 2 13), С* 51 4 (3 48, 3 88)

С 4 133 7 (7 06), С ' 117 5 (6 82)

8 23)

173 1

55 2 5 53)

42 1 С2 44, 2 69)

Г ' 133 4 (6 75), С« 117 6 (6 56)

117 9 8 70)

174 1

53 8 4 63)

34 0(1 67, 1 79)

С 1 27 1 (1 32, 1 57), С* 43 3 (3 17), N ' 85 4 (7 36)

120 0 8 27)

174 6

60 9 4 55)

38 7 (1 6 8 )

С

124 8 8 92)

173 9

50 7 4 99)

42 1 (2i 47, 2 69)

С

176 2, N

119 8 8 28)

174 7

62 0 4 47)

33 1 (1 8 4 )

С

2 1 5 (0 71), 22 6 (0 71)

125 2 8 56)

175 4

516

4 93)

40 7(:
2 53, 2 75)

С 1 176 3 , 1 ^ 112 3 (6 8 0 , 7 89)

125 4 9 51)

175 6

54 2 4 33)

37 3 (
i. 02, 2 67)

С

102 4 8 31)

172 7

45 5 3 61, 4 06)

119 4 7 61)

174 0

52 5 5 05)

32 1 (1 85, 1 98)

1

28 0 (0 85, 1 52), С
ä

2

12 9 (0 76), C d 12 9 (0 55)

112 8 (6 92, 7 68)

178 3, N* 112 8 (6 86, 7 58)

26 9 (1 68, 1 73), С* 43 4 (3 28), V е 85 3 (7 31)

С
1

27 9 (1 93, 2 39), С1 50 9 (3 76, 3 87)

176 0

62 2 5 02)

319 ('
2 02, 2 02)

С

123 3 9 25)

174 3

54 4 4 76)

34 0 (1 93, 2 10)

С

122 1 8 52)

176 1

54 6 4 62)

445 (1 48, 1 03)

CT 27 2 (1 30), Се 25 4 (0 55), 25 7 (0 63)

36 2 (2 28, 2 28), С { 183 7

126 2 8 65)

176 1

510

122 0 8 71)

175 2

57 5 4 79)

415 ('
2 30, 2 1 9 )

С6

132 5 (7 32), С'

122 3 8 48)

175 9

519

4 88)

40 5 С2 35, 2 97)

С

180 5

120 8 7 92)

178 1

58 7 4 81)

2:88, 3 30)
37 9 r

С

131 4 (7 43), С'

118 2 8 38)

177 4

57 8 4 32)

319 (2 01, 2 01)

С

25 5 (1 50, 1 61), C

121 3 7 31)

176 8

510

20 1 (1 3 7 )

116 7 7 34)

174 5

56 4 4 80)

35 0 (
2 24, 2 38)

С

31 1 (2 37, 2 76), С ' 17 О (1 36)

119 5 8 29)

175 9

54 3 4 98)

36 2 (1 83, 1 99)

С

125 1 8 98)

175 5

57 5 4 04)

30 4 (1 75, 1 84)

С

133 3 8 30)

1819

53 4 4 15)

20 1 (1 13)

4 72)

4 66)

21 3 (1 2 2 )

6

1

130 7 (7 22), С< 128 1 (6 93)

130 9 (7 15), С< 129 2 (6 74)
f

28 9 (1 76), С

е

24 6 (1 59, 1 59), C ä 29 1 (1 80), С

е

27 4 (1 62, 1 62), С* 43 2 (3 07), Ν

ε

42 0 (3 06)

42 2 (3 07)
85 1 (7 19)
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Summary
Interactions between proteins and nucleic acids are at the core of all processes that
maintain and use genetic information It is generally assumed that to understand
these processes at a molecular level, a profound knowledge of the structure-function
relationship of the interacting biomolecules is required This, of course, is impossible
without detailed knowledge of the three-dimensional structuies of the DNA-binding
proteins and their complexes
It is pointed out in chapter 1 that structures of proteins binding to duplex DNA and
their complexes have been extensively studied both by X-ray crystallography and nuclear
magnetic resonance (NMR) This has resulted, for instance, in the identification of
several recurring motifs, distinct structural elements essential for the protein's function
In contrast, at the time the investigations described in this thesis were started, structural
information on proteins binding to single-stranded DNA (ssDNA) was scarce, despite
their biological relevance ssDNA-binding proteins are ubiquitously present in both proand eukaryotic organisms They are generally multi-functional, playing indispensable
roles in processes such as DNA replication, repair and recombination, and they can
function as specific regulators of gene expression as well At that time, the threedimensional structure of only one protein m this class was known, the gene-V protein
(GVP) encoded by filamentous bacteriophage M13 But this structure was not even
correct' The correct structure of GVP was determined in 1992, both by X-ray and
NMR, which was a major step toward the understanding of the structure-function
relationship of this class of proteins The GVP has been the most extensively studied
ssDNA binding protein (ssDBP) and serves as a model system for the study of proteinssDNA interactions Chapter 2 shows that the solution and crystal structures are nearly
identical, except for the orientation of a large and exposed /3-hairpin, the DNA-binding
loop This important structural element is twisted and partially folded back toward
the core of the protein m the NMR structure while it is more extended and points
away from the rest of the molecule in the X-ray structure As this difference is likely
to be functionally important, molecular dynamics studies were performed to investigate
which of the two conformations is energetically more favourable These showed that the
conformation of the DNA-binding wing in the crystal structure (ι с in absence of DNA)
is energetically unstable Nevertheless, the 'open' conformation of the crystal structure
would be more suitable to accommodate two strands of ssDNA, for which there appears
to be not enough space in the NMR structure One could speculate that in solution the
binding wing would have to undergo a conformational change upon DNA binding, finally
adopting a conformation similar to the crystal structure
Elucidating the GVP structure, however, was only a first step, and important issues
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still needed investigation. In particular, the structure of the GVP- ssDNA complex had
to be solved. Electron microscopy (EM) studies had already indicated that this complex
forms a flexible, left-handed helical coil with a diameter of 8-9 nm and an average
pitch of 9 nm. Unfortunately, NMR would be an unsuitable method to determine
such a structure due to its high molecular weight. Alternatively, the use of X-ray
crystallography to study the complex had so far been obstructed by the inability to
grow proper protein-DNA co-crystals. A different approach was thus required, and
we set out to use restrained molecular dynamics to calculate a model for the M13
nucleoprotein complex. Chapter 3 describes the method we developed and the model
that was calculated. The protocol used consisted basically of two steps. First, a contact
analysis was performed to determine the energetically most favourable packing of protein
molecules in a super helix, taking into consideration the EM data and results from DNAbinding experiments. Then, a protein super-helix was built, into which two extended
strands of DNA were modelled using restrained molecular dynamics. In this way, a model
was constructed that is full agreement with all reliable biophysical and biochemical data,
and which replaced incorrect models reported by others.
Obviously, to be able to reliably draw general conclusions on a class of proteins, it is
necessary to study more of its members. Therefore, we initiated structural studies on
the ssDBP encoded by bacteriophage Pf3, the various aspects of which are addressed in
chapters 4-8.
Chapter 4 describes the characterization of the protein, the sequential assignment of
the XH and 15N resonances, and the secondary structure elucidation. It was found that
the wild-type protein has a strong tendency to aggregate at concentrations needed for
NMR spectroscopy. Concomitant solubility problems could be overcome by designing a
mutant (Phe36-»His) which exhibits significantly improved solubility characteristics over
the wild-type protein. This mutation was observed to only locally affect the structure
of the protein; the chemical shifts of the wild-type and mutant species differ only for a
few residues near the site of the amino-acid substitution, and the secondary structures
are identical. Therefore, we decided to perform all subsequent studies on this mutant
protein.
The Pf3 ssDBP occurs in solution as a homodimer, the symmetry of which poses
a problem to the interpretation of NOE spectra; contributions from intra- and intermonomer contacts cannot be distinguished. This symmetry can be broken by labelling
one of the monomers with 13C, and pulse sequences have appeared that specifically select
Overhauser effects between 12C- and 13C-bound protons. These experiments, however,
are quite sensitive to artifacts, which prohibits unambiguous interpretation of the resulting spectrum. Chapter 5 presents a modified version of earlier reported experiments. By
adding two improvements an artifact-free experiment could be constructed that, applied
to Pf3 ssDBP, allowed the unambiguous identification of many inter-monomer NOEs,
particularly of those between methyl groups. These improvements were: a selective
180° pulse on the aromatic carbons to properly refocus their magnetization, and the use
of hyperbolic secant adiabatic pulses to replace the ordinary rectangular 180° carbon
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pulses.
Chapter 6 presents the three-dimensional structure of the Pf3 ssDNA-binding protein,
which was determined from completely assigned 15N- and 13C-edited NOE spectra. The
structure is compared to that of M13 GVP a protein which, despite similar biological
function and DNA binding properties, has only little sequence homology to Pf3 ssDBP.
Nevertheless, their folds—a five-stranded antiparallel ß-sheet from which two /?-hairpins
and a large loop protrude—are remarkably similar. This topology is also found in the
major cold shock proteins of E. coli and B. subtilis, prokaryotic Y-box proteins which
preferably bind to ssDNA. This suggests that this is a preferred folding pattern shared
by a large number of proteins binding to single-stranded nucleic acids. This suggestion
was supported by the recent redefinition of the OB-fold (oligonucleotide/oligosaccharide
fold), a structural motif that has been identified in some 30 proteins to date, amongst
which are many (single-stranded) DNA and RNA binding proteins.
Chapter 7 describes a floating chirality procedure to treat non-stereospecifically assigned methylene and isopropyl groups in the calculation of protein structures from
NMR data using restrained molecular dynamics and simulated annealing. The protocol
makes use of two strategies to induce the proper conformation of the prochiral centres:
explicit atom 'swapping' following an evaluation of the NOE energy term, and atom
'floating' by reducing the angle and improper force constants that enforce a defined chirality at the prochiral centre. The procedure was tested on Pf3 ssDBP and the results of
the automatic assignment were compared with those of J-coupling experiments. It was
concluded that floating stereospecific assignment is a reliable tool in protein structure
calculation, featuring clear advantages to the commonly used pseudoatom approach or
averaging techniques.
The last chapter presents a refinement of the Pf3 protein structure, based on shortmixing-time NOEs (40 ms) and many homo- and heteronuclear J-couplings. In addition,
the backbone dynamics of the protein was investigated in the absence and presence of
ssDNA. It was found that the exposed DNA-binding wing is much more flexible than
the rest of the protein, but its mobility is largely arrested upon binding of the protein to
DNA. Furthermore, the complete DNA-binding domain of the protein has been mapped
by recording two-dimensional TOCSY spectra of the protein in the presence and absence
of a small amount of spin-labelled oligonucleotide. Finally, all results were combined
to form a set of experimental restraints, which were subsequently used in restrained
molecular dynamics calculations, employing the protocols explored in chapter 3, aimed
at building a model for the Pf3 nucleoprotein complex. Implying in addition some
similarities to the well-studied M13 complex, a plausible model could be constructed
that is in accordance with the experimental data.

Samenvatting
Interacties tussen eiwitten en nucleinezuren staan aan de basis van alle processen die
betrekking hebben op genetische informatie Het wordt algemeen verondersteld dat deze
processen alleen begrepen kunnen worden als de structuur-functie relatie van de betrokken biomoleculen bekend is Hiertoe is gedetailleerde kennis van de driedimensionale
structuren van de DNA-bindende eiwitten en hun complexen een vereiste
In hoofdstuk 1 werd uiteengezet dat structuren van dubbelstrengs-DNA-bindende
eiwitten en hun complexen reeds uitvoerig bestudeerd zijn met zowel rontgendiffractie
als kernspinresonantie (NMR*) Dit heeft onder andere geresulteerd in de identificatie
van een aantal terugkerende motieven, afzonderlijke structuurelementen die essentieel
zijn voor de functie van het eiwit Veel minder structuurinformatie is beschikbaar over
eiwitten die binden aan enkelstrengs DNA (ssDNA), hoewel deze belangrijke biologische
functies hebben, ssDNA-bindende eiwitten zijn alom aanwezig in zowel prokaryotische
als eukaryotische cellen Ze hebben diverse functies, en spelen een belangrijk rol in
processen als de regulatie van genexpressie, en DNA-rephcatie, -recombinatie en -herstel
Toen het onderzoek startte dat in dit proefschuft wordt beschreven was er slechts éen
structuur bekend van een eiwit uit deze klasse, dat van het gen-5 eiwit (g5p) gecodeerd
door de filamenteuze bactenofaag M13 En die structuur was niet eens correct' Het
g5p is altijd een van de best bestudeerde ssDNA-bindende eiwitten (ssDBP) geweest,
en speelt een belangrijke rol bi] de studie aan eiwit-ssDNA interacties Toen de juiste
structuur van g5p werd opgehelderd in 1992, met behulp van NMR én rontgendiffractie,
was dit een grote stap voorwaarts naar het begrip van de structuur functie relatie voor
deze klasse van eiwitten In hoofdstuk 2 wordt aangetoond dat de structuur van g5p in
oplossing nagenoeg identiek is aan die in het kristal met uitzondering van de oriëntatie
van een grote, uitstekende lus, de DNA-bindingsarm Deze lus, een cruciaal onderdeel
van de structuur, is in de NMR structuur getwijnd en gedeeltelijk teruggevouwen op
de romp van het eiwit, terwijl in het kristal de DNA-bmdingsarm gestrekt is en van
de romp afsteekt Omdat dit verschil waarschijnlijk van functioneel belang is, is met
behulp van moleculaire dynamica onderzocht welke van de twee conformaties energetisch
met meest gunstig is Dit wees uit dat de conformatie van de DNA-bindingsarm zoals
aangetroffen in het kristal energetisch ongunstig is Niettemin lijkt de 'open' conformatie
van de kristalstructuur meer geschikt om plaats te bieden aan twee strengen ssDNA, iets
waarvoor de NMR structuur te gesloten lijkt te zijn Het is mogelijk dat de bindingslus
in oplossing een conformationele verandering ondergaat zodra het DNA gebonden wordt,
uiteindelijk een structuur aannemend als in het kristal
'Afkortingen worden in de7e samenvatting tussen haakjes geïntroduceerd, echter steedb in hun Engelstalige vorm (hier nuclear magnetic resonance, NMR)
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Het bepalen van de structuur van g5p was evenwel slechts een eerste stap, en vele
aspecten moesten nog worden onderzocht, met name de structuur van het göp-ssDNA
complex Electronenmicroscopie-studies toonden aan dat dit complex een hnksdraaiende
superhehx vormt, met een diameter van 8-9 nm en een gemiddelde pitch van 9 nm Dit
complex is te groot (zwaar) om bestudeerd te worden met NMR, en ook rontgendiffractie
faalde tot nu toe omdat de knstallografen geen geschikte eiwit DNA co-knstallen konden
doen groeien Een geheel andere aanpak was daarom noodzakelijk, en we zijn moleculaire dynamica gaan gebruiken om modellen uit te rekenen voor het g5p-ssDNA complex
De hiervoor ontwikkelde methode is beschreven in hoofdstuk 3, en de modellen die ermee zijn berekend worden bediscussieerd Het protocol bestond uit twee stappen eerst
werd een contact-analyse uitgevoerd om te bepalen op welke wijze de eiwitmoleculen
de energetisch meest gunstige interactie hebben in de superhehx Hierbij werd rekening
gehouden met de EM-data en resultaten van DNA-bindingsexpenmenten Vervolgens
werd een eiwit-superhehx gebouwd, waarin twee gestrekte DNA-strengen werden gepositioneerd door middel van restrictieve moleculaire dynamica Zo kon een model worden
geconstrueerd dat volledig in overeenstemming is met alle betrouwbare biofysische en
biochemische meetgegevens De elders en tevoren gepubliceerde modellen, waarvan al
vermoed werd dat ze incorrect waren, kwamen hiermee te vervallen
Het is evenwel duidelijk dat men op basis van de kennis van één ssDNA-bindend
eiwit geen conclusies kan trekken die de hele klasse van eiwitten aangaan Meer eiwitten
dienden bestudeerd te worden, en onze eerste kandidaat daartoe was het ssDBP dat
gecodeerd wordt door het filamenteuze virus Pf3 De verscheidene aspecten hiervan zijn
uiteengezet in de hoofdstukken 4-8
Hoofdstuk 4 beschrijft de karakterisering van het eiwit, de sequentiële toekenning
van de XH en 15N resonanties, en de secondaire-structuur opheldering Het wildtype
eiwit bleek de vervelende neiging te hebben om te aggregeren bij de concentraties die
nodig zijn voor NMR analyse Dit kon echter verholpen worden door een mutant
te ontwerpen (Phe36—»His), die aanmerkelijk betere oplossingseigenschappen vertoonde
dan het wildtype Deze aminozuursubstitutie veroorzaakt slechts zeer kleine, lokale
veranderingen in de structuur van het eiwit, de chemische verschuivingen gemeten voor
de mutant verschillen van die van het wildtype enkel voor die residuen dichtbij de
mutatie, en de twee eiwitten hebben identieke secondaire structuur We hebben daarom
besloten alle verdere studies aan Pf3 ssDBP uit te voeren op deze Phe36—>His mutant
Het Pf3 ssDBP vormt een symmetrisch dimeei in oplossing, wat in het algemeen
problemen geeft bij de analyse van NOE spectra, men kan niet onderscheiden tussen
intra- en ïntermonomeer contacten De symmetrie kan gebroken worden door een van
de monomeren te verrijken met 13C, en puissequenties zijn ontworpen die de Overhausereffecten van protonen gebonden aan 12C en 13C kunnen onderscheiden Artefacten
treden echter makkelijk op bij dit soort NMR experimenten, hetgeen een ondubbelzinnige
interpretatie van de spectra bemoeilijkt In hoofdstuk 5 wordt een gemodificeerde versie
van dit type experiment gepresenteerd Door twee verbeteringen aan te brengen kon
het experiment artefact-vrij worden gemaakt, namelijk (1) een selectieve 180° puls op de
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aromatische koolstofkernen zodat hun magnetisatie op de juiste wijze refocusseert, en (2)
het gebruik van adiabatische secans hyperbolicus pulsen in plaats van de gebruikelijke
rechthoekige pulsen. Toegepast op Pf3 ssDBP maakte dit verbeterde experiment de
ondubbelzinnige toekenning van veel intermonomeer NOEs mogelijk.
In hoofdstuk 6 wordt de driedimensionale structuur van het Pf3 ssDNA-bindend eiwit gepresenteerd, welke berekend was uit volledig toegekende 15N- en 13C-gescheiden
NOE spectra. De structuur wordt vergeleken met die van M13 g5p, dat, ondanks gelijksoortige biologische functie en DNA-bindings eigenschappen, maar weinig sequentiehomologie heeft met Pf3 ssDBP. Niettemin hebben beide eiwitten opvallend overeenkomstige vouwingen: een vijfvoudige antiparallele /3-sheet waaruit twee /3-haarspelden steken
alsmede een grote lus. Deze topologie wordt ook aangetroffen in de major cold-shock
eiwitten van E. coli en B. subtilis, prokaryotische Y-box eiwitten die vooral binden aan
enkelstrengs DNA. Dit suggereert dat dit vouwingsprincipe kenmerkend is voor een
grote groep ssDNA-bindende eiwitten.
Hoofdstuk 7 beschrijft een automatische stereospecifieke-toekenningsprocedure ('floating chirality') waarmee prochirale methyleen- en isopropylgroepen op de juiste wijze worden behandeld tijdens structuurberekeningen uit NMR data, gebruik makend van restrictieve moleculaire dynamica en 'simulated annealing'. In het protocol zijn twee strategieën opgenomen, die de juiste conformatie moeten induceren van de prochirale centra:
expliciet verwisselen van atoomparen gevolg door een evaluatie van de NOE energieterm,
en het laten "drijven" van atomen door de driebands- en torsiehoek krachtkonstanten te
verlagen die normaal gesproken de chiraliteit zouden opleggen. Deze procedure is getest
op Pf3 ssDBP, en de resultaten van de automatische toekenning zijn vergeleken met
die uit J-koppelingexperimenten. Er kon worden geconcludeerd dat 'floating chirality'
een betrouwbaar hulpmiddel is bij structuurberekeningen van eiwitten, met duidelijke
voordelen boven de meer in zwang zijnde pseudoatoom- of middelingsbenaderingen.
In het laatste hoofdstuk wordt de verfijnde structuur van het Pf3 eiwit gepresenteerd,
die gebaseerd is op korte-mengtijd NOEs (40 ms) en vele homo- en heteronucleaire Jkoppelingen. Daarnaast is de dynamica van de ruggengraat van het eiwit bestudeerd, in
aan- en afwezigheid van ssDNA. De uitstekende DNA-bindingsarm bleek veel flexibeler
dan de rest van het eiwit, maar deze beweeglijkheid neemt grotendeels af bij binding
aan DNA. Voorts kon het gehele DNA-bindingsdomein van het eiwit in kaart worden
gebracht door analyse van tweedimensionale TOCSY experimenten van het eiwit in aanen afwezigheid van een kleine hoeveelheid gespinlabelde oligonucleotiden. Tenslotte zijn
al deze resultaten gecombineerd in een reeks restricties, die gebruikt zijn in moleculairedynamica berekeningen teneinde een model te bouwen voor het Pf3 DNA-eiwit complex.
Hiertoe zijn protocollen gevolgd als uiteengezet in hoofdstuk 3. Onder aanname van
enkele overeenkomsten met het uitvoerig bestudeerde M13 complex kon een plausibel
model worden gebouwd dat in overeenstemming is met de experimentele data.

Samenvatting voor niet-deskundigen
Het erfelijk materiaal van elk organisme ligt opgeslagen in diens DNA, langgerekte
moleculen die meestal paarsgewijs voorkomen (dubbelstrengs DNA) en een dubbele
helix vormen. Het DNA is een code waarin de eigenschappen en het functioneren
van het organisme ligt opgeslagen. Om deze code te kunnen lezen en interpreteren
is een grote en diverse groep eiwitmoleculen nodig. Zo zijn er eiwitten die het DNA
verplaatsen, beschermen, vertalen en kopiëren. Als het DNA een routebeschrijving naar
Zuid-Frankrijk is, dan zijn er eiwitmoleculen vergelijkbaar met de navigator, chauffeur,
koffiejuffrouw, en vaak ook nog de auto zelf. Het moge duidelijk zijn dat de interactie
tussen het DNA en de eiwitmoleculen hierbij van cruciaal belang is; een keer linksaf in
plaats van rechtdoor, en je belandt aan de Belgische kust. Die interactie komt tot stand
als de eiwitten binden aan het DNA; ze kleven aan de DNA moleculen of glijden erlangs.
Er is altijd veel onderzoek gedaan aan DNA-bindende eiwitten, vooral aan eiwitten die
binden aan DNA als dat zich in de dubbele-helix vorm bevindt. Zo weet men van veel
eiwitten wat hun driedimensionale vorm (structuur) is, en soms is zelfs precies bekend
hoe het eiwit gebonden is aan de DNA-helix (de structuur van het eiwit-DNA complex).
Pas als we dit weten, kunnen we nadenken over de zogenaamde structuur-functie relatie;
welke onderdelen van de structuur van het eiwit maken het nu zo bijzonder dat het juist
bindt aan dit stukje DNA? Of: hoe kunnen we de functie van het eiwit verklaren nu we
weten hoe het gevormd is? Het wordt algemeen verondersteld dat biologische processen
pas echt begrepen kunnen worden, als de structuur-functie relatie van de betrokken
biomoleculen (eiwit en DNA) is opgehelderd.
Bij veel belangrijke processen in de cel vormt het DNA geen helix, maar neemt het een
enkelstrengs vorm aan, bijvoorbeeld als het vermenigvuldigd of hersteld moet worden. Er
bestaan daarom ook eiwitten die specifiek dit enkelstrengs DNA herkennen en daaraan
kunnen binden. In tegenstelling tot eiwitten die binden aan dubbelstrengs DNA is er nog
weinig kennis over enkelstrengs DNA bindende eiwitten. Dit is voor een belangrijk deel te
wijten aan het feit dat deze eiwitten niet makkelijk vanuit de cel in een hoge concentratie
in de reageerbuis te krijgen zijn. Vaak klonteren ze dan samen, wat het bijna onmogelijk
maakt ze nog goed te bestuderen. Toen het onderzoek beschreven in dit proefschrift
in 1992 begon, was de driedimensionale structuur bekend van slechts één enkelstrengs
DNA bindend eiwit, namelijk dat van een klein virus met de naam M13. Door de
structuurkennis van dit eiwit te combineren met diverse gepubliceerde (macroscopische)
gegevens over het eiwit in complex met DNA, hebben we een (atomair) model kunnen
opstellen voor de binding van dit M13 eiwit aan enkelstrengs DNA (hoofdstuk 3).
Kennis van één structuur is logischerwijs onvoldoende om conclusies te kunnen trekken
omtrent de structuur- functie relatie van deze hele klasse van enkelstrengs DNA-bindende
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eiwitten. Dit proefschrift beschrijft een reeks studies, waaronder het bepalen van de
driedimensionale structuur (hoofdstuk 6), aan een tweede enkelstrengs DNA bindend
eiwit, namelijk dat van een virus genaamd Pf3. We hebben onder andere juist dit eiwit
gekozen, omdat dit virus een van de allereenvoudigste organismen is die bestaan. Ook
het DNA-bindend eiwit van Pf3 heeft de neiging om samen te klonteren (aggregeren),
maar door het eiwit een heel klein beetje te veranderen (muteren) zijn we in staat
geweest deze aggregatie sterk te verminderen. Deze mutatie had geen invloed op de
structuur van het eiwit, en verreweg de meeste eigenschappen van het eiwit waren er
niet door aangetast (hoofdstuk 4).
De techniek die centraal heeft gestaan in dit onderzoek is kernspinresonantie (nuclear
magnetic resonance, NMR). Deze techniek maakt gebruik van het feit dat sommige
atomen—de allerkleinste bouwstenen van eiwitten en DNA -een bepaald gedrag vertonen als ze in een magneetveld worden gebracht. Met behulp van een computergestuurd,
electronisch meetapparaat (de NMR spectrometer) kan dit gedrag gemeten worden, wat
inhoudt dat die atomen in principe individueel worden waargenomen. Door nu een serie
NMR experimenten uit te voeren (NMR spectra op te nemen), kan worden vastgesteld
welke atomen worden waargenomen, maar ook waar deze atomen zich bevinden in het
eiwitmolecuul. Veel van deze informatie is echter slechts indirect beschikbaar. We kunnen geen foto maken van het eiwit, maar moeten de vorm reconstrueren uit informatie
over afstanden en hoeken tussen de atomen. Dit is te vergelijken met het plaatje dat
je (in gedachten) vormt over een kamer uit informatie als: er was een deur op 3 meter
van een raam, de aanwezige radio, t.v. en boekenkast maakten een hoek van 50 graden,
etc. Alleen als voldoende informatie beschikbaar is, kan een betrouwbaar beeld gevormd
worden van de kamer (lees: eiwitmolecuul). In hoofdstuk 5 van dit proefschrift wordt
een nieuw NMR experiment gepresenteerd waarmee afstanden tussen bepaalde atomen
in het Pf3 eiwit heel nauwkeurig konden worden gemeten, iets wat met conventionele
technieken erg lastig was.
Om uit de door NMR verkregen informatie de driedimensionale structuur van een
eiwit te kunnen uitrekenen, zijn speciale computerprogramma's nodig. Omdat N\1R
met als doel structuurberekening een tamelijk jonge discipline is, is er nog veel ruimte
voor het verbeteren van dit type programma's. Hoofdstuk 7 beschrijft een truc waarmee
dit soort berekeningen beter kan worden uitgevoerd. Hierbij worden in de computer de
bewegingen van de atomen in het eiwit nagebootst, terwijl het eiwitmolecuul langzaam in
zijn juiste vorm wordt geduwd; een methode die bekend staat als restrictieve moleculaire
dynamica (restrained molecular dynamics).
Met behulp van NMR hebben we ook kunnen vaststellen welk deel van het Pf3
eiwitmolecuul betrokken is bij de binding aan enkelstrengs DNA. Het blijkt dat het
eiwit een soort armpje heeft, dat het als het ware gebruikt om het DNA te omarmen.
Eigenlijk heeft het eiwit twee armpjes, waardoor het twee DNA strengen tegelijk kan
vastpakken (zie omslagtekening). NMR, kan ook gebruikt worden om de beweeglijkheid
van een molecuul te meten. Eiwitmoleculen in hun natuurlijke, waterige omgeving zijn
niet star, en voor een deel zelfs erg beweeglijk. Het wordt aangenomen dat deze mobiliteit
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belangrijke consequenties heeft voor de functie van eiwitten. Om de functie van het Pf3
eiwit beter te begrijpen, hebben we zijn beweeglijkheid gemeten (hoofdstuk 8). De eerder
genoemde armpjes bleken veel sneller te bewegen dan de rest van het molecuul. Als het
eiwit echter gebonden is aan DNA, is deze beweeglijkheid een stuk lager. Blijkbaar
tasten de armpjes eerst zoekend in de rondte, en komen ze tot rust als ze het DNA te
pakken hebben.
Samenvattend kunnen we stellen dat we met behulp van NMR en computerprogramma's veel te weten zijn gekomen over het enkelstrengs DNA-bindend eiwit van het
virus Pf3. Gedurende de afgelopen vijf jaar zijn bovendien structuren gepubliceerd van
verscheidene andere eiwitten uit deze klasse. Hiermee is een grote stap gezet op weg
naar het "begrijpen van enkelstrengs DNA bindende eiwitten".
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