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CHAPTER 1

General Introduction

Filamentous bacteriophage
Filamentous bacteriophages, Inoviridae, are the smallest bacterial viruses known

They

are unique in then ability to co-exist with their hosts, that is, phage infection does not
lead to lysis and consequent death of the host cell

They have long been used as tools

foi investigating biological processes, such as the mechanisms that govern replication,
transcription and translation

The best studied filamentous bacteriophages are those of

the Ff strain, which play an important role in the investigation of the principles of phage
ïrplication and assembly Furthermore, the Ff bacteriophages are used as 'fusion phages'
virions displaying on then surface a foreign peptide fused to one of their coat proteins,
and harbouring the gene for the fusion protein within their genomes

This technique,

known as phage display, enables the constiuction of extensive peptide libraries that can
be easily screened to select peptides with specific affinities or activities (for a review, see
Makowski, 1994)
The genome of Ff is lephcated as a separate vector in its host (see Figure 1 1)
However, some filamentous phages, like Cf of Xanthomonas

citri (Dai et al, 1987, Shieh

tí al, 1995), Xf of X oryzac, and çàLf of X campestri.·; (Fu et al, 1992), integrate their
genome into the host chromosome The genomes of these filamentous phages were never
shown to contain virulent genes and then 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)

Recently a very interesting new

filamentous

phage has been discovered, phage СТХФ, which does contain a virulent gene which is
chromosomal!} integrated m the cholera bacteria (Wang et al, 1995) and which turns
out to play a crucial role in cholera infection (Waldor & Mekalanos, 1996)
The Ff bacteriophages constitute a family of closely related viruses, including M13,
fl and fd

The\ infect Escherichia

roh cells carrying F-pih

Gene organization size,

sequence and structuie paiametcrs of the viruses in this group are virtually identical
The Ff bacteriophage is a long (~ 900 urn) thin particle (~ 6 nm diameter) with a
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circular single-stranded DNA molecule (6408 nt). comprising ten genes. The DNA is
encapsulated in a coat, a helical tube, consisting of approximately 2700 copies of the
major coat protein (the protein encoded by gene VIII; gVIIIp). The ends of tube are
capped by a few minor coat proteins, encoded by genes III and VI (found at the so-called
Α-end), and by genes VII and IX (at the B-end, see Figure 1.1). The two minor proteins
at the Α-end are indispensable for proper phage infection and for termination of the
phage assembly process, while those at the B-end are required for proper initiation of'
phage assembly.
The remaining genes encode for proteins which play different roles in the life cycle
of the phage. The proteins encoded by genes I and IV are inner and outer membrane
proteins, respectively, which are required for phage assembly and secretion (Rüssel,
1994). The proteins of genes II, V and X are required for the rolling-circle type DNA
replication of the phage genome and the production of single-stranded DNA (see below).

Life cycle of Ff bacteriophages
The life cycle of the Ff phages (schematically depicted in Figure 1.1) has been studied
most thoroughly (for reviews, see Rasched &; Oberer, 1986, Model & Rüssel, 1988).
outer membrane

F pilus

minor coat proteins
(glllp, gVIp)
major coat protein
(gVIIIp)
minor coat proteins
(gVIIp, glXp)

Figure 1.1 Schematic representation of the life cycle of Ff.
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Infection of the host bacterium starts with the adsorption of the gene III protein at the
Α-end of the virion to the tip of an F-pilus of the host Upon infection, the coat protein
molecules are stored in the inner membrane, and the DNA is released into the cytoplasm
Interestingly, infected bacteria are resistant against penetration of certain cohcins and
against superinfection of RNA phages This could be due in part to alteration of their Fpih, but is also believed to be caused by the presence of gVIIIp or glllp in the membrane
(Rasched & Oberer, 1986)
Following infection, the single-stranded viral genome is replicated according to a
rolling-circle type replication mechanism

First, the parental strand is converted into

an intermediate relaxed covalently-closed double-stranded replicative form (RF) DNA
Subsequent transcription and translation of the formed double-stranded molecule results
in the synthesis of the ten phage-specific proteins Then, a pool of progeny RF molecules
is generated by replication of the double-stranded form for which the phage-encoded glip
is indispensable (Fulford & Model, 1988a,b)

Late after infection, a stage is initiated

in which (most of) the viral DNA is sequestered from the DNA replication machinery
by gVp

when gVp has reached a critical threshold concentration (typically after 20 30

minutes) its homodimer starts to bind specifically and cooperatively to the displaced
vii al strands, thereby 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 (for a review, see Stassen et al, 1995)
One of the phage-encoded proteins synthesized in the bacterium is the water-soluble
precursor of gVI lip which contains a leader sequence at the N-termmus Concomitant
with insertion of this precursor in the plasma membrane, the leader sequence is cleaved
off by a leader peptidase

Progeny virions are assembled at the cytoplasmic membrane,

which is initiated by interaction of the hairpin end of the ssDNA with the two small
cap proteins, gVIIp and glXp

Then, each gVp monomer in the gVp DNA complex is

replaced by about two gVIIIp molecules
as a chaperone or scaffolding protein

In this process, the gene-V protein functions

In the final stage, the bottom end of the phage

particle is capped with the two other minor coat proteins, glllp and gVIp (Day et al,
1988), and the nascent phage particle extrudes from the plasma membrane and leaves the
bacterium According to the currently most reliable assembly model, a phage-conducting
channel is formed in the outer membrane by a homomultimer of gIVp (reviewed by
Rüssel, 1995, see also Linderoth et al, 1997)

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 penplasmic domain is believed to associate with gIVp

This in

turn triggers opening of the gIVp channel and simultaneously allows the mature phage
particle to assemble and exit The association of a host-encoded protein, viz

thioredoxin,
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with the cytoplasmic domain of gip is a prerequisite for elongation of the nascent virus
particle (Rüssel & Model, 1986).

The major coat protein
The major coat protein is of vital importance for the phage. Most interestingly, depending on its stage in the phage life cycle, it manifests itself in different conformations with
different interactions. For most bacteriophages, it is encoded as a precursor protein,
'procoat', which is a water-soluble cytoplasmic protein. Furthermore, it is an integral
membrane protein with protein-lipid interactions, and thirdly, it forms the major part of
the phage coat, in winch it interacts with the other coat proteins and the ssDNA.
It is important to analyze all properties of the various coat protein forms during the
life cycle of the phage at a molecular level. This not only allows a better understanding
of the processes in which this protein is involved during the life cycle, but also provides
insight into the, more fundamental, aspects of protein-DNA and protein-protein interactions Because of its conveniently small size, the membrane-bound form of the coat
protein has become a model system for studying membrane protein interactions. Many
studies have been performed on the different forms of the protein, which will bo briefly
discussed in the next sections.
Characteristics of the mature coat protein in the phage particle
On the basis of the helical symmetry of the phage coat the Inoviridat have been divided
into two classes (for a review, see Day et ai, 1988). The symmetry of class-I eoliphages
is a five-start left-handed helix of protein units with an approximately two-fold screw
axis and a helical rise per layer of 1 6 nm (Marvin et ai, 1994). The phages Ff, IKc and
Ifl are members of this class. The major coat protein units of class-II bacteriophages,
which include phages Pfl, Pf3 and Xf, are arranged in a simple one-start helix with a
1.5 nm pitch and 4 4 or 5.4 units per turn (Day et αϊ, 1988; Liu & Day, 1994).
Despite these differences, the overall characteristics of the coat protein molecules in
the various phages are remarkably similar. They all contain more than 90% «-helix
and have a short acidic N-terminus, which faces the solvent-exposed side of the pliage
(for the primary sequences, see Figure 1.2). The central part consists of a long stietch
of hydrophobic residues, which enables a close packing of the coat protein units in the
helical arrangement around the DNA The C-tcrminus is basic and serves for DNA
binding. In class-I bacteriophages, the basic residues at positions -3, -7, -8 and -11
are conserved (counted from the C-terminus), indicating that the DNA-protem interface
in these viruses is formed predominantly by electrostatic interactions. Fiber diffrat-
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tion studies on a mutant of the M13 bacteriophage in which one of the C-termiiial
lysines was replaced by a non-charged residue (K48A) showed that the length of the
virion increased by 35% (Symmons et al, 1995)

Since the overall organization did not

change signifie antly, it was concluded that the positive charges at the C-terminus inter
act non specifically with the negatively charged DNA phosphate backbone

Conversely,

intioducing an extra lysine residue was found to be lethal for the phage formation in a
study on a S47K mutant (Greenwood et al, 1991)
Circular dichroism and ultiaviolet absorbance measurements indicate the presente of
base stacking in Ff and suggest that the bases of the DNA in Ff are directed towards the
phage's longitudinal axis (Casadevall & Day, 1982, 1983)

Stacking (ι e hydrophobic)

interactions of the internally localized bases help stabilizing the phage structure of Ff, in
addition to the interaction between the externally localized ssDNA phosphate backbone
and the major coat proteins which is largely electrostatic

Similar studies on the Pf3

and Pfl phages revealed that the antiparallel ssDNA chains have inside-out or inverted
structures (I-DNA) with the phosphates in and the bases out (Marzee & Day, 1983, Liu
& Day, 1994)

For the Pf3 coat protein, stacking interactions may, instead, occur with

the two C-terminal phenylalanine residues, two rather unusual amino acids to be found
at a C-terminus This difference in base stacking appeals to be unrelated to the class-I
and class-II diffraction patterns of the phages, as the spectroscopic data on class-II Xf
phage indicate that it has a structure very similar to class-I Ff (Casadevall & Day, 1983)
although the data described above might suggest that the organization of DNA in the
phage particles is symmetric and regular, in reality it is not
(Cross et al,

Solid state NMR studies

1983) ievealed that the O - P - 0 planes have no preferred orientation,

suggesting that the conformation of the DNA in M13 may be disordered, interacting
with different protein units in different ways

In addition, the circular DNA genome of

the Ff phages forms a pair of antiparallel, unpaired single strands (Glucksman et al,
1992)

Finally we note that Raman spectroscopy suggests that the DNA conformation

in the M13 phage is different from any known form (Thomas Jr

et al, 1988, Aubrey Sc

Thomas Jr , 1991)
In both class-I and class-II bacteriophages each protein unit has axial and tangential
interactions with ten neighbouring units
numbered ι±1, ι±ΰ, ι±6, i±ll

The neighbours of an arbitrary protein г are

and i±17 (see Figure 5 8, page 107) (Marvin et al, 1994)

The contacts between the protein units г on one hand and i±6 and i±ll
hand aie especially impoitant (Marvin, 1990)

on the other

Mutagenesis studies on bacteriophage

M13 suggest that the coat-protein packing between these units is stabilized b\ the
presence within each unit of two 'oligomen¿ation segments'

Specific helical regions

with faces iich ш small' residues allowing the close approach of α-helices (Williams
et al, 1995)

20

Chapter 1

Class I
I2-2gVIIIp

MSVITKVAAAKNK|IWGAGLLMASAGAFA|-

• leader

-ADDGTSTATSYATEAMNSLKTQATDLIClQTWPWTSVAVAGLAIJRLFKKFSSKAV

IKe gVIIIp

MRVLSTVLAAKNK|ÏÀLGAATMLVSAGSFA|-

- leader

- AEPNAATNYATEAMDSLKTQAICILISQTWPWTTVWAGLVJRLFKKFSSKAV

M13 gVIIIp
[fd]

++
+
MKKSLVLK[ASVAVATLVPMLSFA|
•

• leader

AEGDDPAKAAFNSLQASATE|YIGYAWAMVWIVGATIG^KLFKKFTSKAS

|ciass Il|
MQSVITDVTGQLTAVQAIJITTIGGAIIVLAAVVLGJRWIKAQFF

Pf3p44

Pflg8p

MKAMKQRIAKFSPVASFR|NLCIAGSVTAATSLPAFA|-

• leader

GVIDTSAVESAITDGQGDMKIAIGGYIVGALVILAVAGLI-JSMLRKA

-

-

-

- +

++

Figure 1.2 Ammo-acid sequences of several (pro)coat proteins of class-I and class-II bacteriophages (Beck et al., 1978; van Weezenbeek et al , 1980, Peeters et al., 1985; Luiten et al., 1985;
Hill et al., 1991; Stassen et al , 1992). Hydrophobic domains are boxed and charged residues are
indicated with the appropriate signs In the membrane of the host cell, the N-terminal domains
of the proteins are directed towards the periplasm, whereas the C-trrmmal domains are near the
cytoplasm For more details, see text

T h e s y n t h e s i s of t h e c o a t p r o t e i n : t h e p r o c o a t p r o t e i n
Most coat proteins are, with the exception of those of the Pf3 and фЫ phages (Luiten
et al, 1983; Wen & Tseng, 1994), synthesized with a leader signal sequence of 20-35
amino acids, hence the name 'procoat'. Interestingly, the Pf3 and фЫ coat proteins
are also the only coat proteins whose sequences end with two phenylalanines, although
фЫ in fact ends with Phe-Phe-Gly (Wen & Tseng, 1994) The amino-acid sequences of
some (pro)coat proteins are given in Figure 1.2

The protein of bacteriophage fd only

differs from that of bacteriophage M13 by one amino acid at position 12 (in the mature
sequence), which is Asn m M13 and Asp in fd.
After synthesis, which takes place in the cytoplasm, the procoat is translocated
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across the membrane in several steps, for which a model is shown in Figure 1.3. in
the first stage, the protein-membrane interaction is regulated by the presence of positively charged residues at both termini of the procoat protein, which are essential for
proper translocation (Dalbey, 1990). These residues bind electrostatically to the head
groups of the acidic lipids (Kuhn et ai, 1986) In addition, phosphatidylglycerol appears
to play a role in the translocation process of M13 (Küsters et al., 1994). The next steps
involve the partitioning of the α-helical hydrophobic regions (step 2 in Figure 1 3) and
the translocation of the protein in the presence of a transmembrane electric potential
in which the protein forms a loop structure (step 3) (Kuhn et al, 1986). Subsequently,
the leader-signal sequence is cleaved off by leader peptidase, yielding the transmem
brane mature coat protein and leader peptide. The translocation does not require the
Sec-translocase complex of Escherichia coli (Kuhn, 1995). After translocation, the pro
teins are aligned with their N-terminal and C-terminal parts facing the periplasm and
cytoplasm, respectively (see Figure 1.3).
The Pf3 coat protein, which does not have a leader sequence and no positively charged
N-tcrminus, can still be propeily translocated. A negatively charged residue flanking the
N-terminal side of the hydrophobic domain is essential for proper translocation (Kiefer
et al, 1997). Furthermore, it was found that engineered M13 proteins, in which the

Periplasm

Leader peptidase

Inner membrane

С N
Figure 1.3 Model for the membrane insertion of the M13 procoat. Hydrophobic segments are
indicated by black rectangles. In step 1, the protein positively charged tails of the protein attach
lo the head groups of the acidic lipids The second step involves hydrophobic partitioning of
the helical regions of the protein In step 3, the protein is translocated across the lipid bilayer
which is driven by the electrostatic potential. Finally, the leader sequence is cleaved off by leader
peptidase (4)
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leader sequence was removed and the three negatively charged residues (2, 4 and 5) in
the N-terminal region were neutralized, were translocated across the membrane (Rohrer
& Kuhn, 1990) From these results it was concluded that small uncharged regions can
still be translocated across the membrane in the absence of a signal sequence, whereas
more complex regions that contain many charged residues do require a leader sequence
NMR studies on a synthesized peptide, representing the leader sequence of the M13
coat protein, in the presence of sodium dodecyl sulphate (SDS) micelles revealed an
α-helical structure for residues 5-20 and highly mobile termini (Bechinger, 1997) The
length of the signal sequence helix and its limited hydrophobicity both favour a location
on the surface of the membrane, which was evidenced by a relatively high measured
solvent accessibility

Other, solid state NMR, results by this author however suggest that

a small population of the peptide is in a transmembrane orientation

Therefore it was

proposed that there exists a dynamical equilibrium beUveen a parallel and perpendiculai
orientation of the leader peptide with respect to the membrane surface (Bechinger, 1997)

T h e ' i n t e r m e d i a t e ' s t a t e of the major coat protein: t h e membrane-bound
form
Despite numerous studies performed on the membrane-bound form of the major coat
protein, the analysis of its structure has proven to be highly problematic

Circular

dichroism spectra of the M13 protein dissolved in detergent micelles or phospholipid
bilayers indicated large fractions of α-helix and /3-sheet (Nozaki et al, 1978, Datema
et al, 1987), whereas other studies suggested the piesence of mainly /3-sheet formation
(Spruyt & Hemminga, 1991) Several authors stated that the difference between these
results was due to the purification and preparation procedures of the samples (Hemminga
et al, 1992, McDonnell et al, 1993) However, if an excess of lipid/detergent molecules
is used, CD spectra and NMR spectra both indicated that the protein consists almost
completely of α-helix and no /3-sheet (Spruyt & Hemmmga, 1991, McDonnell et al,
1993, van de Ven et al, 1993)
Most of the NMR studies in detergent micelles and phospholipid bilayer environments
were primarily concerned with the dynamical rather than structural properties of the
coat protein
13

Initially, about eight resonances could be identified in one-dimensional

C NMR spectra of non-labelled gVIIIp in SDS micelles, which all showed features

diagnostic of rapid segmental motions, like narrow lines longer T i s and larger NOEs
(Cross & Opella, 1980) The presence of mobile backbone atoms was obsened in '""N
solid-state NMR studies on the coat protein in lipid bilavers (Colnago et al, 1985
Leo et al, 1987, Bogusky et al, 1988)
l0

In these experiments, which used selectne

N labelling strategies, twelve resonances could be assigned to mobile lesidues at both
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termini of the protein

The presence of mobile terminal residues was confirmed by the

analysis of the relaxation properties of

13

C-labelled methyl groups of alanine residues

(Henry et al, 1986) and the observation of narrow

13

C resonance line widths for some

carbonyl sites (Henry et al, 1987a)
Additional dynamics information came from the studies of hydrogen exchange at
amide sites

Sykes and co-workers (Henry et al, 1987b, O'Neil L· Sykes, 1988, Henry

& Sykes, 1990) showed that the amide protons of 28-45 undergo very slow exchange
The amide protons of residues 7-20 exchange more rapidly, although not nearly as fast
as those of the unstructured, solvent-exposed, sites at the termini, ι e , residues 1-6 and
46 50
The membrane-bound foims of the coat proteins of other phages have been studied
b> NMR as well

For example, solid state and high-resolution NMR studies described

the membrane-bound structure of the class-II Pfl coat protein as a hydrophobic mem
brane spanning helix and a shorter, second, helix in the plane of the bilayer connected
bv a large, unstructured, loop region (Shon et al, 1991)

However, these results were

deiived only from secondary structure information on the basis of N H - N H ( i + l ) NOE
connectivities in uniformly

15

N- and 2 H-labellcd samples in dodecylphosphotholine (Dod-

PCho) micelles or selectively labelled

15

N samples in lipid bilayers

Furthermore, NMR

studies were performed on the major coat protein of filamentous phage IKe (Williams
et al, 1996)

Using multidimensional and gradient-selective NMR experiments, these au

thors were able to characterize the secondary structure and dynamics of the membranebound form of this piotein in non-deutcrated micelles of

mynstoyllysophosphatidylglyc-

erol (MPG) Their results show that the protein is largely α-helical, exhibiting a long
amphipathic helix (residues 4-26) and a shorter hydrophobic helix (residues 29-48)
Both helices are associated with the micelle and have a rotational correlation time which
corresponds to that expected for a protein/MPG micellar complex (16 ns)

In addition,

the two helices exhibit substantial mobility, ranging from microseconds to seconds, which
has been interpreted as changes in their respective orientation

Context and outline of this thesis
At the start of the studies desenbed in this thesis, detailed structural information on the
membrane-bound form of the major coat protein was scarce Therefore, knowledge about
the conversion between the se\eral forms of the protein was minimal and a description
of these processes at a molecular level was impossible

Most of the results mentioned

in the prewous paiagraph were derived from non assigned one-dimensional spectra for
non optimal conditions of the protein/micelle complex, namely at too low deteigent

24

Chapter 1

concentrations (McDonnell & Opella, 1993)

It was not until 1992, that Henry L· Sykes

(1992) were able to assign the backbone NH and

n

N resonances of the M13 gVIIIp

in SDS micelles, which led to the affirmation that residues 1-5 and 48-50 are ver\
mobile

Shortly thereafter, the experiments performed on the membrane-bound form

of the Pfl coat protein, described in the previous paragraph, were repeated on the fd
coat protein in SDS micelles by McDonnell et al (1993)

The conclusions were similar

to those drawn for the Pfl coat protein the secondary structure of the fd coat protein
also consists of two α-helices, connected by a short hinge region

In a parallel study in

our laboratory, on the M13 gVIIIp in SDS micelles, van de Ven et al (1993) carne to
a similar conclusion after the identification of the

13

CQ,

n

C O , lHa and side-chain ' H

resonances using multidimensional multinuclear NMR In a subsequent study, which is
described in chapter 2 of this thesis, we used spin-label experiments to more precisel}
locate the gene-VIII-protein in SDS micelles
So far, all the studies of the M13 coat protein had been performed in SDS micelles
one of the few detergents commercially available in deuterated form, which is desirable
for most NMR experiments

To further extend our insight into the membrane-bound

form of the coat protein, more knowledge about the influence of its environment had
to be gained

Therefore, we also studied the protein m another deuterated micellar

molecule, namely DodPCho Chapter 3 describes the secondary structure and location
of gVIIIp in this micellar system and compares the data obtained to those of the protein
in SDS micelles
To really understand the structure of the protein, distance and torsion angle informa
tion alone is insufficient

Another aspect to be studied is the dynamical behavioui of the

protein, which is presented in chapter 4 Here, ^N backbone relaxation experiments at
three frequencies aie described for both detergent micelles, which allow a thoiough in
vestigation of the dynamics of the M13 major coat protein Different methods were used
to interpret the data, including isotropic and anisotropic tumbling of the molecule and a
method in which the relaxation data are directly translated into a spectral density func
tion (reduced spectral density mapping) For this latter method, a new interpretation is
described, which allows a better understanding of the relaxation models used
Finally, the high-resolution three-dimensional structures of the M13 major coat pro
tein in SDS and DodPCho micelles are presented in chaptei 5, where they are compaied
with the structure of the coat protein in the mature phage (Marvin et al, 1994) Thus,
a specific distribution of certain ammo-acids over the helical surface was observed, which
is directly related to the functions of these residues in both structures Furthermore, b\
combining the structure with other results presented in this thesis, a model is proposed
which provides a detailed description of the role of specific residues of the major coat
protein and its structural changes in the assembly process

CHAPTER 2
Location of M13 coat protein in sodium dodecyl
sulphate micelles as determined by N M R

Abstract
The major coat protein (gVIIIp) of bacteriophage M13 solubilized in sodium dodecyl
sulphate (SDS) detergent micelles was used as a model system to study this protein
in the lipid bound form. In order to probe the position of gVIIIp relative to the SDS
micelles, stéarate was added, spin-labelled at the 5- or 16-position with a doxyl group
containing a stable nitroxide radical.

The average position of the spin-labels in the

micelles was derived from the line broadening of the resonances in the
SDS

13

C spectrum of

Subsequently, we derived a model of the relative position of gVIIIp in the SDS

micelle from the effect of the spin-labels on the gVIIIp resonances, monitored via
15

l

H-

N HSQC and TOCSY experiments. The results are consistent with the structure of

gVIIIp having two helical strands. One strand is a long hydrophobic helix that spans the
micelle, and the other is a shorter amphipathic helix on the surface of the micelle. These
results are in good agreement with the structure of gVIIIp in membranes proposed by
McDonnell et al (1993) on the basis of solid state NMR data.

This study indicates

that high-resolution NMR on this membrane protein, solubilized in detergent micelles,
is a very suitable technique for mimicking these proteins in their natural environment.
Furthermore, the data indicate that the structure of the micelle near the C-terminus
of the major coat protein is distorted. This is probably due to the interaction of the
positively charged lysine side chains with the sulphate head groups of the detergent
molecules.

C. H M Papavome, R N. H. Konings, C. W. Hilbers and F. J. M. van de Ven, Biochemistry
33, 12990-12997 (1994)
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Introduction
The major coat protein, gene VIII protein (gVIIIp), encoded by the filamentous Es
cherichia cok phage M13, is a versatile model system for studying fundamental processes
such as protein-membrane interactions and phage-assembly (Wickner, 1988)
During the phage life cycle, the coat protein occurs in various forms

It is both a

membrane protein and a DNA-binding protein (Wickner, 1975, Zimmerman et al, 1982,
Rasched L· Oberer, 1986)

It is encoded by the viral gene VIII as a procoat piotein,

with a leader sequence of 23 residues at the N-terminus

Upon insertion in the inner

cell membrane, this leader sequence is removed by a bacterial peptidase

Assembly of

progeny virions takes place at the plasma membrane where the ssDNA-bindmg protcm
encoded by gene V is removed and replaced by gVIIIp and a few minor coat proteins
Concomitant with phage extrusion, the coat protein is packed in the virus particle
Several observations suggest that the structure of the coat protein in the membrane
differs significantly from that in the virus particle (Glucksman et al, 1992, McDonnell
et al, 1993)
The structures of the coat proteins in virus particles have been well characterized for
both class-I (fd, M13, IKe) and class-II (Pfl, Xf) filamentous bacteriophages

They have

been determined by X-ray crystallography (fd, M13) (Banner et al, 1981

Glucksman

et al, 1992, Makowski, 1992), solid state NMR (fd) (Cross & Opella, 1985), and neutron
diffraction (Pfl) (Stark et al, 1988)

Although the major coat proteins of the two classes

of phages do not have much sequence homology, their structures in the virus particle
are very similar

They contain more than 90% α-helix, the central portion consists of a

long stretch of hydrophobic iesidues which allows for a close packing of the coat protein
molecules in a helical arrangement around the viral DNA Flanking the hydrophobic
core are a short acidic N-terminus, which probably is in contact with the solvent, and a
basic C-terminus The latter most probably interacts with the negatively charged DN \
phosphate backbone
The membrane-bound form of the coat protein has been studied extensively, which has
led to the formulation of several diffeient structural models The coat protein dissolved
in detergent micelles and bilayers has been described as an arrangement of dimers with a
large fraction of α-helix and /3-sheet (Nozaki et al, 1978, Datema et al, 1987), but also
as an almost completely α-helical monomer (Shon et al, 1991, McDonnell et al, 1993)
A form in which the protein mainly adopts a /3-sheet structure has been found too, but
this seems to be of no biological relevance (Datema et al, 1987, Spruyt L· Hemminga
1991)

Hemminga et al (1992) showed that the mentioned differences are brought about

by the isolation and purification procedures used for the preparation of the samples

The

detergent/gVIIIp ratio in the NMR samples and the ratio of acrvlamide/gVIIIp in gel
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elp( trophoresis influence the state of the coat protein as well (McDonnell et al, 1993)
Multidimensional high-resolution NMR methods, which have been very successful in
the elucidation of the structures of small globular proteins in solution (Wuthnch, 1986)
are unfortunately less suited for studying membrane bound proteins In a system where
the protein molecules are associated with a membrane, e g , a lipid vesicle, the tumbling
of the molecules is slow, resulting in broad resonances

Therefore, one is forced to

turn to model systems, and use detergent micelles as membrane mimetics GVIIIp is a
small protein (50 residues, molecular mass = 5 2 kDa) that, when complexed with small
micelles, e g sodium dodecvl sulphate (SDS), rotates rapidly enough to give reasonably
well-resolved NMR spectra

This system has been studied for many years, but until

recently, the NMR experiments were mostly restricted to measurements of the dynamics
and solvent exchange rates of amide protons (Cross & Opella, 1980, O'Neil & Sykes,
1988, Henry et al, 1987a, Henry к Sykes, 1990)
The amide protons and

15

N resonances of M13 gVIIIp have been assigned using two

dimensional NMR techniques (Henry & Sykes, 1992), followed by the identification of
the l3Ca,

13

C O , ' H a and lHß resonances by 3D NMR (van de Ven et al, 1993)

In

the latter study, the secondary structure of M13 gVIIIp was found to consist of two
«-helices, comprising residues 6-20 and 24-50, connected by a 'hinge' region around
residue 22

Using a combination of two-dimensional high resolution NMR and solid

state NMR, the membrane bound form of the coat protein of filamentous phage Pfl has
been studied

The results suggest a long hydrophobic helix crossing the membrane, and

a shorter amphipathic helix which lies in the plane of the bilayer (Shon et al, 1991)
Nearly identical results were obtained in a parallel study on the fd major coat protein in
the membrane-bound form by McDonnell et al (1993)
In the present study, we report on the location of gVIIIp, which is in the monomenc
foim (van de Ven et al,

1993), in SDS micelles

To this end, two different NMR

ielaxation probes were used, 5-doxylstearate and 16-doxylstearate, each containing a
nitroxide radical as a spin-label

First the position of the spin-labels relative to the

detergent molecules was established by ESR and NMR Next, the location of the major
coat protein in the micelle was determined by comparing 'H- 1 5 N HSQC and TOCS Y
spectra recorded in the absence and presence of the spin-labels

We conclude that the

structure of gVIIIp in SDS micelles is similar to that in the lipid membrane found by
McDonnell et al (1993) which consists of two a helices

One amphipathic helix lies on

the surface of the SDS micelle and another, hydrophobic, helix runs through the micelle
Our findings indicate that the surface of the micelle is distorted around the C-terminus
of the protein

which is probably due to the interaction between the highly positively

chaiged DNA. binding region of gVIIIp and the sulphate head groups of the detergent
niolec ules
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Materials and methods
Isolation of g V I I I p
The filamentous M13 phages were propagated on Escherichia coli K38 grown in minimal
medium as described previously (Komngs, 1980)
sole nitrogen source to obtain uniformly

15

15

NH 4 C1 (Isotech) was used as the

N-labelled M13 phages

The isolation and

purification of the phages were performed as described earlier (Komngs, 1980, Spru>t
et al, 1989)

Separation of gVIIIp from the phage particles was carried out by phenol

extraction (Knippers &t Hoffman-Berhng, 1966, Komngs et al, 1970) This procedure is
different from the one described by Henry et al (1986), in which the protein is extracted
directly from the phages with SDS, followed by column chromatography

The NMR

spectra indicate that the same results are obtained for both procedures (van de Ven
et al, 1993) No attempt was made to remove the minor coat proteins

N M R methods
The concentration of gVIIIp in the samples was 1 5-2 0 mM per 500 mM [2H2s]SDS
(MSD Isotopes)
ing)

The spectra were acquired at 37 39°C and pH 4 8 (pH meter read-

Two detergent-like spin-labelled compounds were used, 5-doxylstearate and 16

doxylstearate (Aldnch), which were solubihzed in pH^methanol (Merck) to a final concentration of 0 1 M The spin-labels differ in the location of the nitroxide radical relative
to the alkyl chain of the stéarate HSQC spectra of samples with various amounts of the
16-doxylstearate spin-label added (1 6 and 3 2 mM) were recorded on a Bruker AMX600
spectrometer, using the pulse sequence described by Bodenhausen & Ruben (1980) The
spectra were recorded with 256 increments in the ti dimension and 2K real points in the
t¿ dimension

The sweep width was 37 4 ppm in the nitrogen dimension and 12 0 ppm

in the proton dimension
spectrometer

All other experiments were carried out on a Bruker AM400

Other HSQC experiments, with the 5-doxylstearate spin-label, were per-

formed as described by Messerle et al (1989) The NOESY spectra were acquired using
weak continuous irradiation during the relaxation delay of 1 0 s and a semiselcctive
jump-return observation pulse pair (Plateau L· Gueron, 1982) to suppress the water resonance

The NOESY mixing time was 500 ms The TOCSY experiments were carried

out in D 2 0 solution as described by Bax h Davis (1985) with a mixing time of 35 ms In
both the NOESY and the TOCSY experiments the sweep width was 12 5 ppm in both
dimensions, and the acquisition times were 51 2 and 205 ms in the ti and t 2 dimensions
respectively
1983)

All spectra were recorded using the T P P I method (Marion & Wuthnch

The processing of the time domain data involved window multiplication using

a shifted sine bell

Spectra were calibrated relative to (triinethylsilyl)propionic-d^ acid

(TSP) as described bv Ikura et al (1991)
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The ESR experiments were performed on a Bruker ESP300 X-band continuous wa\e
spectrometer

C

The temperature was 40 C for all experiments

The data were obtained

as described in the literature by Brown et al (1981)

Results and discussion
General remarks
Three-dimensional high-resolution NMR measurements on the coat protein of bacterio
phage M13 in SDS micelles have led to a structural model for this protein (van de Ven
et al, 1993)
values of

13

Both the NOE data and the chemical shift deviations from random coil

C « and lHa showed that the protein adopts a structure with two a-hchces

when bound to SDS micelles One helix comprises residues Y24-F45, possibly extending
to residue 50, while a second, amphipathic helix comprises residues P6-E20
helices are connected by a flexible hinge region

The two

Line-width measurements showed that

the first, hydrophobic, helix is rigid ( 1 5 N line widths are 15 20 Hz), whereas the second
helix is more mobile, with

l5

N line widths of 5 10 Hz An abrupt change in line width

was observed near residue 22, which is in the region connecting the two helices
To obtain information about the interaction of the major coat protein with the SDS
molecules in the micelle, we compared NOESY spectra of gVIIIp recorded with and
without protonated detergent

Figure 2 1 displays the amide-proton regions of two

NOESY spectra оГ the M13 coat protein in 500 mM SDS, with 98% 2 H SDS (A) and
80% 2 H/20% Ή SDS (B) The spectra are similar except for the differences arising from
the different protonation levels of SDS The presence of 20% protonated SDS has two
consequences for the cross-peaks in the spectrum

First, some peaks are not present, or

are less intense in Figure 2 IB (e g , 34ΝΗ-α and 26NHrmg-a), due to the increased Ime
widths of the peaks in the protonated sample

Second, some small peaks appear in the

'NOESY ladders' of residues 24, 26, 33, and 34, all at 1 27 ppm SDS protons attached
to carbons 3-11 resonate at this chemical shift value

The cross-peaks between these

SDS protons and the aforementioned residues show that parts of the coat protein are in
contact with the SDS molecules

Although a larger part of the coat protein is expected

to be in contact with SDS, no more NOE contacts are seen in the spectrum
peaks are probably too small to be observed due to the increased line width

These

The other

three peaks m the SDS proton spectrum resonate at 4 0, 165, and 0 85 ppm, which
are assigned to the piotons on carbons 1, 2, and 12, respectively

No NOE contacts to

the gVIIIp residues aie visible at these resonance positions (see Figure 2 IB) This is
probably due to the- fact that the Ή SDS concentration (100 mM) is too low to produce
am detectable NOES\ peaks fiom the SDS protons at a single carbon site

The small
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Figure 2.Í Pari of a 400 MHz NOESY spectrum of 2 mM д ПІр/500тМ pH]SDS with 2%
'HSDS (A) and 20% ' H SDS (B), recorded at 3SP С with a mixing time of 500 ms. The NOESY
ladders which show magnetization transfer to the SDS resonances are indicated with tines, as is
the antidiagonal of the SDS spectrum. In the second spectrum (B), the SDS resonances of the
protons on carbons 2, 3-11, and 12 are denoted with lines as well.

peaks at 1.27 ppm are due to the combined effect of at least 18 SDS protons resonating
at this chemical shift.

Using higher concentrations of protonated SDS is not feasible

because it results in additional line broadening and the large SDS peaks cause strong
base-line distortions. Note also that both figures show an antidiagonal, which is most
likely due to the fact that the relaxation delay was short compared to the Ί \ relaxation
time of SDS. The NOESY experiment indicates that at least part of the gVIIIp protein
is located within the SDS micelle, but it is difficult to draw more specific conclusions
from these data alone.

Location of t h e spin-labels in t h e micelles
A more detailed description of the position of the coat protein in the SDS environment
has been obtained by using spin-labels. This method of probing the relative orientation
of micelles and proteins bound to them had been applied before to glucagon and mclittin
bound to dodecylphosphocholine (Brown et ai, 1981, 1982). We used two different spinlabelled stéarates, which resemble the detergent molecules. In one spin-label probe, the
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Figure 2.2 100 MHz 13C SDS spectra at 3SP С of (A) 2 mM gVIIIp m 400 mM 'H SDS, (В)
1 mM gVIIIp m ,W0 mM Ή SDS with 8 mM 16-doxylstearate, and (С) 2 mM у ІПр m Щ
mM 'Я SDS with 10 mM 5-doxylstearate. The resonances of carbons 1, 2, 3, 10, 11, and 12
arc annotated.

radical is located near the head group of the stéarate, while in the other spin-label
piobe it is situated at the end of the alkyl chain. In this way, we can probe positions
throughout the micelle.
The use of spin-labels also enables us to gain additional information about the
SDS/gVIIIp system from ESR measurements. The results obtained for gVIIIp in SDS
are in perfect agreement with earlier results of other proteins in dodecylphosphocholine
(Brown et al, 1981, 1982). We determined the SDS/gVIIIp stoichiometry by measuring
the line width as a function of SDS concentration as described by Brown et al (1981),
and found that approximately 60 detergent molecules were needed to form 1 micelle
(data not shown). This means that at the conditions used for the NMR experiments (2
mM gVIIIp, 3 mM spin-labelled molecule, and 500 mM SDS) less than one gVIIIp or
spin-label is bound per micelle (four micelles for each gVIIIp molecule).
More precise information about the positions of the spin-labels inside the SDS/gVIIIp
micelles was obtained from

13

C NMR measurements. Figure 2.2 displays the

13

C spectra

of SDS recorded using a SDS/gVIIIp sample in the absence of spin-label (A), and m
the presence of 8 mM 16-doxylstearate (B) and 10 mM 5-doxylstearate (C). Only the
resonances of cai bons 1, 2, 3, 10, 11, and 12 have been assigned in this spectrum (Kragh-
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Figure 2.3 600 MHz 'H-'5N HSQC spectrum of д Шр гп the absence of spin-label (A) and
m the presence of 1.6 mM 16-doxylstearate (B) at 39е C. In (A), the 'H-15N cross-peaks affected
by this spin-label are marked by the corresponding residue number.

Hansen & Riisom, 1976). Adding the two spin-labels affects the SDS resonances in two
ways. Small shifts can be observed, the origin of which is unclear Second, the line widths
of the resonances are increased to various extents. The effect of 5-doxylstearate on the
line widths is most profound on resonances 1, 2, and 3, while 16-doxylstearate causes line
broadening of resonances of carbon atoms 11 and 12. The broadening is predominantly
due to enhanced relaxation caused by the unpaired electron of the nitroxide radical.
There may also be a contribution due to the dynamics of the spin-labelled stéarate, i.e ,
broadening caused by fast chemical exchange

In any case, broadening of a resonance

directly indicates its proximity relative to the average position of the spin-label It should
be noted that the micelle structure is known to be quite dynamic. The average residence
time of a detergent molecule in a micelle, and by inference also that of a stéarate
molecule, is about 10" 5 s (Bales & Kevan, 1992). Thus, the information obtained for
the position of the nitroxide radical in the micellar interior should be regarded as a
mean over all occupied locations. From this experiment, it can be concluded that the
distribution of the nitroxide radical of 5-doxylstearate is highest near the sulphate group
of the detergent molecules On the other hand, for 16-doxylstearate, the spin-label is on
average positioned near the end of the alkyl chains of the SDS molecules in the center of
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the micelle. Knowing the average position of the radicals relative to the SDS molecules,
we subsequently use the effect of the spin-labels on the resonances of the coat protein to
determine the location of gVIIIp in the micelles.
Positioning of gVIIIp in a micellar environment
15

Figure 2.3 presents the two-dimensional 'H/ N heteronuclear correlation spectra (HSQC
15
spectra) of uniformly N-labelled M13 coat protein in deuterated micelles without (Fig
ure 2.ЗА) and with 16-doxylstearate (Figure 2.3B). Addition of spin-label only affects a
specific subset of the resonances. The peaks that are affected most by 16-doxylstearate
arc annotated in Figure 2.ЗА. Addition of 5-doxylstearate also causes specific reso
nances to broaden significantly {viae infra). Since every amino acid, with the exception
of residues Al and P6, gives rise to a cross-peak in this spectrum, it is very suitable for
determining specific line broadening effects. The percent reduction of every crosspeak's
intensity, upon addition of spin-labelled stéarate, was measured and categorized into
four classes. The results are given in Table 2.1. Residues that were not influenced by the
presence of the spin-label belong to category I, while residues which showed the greatest
line broadening after adding a small amount of spin-label were grouped in category IV.
The effect of the spin-label on the residues in category III was intermediate, and the
resonances in category II showed only a very small line broadening when the spin-label
was added.
The 5-doxylstearate spin-label has a very large effect on the side-chain resonances of
residue Q15, while the broadening of the backbone resonance of this residue is small. As
this residue is positioned in the amphipathic part of the coat protein (residues 6-20), we
wanted to gain some more information about the influence of 5-doxylstearate on the side
chains of this section of the protein. For this purpose, we recorded a TOCSY spectrum in
D2O and determined the line broadening effect on cross-peak belonging to the aliphatic
spin systems upon addition of 5-doxylstearate. Where multiple connectivities were
observed per residue, the average decrease (only measured for cross-peak that did not
overlap) in the peak intensities belonging to one amino acid was taken. The results
from this experiment are also collected in Table 2.1. In both the two-dimensional HSQC
spectrum and the TOCSY spectrum, some minor resonance shifts were observed (< 0.03
ppm in the proton dimension) which did not have any correlation with the observed
broadenings.
From Table 2.1, it can be concluded that 5-doxylstearate causes a 'background' broadening of the resonances of almost every residue of the coat protein except for the Nterminal region Additionally, large effects are observed for residues 26-27, 38-39, and
22 and the side chain of 15
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Table 2.1 Effect of the two spin-labels on the residues of the major coat protein m SDS
micelles. The classification into categories I until IV was based on the decrease m peak intensity
upon addition of spin-labelled stéarate as follows: I, <20%, II, 20-40%, III, 40-60%, IV, 6080%. The symbol h denotes data that were taken from the HMQC spectrum, h* represents a sidechain residue. The symbol t means that these data were extracted from a TOCSY experiment
For К4З, the broadening of the lines in the TOCSY experiment was almost exclusively observed
for cross-peaks involving 'He.
residue
I
Al
E2
G3
D4
D5
P6
A7
K8
A9
AIO
Fil
N12
S13
L14
Q15
A16
S17
A18
T19
E20
Y21
122
G23
Y24
A25
W26
A27
M28
V29
V30
V31
132
ЗЗ
G34
А35
Т36
137
G38
139

3.0 mM 5-doxylstearate
II
III
IV

h,t
h
h,t
h,t

I

3.2 mM 16-doxylstearate
II
III
IV
h

h
h
h
t

h
h
h
h
h
h,t,h*
h,t

t

t

h
h
h
h,t
h
h
h

h

t
t

h*

t
t
h,t
t
h

h

t

h
h,t

t
h

t
h,t
h
h
h,t
h
h
h
h
t

h
h
h
h
h
h,h*
h
h
h
h
h
h
h
h
h
h
h
h

h*

h
h
h
h
h

h
t

h
h
h
h
h
h

t
h
h

h
h
h
t

h
li
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Table 2 1, continued
residue
3 0 mM 5-doxylstearate
I
II
IV
III
h
K40
L41
h
F42
h,t
K43
h
t
K44
h,t
h,t
F45
h
T46
t
S47
h,t
K48
h,t
A49
h,t
S50
h

3 2 mM 16-doxylstearate
II
III
IV
h
h
h
h
h
h
h
h
h
h
h
I

On the other hand, addition of a small amount of 16-doxylstearate (1 6 mM) only affects
the resonances of residues 34, 35, and 38 Somewhat higher concentrations (3 2 mM) also
influence those of the surrounding amino acids

Given that 5-doxylstearate is located

near the surface of the micelle and 16-doxylstearate in the center, a consistent and clearcut interpretation of the results obtained with the spin-label experiments is possible for
residues 1-35
We interpret the results in terms of the following model the SDS molecules are aggregated in the form of micelles, the surfaces of which are probed by 5-doxylstearate
and the centers by the 16-doxylstearate spin-labels
helix, extending from residue P6 to residue E20

We first consider the amphipathic
It interacts predominantly with the

'heads' of the SDS molecules, as witnessed by the effects of the 5-doxylstearate spinlabel on the side-chain resonances of particular residues in this section of the protein
In particular, its effect is very strong on the side-chain resonances of residues 14 and
15

As this part of the protein is less rigid than the other helix (van de Ven et al,

1993) and only the side-chain resonances of the mentioned residues are influenced, it is
not likely to be covered by many SDS molecules This idea is supported by the results
of 16-doxylstearate, which is located in the center of the micelle and only affects the
resonances of residues 32 39

The amphipathic helix is connected to the hydrophobic

helix, which comprises residues Y24-F45, by a hinge centered around 122

As both

the backbone and the side-cham resonances of this residue are strongly influenced by
5-doxylstearate, it must be positioned near the surface of the micelle as well

The hy-

drophobic helix is located within the micelle, since it is affected by both 5-doxylstearate
and 16-doxylstearate The

15

N line widths of these residues also indicate that this part of

the coat protein is more rigid because of the presence of the surrounding SDS molecules
Specifically, 5-doxylstearate affects W26 and A27, and 16-doxylstearate influences G34
and A35

This is in perfect agreement with the line broadening exhibited by the

13

C
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Figure 2-4 Schematic drawing of the hydrophobic a helix comprismg residues 24 46 (cu
des), two SDS molecules (solid line), and two spin labelled stéarate molecules (broken line)
All molecules are drawn to scale The positions of both spm-labels are indicated by asterisks
(displayed here on one stéarate) The largest effects on the SDS are indicated by a hatched box
for 5 doxylstearate and by a striped box for 16 doxylstearate, while the effects on the gVIIlp resonances of different amino acids are represented by hatched and striped circles The resonances
of residue 38 are influenced by both spin labels, ι e , 5 doxylstearate as well as 16-doxylstearate
(see text)

lesonances of SDS (see Figure 2 2)

In an extended alkyl chain, the distance between

carbon 2 and carbon 11 of the SDS molecule, which are affected most by 5 doxylsteaiate
and 16-doxylstearate, respectively, is approximately I I A This corresponds to a length
of about eight consecutive residues in a regular n-hehx, which conforms to the distance
between W26/A27 and G34/A35 (vide supra)

Hence, the conclusion is that the second

α-helix runs through the micelle, with residues 26 and 27 near the surface and residues
34 and 35 in the hydrophobic center of the micelle
If we assume the shape of the micelle containing the protein to be a regular ellipsoid
then broadening of the resonances of residues 26 and 27 by 5-doxylstearate should be
accompanied by broadening of the resonances belonging to residues F42 and K43 Fuithermore, no other effects from 16-doxylstearate would be expected This is not what we
observe, both spin-labels have a significant effect on the signals of G38 (5-doxjlstearate
also on that of 139), while the backbone resonances of residues 42 and 43 are hardh
affected (a broadening of the Ή ε resonance of the side chain of K43 was observed)

It is

37

Location of M13 coat protein in SDS micelles

not possible to explain this iesult within the context of the aforementioned model with,
on average, extended SDS alkyl chains

To illustrate this point, the relative lengths

of the various moieties involved have been drawn to scale in Figure 2 4

Auoiding

to this figure, the broadening effects from 16-doxylstearate on the resonances of the
glycines 34 and 38 could be explained by assuming that the 16-carbon alkyl chain of
the stéarate penetrates the micelle beyond carbon 12 of the SDS chain, so that the
16 doxyl spin-label is off-center

In this case, residue 36 is in the center of the mi( elle,

but its resonances would not be affected as much by the 16-doxylstearate spin-label as
those of residues 34 and 38, which is what we observe (see Table 2 1)

It is noted m

passing that the relatively large effects on G34 and G38 can also be the result of the
ability of the doxyl groups to more closely approach the backbone ^ Ν - Ή moieties of
the glycines than those of bulkier amino acids That the 16-doxyl spin-label is off-centci
has been previously suggested by Bales h Kevan (1992), who reported the effect of these
steanc acid spin-labels on the photoionization of an aromatic molecule in SDS muelles
However, if this approach, with extended SDS alkyl chains, were correct, one would still
expect broadening by the 5-doxylstearate spin-label of the resonances of residues 45 and
46 (see Figure 2 4)

Instead, we observe large effects of 5-doxylstearate on residues 38

and 39
Therefore, we propose the following model, in which the micellar environment aiound
the C-terminal part of the second helix is distorted

The simplest explanation of the

data is to assume that the picsence of gVIIIp induces a disturbance of the SDS micellai
surface, as depicted in Figuie 2 5

In this way, residue G38 is simultaneously close

to the surface and the core of the micelle, which explains the observed effects of both
5 doxylstearate and 16-doxylstearate on this residue

Figure 2 5A reflects the effects

of 5-doxylstearate on the gVIIIp resonances, and Figure 2 5B represents the effects of
16 doxylstearate The model features the two helices introduced above One, less ngid,
hchx lies on the surface of the micelle with the side chain of residue 15 pointed toward
the micelle (Figure 2 5A) The residues affected by the 5-doxylstearate label such as
K8, Fl 1, L14 and Q15, aie located on one side of the N-tcrminal a helix, facing the
micelle, while the unaffected residues such as N12, S13, and S17 are located on the
opposite, solvent-exposed side

It should be noted that in Figure 2 5 the positions of

the íesidues relative to the faces of the helices are only loughly indicated

Moieovei, it

should be noted that this helix is flexible, its position relative to the micellar sui face is
not expected to be fixed

In fact, there is probably significant motion, most likeh \ i a

the hinge region aiound icsirlue 22
The other helix luns through the micelle, with residues 26 and 27 at one end of
the micelle and residue 38 at the other end
5 dowlstearate

These îesiducs are largely affected In

The cent« of the micelle is situated neai lcsiducs 34 35 and 18 as
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Figure 2.5 Model of the location of gVIIIp in SDS micelles All molecules arc drawn to scale
The two helices are displayed as cylinders, and the residues are represented with circles. The
effects of 5-doxylstearate (A) and ¡6-doxylstearate (B) on the gVIIIp resonances are shown
Open circles represent residues that are not affected or only weakly affected by the spin-label
Hatched circles represent residues that had a medium effect, and the darkly shaded circles indicate residues that were strongly affa led The dotted line represents the micelle surface, and for
clarity only a few of the 60 SDS molecules are included The asterisks denote the largest effects
of the spin-labels on the SDS resonances
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reflected by the effect of 16-doxylstearate
The asymmetric arrangement of the SDS around the C-terminal α-helix of gVIIlp
is most likely caused by the presence of three lysines, at positions 40, 43, and 44
These lysines may pull the micellar surface inward to produce an optimal arrangement
for electrostatic interactions between the sulphate head groups of the SDS and the
positively charged lysyl NH3"

Henry et al (1987a) also suggested a stable complex of

the lysines and the negatively charged head group of the surfactant molecules based on
the results of digestion on the C-terminus of gVIIlp using proteinase К It is known
from other NMR studies on gVIIlp in membrane environments that K40, K43, and
K44 are near the surface of the bilayer (Sanders et al, 1991)

Assuming that the

head group of the stéarate molecule interacts with the positive charges of the lysines,
the position of the 5-doxyl group is such that it will have a large influence on residue
38

The charged amino acids in the N-terminal, amphipathic, helix do not appear to

influence the arrangement of the SDS molecules On the basis of our results, we cannot
make a firm statement regarding the average shapes of the alkyl chains of the SDS
molecules, they may well be bent in the distorted region in the vicinity of G38

The

chain conformations of the SDS molecules in the micelle and the structure of micelles are
still subjects of controversy (Dill, 1982, Dill et al, 1984, Menger & Doll, 1984)
measurements of the relaxation times of the

13

NMR

C resonances of the SDS chain indicated

that chain folding occurs and that the terminal methyl group sometimes touches the
surface of the micelle (van Bockstaele et al, 1980)

ESR measurements showed that

although the alkyl chain of SDS may be slightly bent, the overall conformation of the
chain must be extended (Szajdzinska-Pietik et al, 1985)

This may not be the case in

our system in which gVIIlp is solubihzed by SDS If there were, however, many strongly
curved SDS molecules in the micelle, one would expect the effects of 5 doxylstearate and
16-doxylstearate on the

13

C NMR spectrum of SDS to be less specific, other resonances

of the alkyl chain should also be broadened However, if such bending of SDS only occurs
in the gVIIIp-containing micelles, which comprise only 25% of all micelles present, this
may go unnoticed in the SDS n C NMR spectrum
In summary, our interpretation of the results is that gVIIlp consists of an amphipathic
helix lying on the surface of the micelle, connected via a short hinge region to a long
hydrophobic helix that runs through the micelle

Furthermore, the positively charged

C-terminal segment protrudes from the micelle into the solution The evidence suggests
that the structure of the micelle near the DNA binding region of gVIIlp, ι ο , the cluster
of three lysines at positions 40, 43, and 44, is perturbed We propose that the surface of
the SDS micelle is disturbed m such a way that it is pulled nearer to residue G38, as is
shown in Figure 2 5 The results indicate that a high-resolution NMR structure of this
membrane protein in detergent micelles is a very good mimetic for the structure in its
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natural environment The data are fully consistent with the bihehcal structure of gVIIIp
in lipid bilayers proposed by McDonnell et al (1993) on the basis of solid state NMR

CHAPTER 3
N M R studies of t h e major coat protein of
bacteriophage M 1 3 : s t r u c t u r a l information of g V I I I p
in dodecylphosphocholine micelles

Abstract
The membrane-bound form of the major coat protcm (gVIIIp) of bacteriophage M13 has
been studied using nuclear magnetic resonance spectroscopy

As membrane nnnietics,

\vc used dodecylphosphocholine (DodPCho) detergent micelles to solubihze the protein
We were able to nearly completely assign all resonances of the protein solubihzed m
DodPCho micelles by using both homonuclear and heteionuclear multidimensional ex
periments

Based on the patterns of the nuclear Overhauser enhancements and the

chemical shifts of the lesonances, we deduced the secondary structure of the piotein
Additional structural information was obtained from amide proton exchange data and
J-couphng constants

The protein consists of two α-helices which are connected by a

hinge region aiound residue 21 From spin label experiments, the location of the protein
relative to the DodPCho muelles was determined

One, hydrophobic, helix spans the

micelle, and anothei, amphipathic, helix, is located beneath the surface of the micelle
Comparison of the data of gVIIIp in DodPCho micelles with those of gVIIIp in sodium
dodecvl sulphate (SDS) micelles (van de Ven et al, 1993 Papavoine rt al, 1994) re\cals
that the structuies of the protein in the two detergent micelles are very similar

They

differ only in the arrangement of the detergent molecules around the protein For g\ IIIp
m SDS micelles, we found a micellar structure which is distorted near the C-terminus of
the protein, whereas for DodPCho micelles, both distorted and regular elliptical micelles
occui

This distortion is piobably due to the interaction of the lysine side chains with

the negativeh charged head group of the detergent molecules

С H M Papavome J M A Aelen, R N H Konings, С W Hilbeis and F J M van de Ven
Eur J Biochem 232, 490-500 (1995)
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Introduction
Our knowledge of biological processes involving membrane-bound proteins is limited in
comparison with those involving cytoplasmic proteins

This is due, in large part, to

the lack of structural information caused by difficulties in applying the methods of Xray diffraction and NMR to membrane-bound proteins

Membrane-associated proteins

are more difficult to crystallize than globular proteins Multidimensional high-resolution
NMR methods, which work well in the elucidation of the structures of small water-soluble
proteins (Wuthnch, 1986), are less well-suited for studying large, slowly reorienting com
plexes, like membrane-bound proteins

To obtain structural information for these pro

terns with these techniques, model systems, mostly in the form of detergent micelles, are
used as membrane mimetics In high-resolution NMR, glucagon (Braun et al, 1981) and
melittin (Brown et al, 1982) were the initial model systems studied using this method
For these relatively small molecules (w 3 kDa), the protein detergent complex rotates
rapidly enough to give well-resolved spectra We have studied the major coat protein of
bacteriophage M13 using high-resolution NMR The protein consists of 50 amino acids
and, when complexed with sodium dodecyl sulphate (SDS) or dodecylphosphocholme
(DodPCho), yields suitable NMR spectra
GVIIIp is a key element in the life cycle of bacteriophage M13

It has intriguing

properties in that it can exist as a cytoplasmic protein (procoat protein), as a structural
element of the mature phage, and as an integral membrane protein at different stages of
its life cycle (Wickner, 1975, Zimmerman et al, 1982, Rasched & Oberer, 1986)

It is

used as a model system for studying membrane assembly (Wickner, 1988)
The structure of the coat protein in the phage has been well characterized by seveial
methods and has been found to be almost completely α-helical (Cross & Opella, 1985
Glucksman et al, 1992, Makowski, 1992)
is in contact with the solvent

The acidic N-terminal part of the protein

The central part of gVIIIp consists of a long stretch of

hydrophobic residues, which provide the protein-protein interactions when the protein
molecules are wrapped in a helical arrangement around the DNA

The C-terminus

which is basic, most likely interacts with the negatively charged phosphate backbone of
the DNA
Although extensive research has been done on the membrane-bound form of the coat
protein, the determination of its structure has proven to be problematic, resulting in
several different proposals It has been reported as being a dimer with a large fraction of
α-helix and /9-sheet (Nozaki et al, 1978, Datema et al, 1987) and a helical dimer (Henrv
k. Sykes, 1992), but also as an almost completely α-helical monomer (McDonnell et al,
1993)

It has been shown that these differences are brought about by the isolation and

purification methods used for the preparation of the samples (Hemminga et al, 1992)
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and by sample conditions (e g

We

detergent/gVIIIp ratio) (McDonnell et al, 1993)

used a high detergent/gVIIIp ratio which resulted in gVIIIp being in the monomenc
form (van de Ven et al, 1993)
The major coat protein has a long history within the NMR field but it was not
until 1992 that all backbone NH and
1992)

15

N resonances were assigned (Henry & Sykes,

This was followed by the identification of the 1 3 C Q ,

13

CO, Ή α and side-chain

l

ti resonances using multidimensional multinuclear NMR (van de Ven et al, 1993) All

these studies were done mainly on gVIIIp in SDS micelles

From the latter study, a

secondary structure was obtained which consisted of two α-helical strands, connected
by a hinge region around residue 22

With the help of spin-label experiments, we

proceeded to locate these two α-helices relative to the micelle structure (Papavoine
et al, 1994) One hydrophobic helix (residues 24-46) spans the micelle, while the other
is an amphipathic helix (residues 6-20) near the surface of the micelle Nearly identical
results were obtained by McDonnell et al (1993) based on solid-state NMR studies on
the fd major coat protein bound to oriented lipid bilayers
In the present paper, we report the nearly complete assignments of all resonances of
gVIIIp in DodPCho micelles We have studied different gVIIIp/detergent complexes in
order to assess the influence of the detergent head group on the structure of the protein
In addition, DodPCho seems a good choice for membrane mimetics, since its zwittenonic
phosphochohne head group resembles those of the lipid bilayer molecules more closely
than the SDS sulphate head group

The secondary structure of gVIIIp in DodPCho

micelles is very similar to that in SDS micelles It consists of two α-helices One helix,
which comprises residues 7-20, is flexible and may be unfolded part of the time Spinlabel experiments locate this helix beneath the surface of the DodPCho micelle This
helix is connected to another one, consisting of residues 25-44, by a hinge region around
residue 21 This helix is rigid and runs through the micelle The spin-label data also
indicate that, for gVIIIp in DodPCho micelles, the DodPCho molecules occur both as
regular elliptical micelles and as distorted micelles around the protein

Materials and Methods
The filamentous M13 phages were propagated on Escherichia coli K38 grown in minimal
medium as described previously (Konings, 1980)

15

ΝΗ,ι01 and [13C]glucose were used

as the sole carbon and nitrogen sources to obtain uniformly

15

N- and nC-labelled M13

phages The isolation and purification of the phages were performed as described earlier
(Komngs, 1980, Spruyt et al, 1989) Separation of gVIIIp from the phage particles was
carried out by phenol extraction (Knippers к. Hofjman-Berling, 1966, Konings et al,
1970)
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Parameters

Table 3.1

and conditions

of NMR experiments

Iron on the major coat proUin m DodPCho micelles
was typically

1 5-2 0 mM/ 500 mM ffosjSDS

used to obtain structural

The concentration

or 400 mM ^H^jDodPCho

The spectra were acquired at 37 39° С and pH J, 9 (pH meter reading)
achieved by applying

both weak presaturatwn

(Plateau

1982)

& Gueron,

or a combination

was used when the solvent was Dg 0
ecperiment

mixtures
experiments

amide and 'Ha protons

of presaturatwn

between direct and relay TOCSY

were performed

to determine

In the HMQC J spectrum,
l5

1992)

The coupling constants

of the cross peak's intensity

(Vuister

A factor

NOESY-HMQC,
1983)

The HMQC I

the three bond I coupling between tin

the coupling

determinai
(Szyperskr

constants

experiment

were calculated from the ral 10
This ratio is dependent on tin

which is allowed to evolve during a constant

Slowly exchanging

amide protons

the nC

dimension

were identified

The ,3C HCCH-TOCSY

firm

experiments

For signal accumulation

efficIs

m HMQC spectra of
and the 3D Ή

was folded with the carrier placed at 59 1 ppm
was put at 3 99 ppm

in the C

dimension,

STATES

homona
Wuthruh,

TPPI was used (States et al

1982, Marion et al , 1989b)
Txpcnment

10GSY

Ληιχ

Spectrometer

T i m e Domain

Sweep width

Reíd

(r3)/F2/n

(F3)/F2/F1

ms

МІІ7

30 7

400

References

ppm
2048/440

12 5/12 5

(Bax к Davis 198·;)
(Giiesinger et al

1988)

TOCSY

29 0

600

2048/440

11 7/11 7

NOESY

150

400

2048/440

12 5/12 5

(Bax i¿ Davis 1985)

NOESY

500

400

2048/512

12 5/12 5

( h e n e r et al

1979)

NOESY

150

600

2048/440

11 7/11 7

(Jeener et al

1979)
1983)

(Griesinger et αϊ

DQF COSY
HSQC (

,S

HMQC (

, 5

(Jeener et at

1988)
1979)

500

2048/490

120/120

(Ranee et al

N)

600

2048/256

11 9 / 2 3 5

(Bodenliausen Ss Ruben

N)

500

2048/256

12 0 / 2 5 6

(Пах et al

1980)

1983)

HMQC J

400

2048/400

12 5/22 0

(Kay & Пах 19J0)

HNHA

5Ü0

1024/50/130

11 7/25 6 / 6 4

(Vuister S¿ Bax 199 f)

15

N NOESY

HMQC

150

600

1024/64/256

11 7/21 1/11 7

(Messerle pi al

15

N TOCSY

HMQC

10 7

600

1024/54/256

11 7/21 1/11 7

(Marion et al

13

C HC C H T O C S Y

24 2

500

1024/72/272

12 0/31 3/8 0

(Пах et al

13

C NOESY

150

600

1024/72/256

11 7/31 6 / 7 7

(Ikura et al

HMQC

C

In the

All

were recorded using the TPPI method (Marion &
!J

U

of the carbon and side chain proton resonance s

the proton carrier in the indirect dimension

clear and i5N-(dited

cross peaks

dissolved

DQF-COSY

of the diagonal peak

were used for the assignment

In both experiments,

The

were

the '5N labelled protein, freshly dissolved in D20
NOESY-HMQC

(Messale
presaturatwn

of 1 11 was used for every residue to correct for cross-relaxation

& Bax, 1993)

was

using the fitting procedure INFIT

in the HNHA

and intensity

J coupling between the NH and 'Ha protons,
of 26 1 ms

and spmlock pulses
DgO, whereas only

(ratios 1 0, 3 1, 1 1, 1 3, 0 1)

from the m phase doublets in the N dimension
et al

Isotopes)

The HSQC spectra were recorded with the protein

of SDS/DodPCho

served to discriminate

arid 3D HNHA

(MSD

Water suppression

and a semi selective jump return pulse sequence

pt al , 1989) when the protein was dissolved m 90% НгО/10%
in five different

informa

of gVIIIp m the sample s

1989)
1989a)
1990)
1990)
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The NMR experiments were performed on Bruker AM400 and AMX600 spectrometers, and on a Vanan Unity 4- 500 spectrometer

Parameters and conditions of all

experiments aie summarized in Table 3 1 The spectra were processed using the MNMR
program (PRONTO Software Development and Distribution, Copenhagen, Denmark)
running on a Silicon Graphics Indigo workstation

The data were interpreted using the

programs PRONTO (Kjaer et al, 1994) and XEASY (Bartels et al, 1995)
The experiments performed to determine the location of gVIIIp in the DodPCho
micelles have been described in detail in chapter 2 of this thesis

Two detergent-

like spin-labelled compounds were used, 5-doxylstearate and 16-doxylstearate (Aldnch),
which were solubilized in [ 2 H 4 ]methanol (Merck) to a final concentration of 0 1 M The
spin-labels differ in the location of the nitroxide radical relative to the alkyl chain of the
stéarate

The HMQC spectra of samples with various amounts of the 16-doxylstearate

spin-label added (1 6 mM) and 5-doxylstearate spin-label (16, 3 3 and 5 mM) were
recorded at 500 and 600 MHz

Also, TOCSY experiments were recorded at 400 MHz

with and without 4 mM 5-doxylstearate

Results and Discussion
Resonance assignments
Figure 3 1A and Figure 3 IB represent the two-dimensional 'H- 1 5 N heteronuclear correlation spectra (HSQC spectra) of uniformly

15

N-labelled M13 coat protein in SDS

micelles (Figure 3 1A) and DodPCho micelles (Figure 3 IB) Comparison of the spectra
reveals some similarity in the relative positions of the peaks
to use the already determined

15

For this reason, we tried

N and *H chemical shifts of the NH moieties of gVIIIp

in SDS micelles (van de Ven et al, 1993) to start the assignment of these resonances
of gVIIIp m DodPCho micelles

Five 1Я

15

N HSQC spectra of gVIIIp, solubilized in

different mixtures of SDS and DodPCho micelles (ratios 10, 3 1 , 1 1 , 1 3 , 0 1 ) , were
lecorded

In Figure 3 1С a magnification of parts of the HSQC spectrum is shown

with three of the five spectia superimposed
arc from gVIIIp in SDS micelles (cf

The dotted contours (annotated with S)

Figure 3 1A), the dashed contours from gVIIIp

solubilized in SDS/DodPCho (1 1) micelles (annotated with M) and the drawn contours
result from the coat protein in DodPCho micelles (annotated with D, cf Figure 3 IB)
Although the superimposed spectrum looks very crowded, the changes in chemical shift
of the resonances in the different HSQC spectra could be monitored for most residues
It is, however, interesting to note that the patterns formed by the shifting of the peak
positions of a given lesidue are very different in the five spectra For example, the way
the chemical shifts of residues 23 and 49 alter upon changing the micellar environment
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Figure 3.Í 600 MHz 'H-' N HSQC spectrum of gVIIIp solubilized in 500 mM SDS micelles
(A), 400 mM DodPCho micelles (B) and some areas of the superimposed 'H-15N HSQC spectra
ofgVIIIp in SDS micelles, DodPCho micelles and a mixture of 250 mM SDS/ 250 mM DodPCho
micelles (C). All spectra were recorded at 3Ψ C. In Figure C, where enlarged areas are shown, the.
dotted contours are from g VIIIp in SDS micelles and are marked with the symbol S, the drawn
contours (annotated with D) are from gVIIIp in DodPCho micelles and the dashed contour a
(annotated with M) are from g VIIIp in mixed micelles. The peaks belonging to a given residue
in different micellar environments are connected with lines.
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of the protein is very different from the behaviour of the chemical shifts from residues
34 and 38. The

15

N chemical shift of residue 5 increases by 2 ppm, while for residue 42

it decreases by 1.5 ppm. These irregularities hampered the assignment of the NH and
15

N resonances of gVIIIp in DodPCho micelles, but nevertheless about 60 % of all amide

protons and nitrogens could be assigned this way.
The rest of the assignment of the backbone atoms was performed by the well-known
Wagner-Wùthrich method (Wiithrich, 1986) in combination with heteronuclear experiments. We used 2D TOCSY experiments in H 2 0 to interpret most of the intraresidue
connectivities To check the assignment of the already determined NH resonances, a 3D
15

N NOESY-HMQC was analyzed, from which the amino acids could be linked sequen-

tially using the dNN and dQN NOEs. A part of the 3D

15

N NOESY-HMQC is shown

in Figure 3.2. Here, a continuous stretch of sequential NH-NH(i,i+l) contacts can be
observed, together with a number of C Q H-NH(i,i+l) and C^H-NH(i,i+l) cross-peaks.
At a later stage in the analysis, a 3D

15

N TOCSY-HMQC was recorded and used to

assign the intraresidue contacts of a few residues, which could not be done in the 2D
TOCSY (H 2 0) due to extensive overlap. It also served as an extra control to confirm
the resonance assignments.
The side-chain resonances were assigned using J-correlated experiments, both in
two dimensions [DQF-COSY and TOCSY (D 2 0)] and three dimensions ( 13 C H C C H TOCSY). The peptide bond between residues Asp5 and Pro6 appears to be in the
trans configuration since we observe a strong C Q H(5)-C¿H(6) NOE. All assignments of
both the backbone resonances and side-chain resonances are summarized in Table 5 5
(page 114, chapter 5).

Secondary structure
The main results of the sequential assignments are collected in Figure 3.3

All data

are consistent with a structure featuring two α-helices, the first one comprising residues
7-20 and the second one residues 25-44. This is indicated by the following observations.
First, the СцН-С/зЩіД+З) contacts, the ^ а Ч Ч Щ Ц + З ) contacts and the NH-NH(i,i+l)
connectivities are a strong indication of the presence of α-helical structure. However,
overlap [especially in the (i,i+3) NOE patterns] causes some difficulty in determining the
start and end points of the α-helical regions in gVIIIp. These regions can be determined
using the 3Ji\iH-Ha coupling constants, which are also included in Figure 3.3 In the very
first part of the protein, the structure of the protein is not very well defined, resulting in
average coupling constants of 6-8 Hz. Residues 7-20 have coupling constants between
4-6 Hz and two residues show average values, indicating that this region consists of an
α-helix. There is an interruption around residue 21, which has a large coupling constant
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Figure 3.2
Senes of strips selected from a 600 MHz 3D 'H-'5N NOESY-HMQC spec
trum The spectrum was recorded at 3T'C with a mixing time of 150 ms. Slices are shown
from the 2D NOE 15N planes. Intraresidue contacts are labelled with symbols. Sequential NOEs
are represented by arrows.

(8 Hz), and is most probably part of a hinge region. The coupling constants of residues
25 -44 show values that are typical for an α-helix (<5 Hz). As can be seen in Figure 3 3,
some of the coupling constants of residues 22-42 are missing, these were difficult to
extract from the experiments. In the HMQC-J experiments the lines of these residues
were too broad to determine coupling constants. On the other hand, in the HNHA
experiment the intensities of the ' H a were not above the noise level for most of these
residues.

Although no exact value for these coupling constants could be determined

in this way, these observations clearly indicated the presence of very small J-rouplmgs
The last few residues exhibit average coupling constants, which is indicative of a flexible
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region. Third, the exchange behaviour of the amide protons also provides information on
the secondary structure of the protein in the micelle. Figure 3.4 depicts the
spectrum of

1D

15

N HMQC

N-labelled protein recorded 30 min after the protein has been dissolved

in D2O. Only the resonances that are slowly exchanging remain in this spectrum

The

exchange results are summarized in Figure 3.3. As can be seen in Figures 3.3 and 3 4,
the resonances of the residues 22 and 25 42 are still present after 30 min, while the
rest of the resonances are no longer visible. So residues 25-42 exhibit slow exchange,
which indicates that they are hydrogen-bonded and/or that they are shielded from the
water molecules because they are located within the micelle. Fourth, this model of the
two separated α-helices for gVIIIp in DodPCho micelles is supported furthei by the
chemical shift profiles of the ' H a and 13Cor resonances (Figure 3 6, page 57). Finally, it
can be seen in the HSQC spectrum of gVIIIp in DodPCho micelles (Figure 3.1B) that
the peaks conesponding to resonances of residues within these helices show a difference
in

flexibility

It is especially at the N-terminal part of the protein where the peaks

5
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Figure 3.3 Overview of the sequential and (ι,ι+3) NOE connectivities, amide exchange rates
and 3 JNH-HC coupling constants. The relative size of the NOEs has not been indicated due
to both overlap and large peak-intensity differences in the several regions of the pioteiv Open
boxes and dashed lines indicate NOEs whose presence could not be ascertained due to overlap.
Open and filled circles indicate lesidues whose amide protons are not fully exchanged 30 and
150 min, 1espeilively, after the protein had been dissolved m D2O at 31°С and pH 4 9 The
JNH-Ha coupling constants are divided m three groups· Filled boxes denote small (<6 Hz)
coupling constants, whereas large (>8 Hz) coupling constants are represented by open boxes.
The blocked boses indicate average values ¡or the coupling constant (6 Hz<3 JNH-lia<8 Hz)
No boxes mean that no reliable coupling constant could be deteimined for that residue
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Figure 3.4 500 MHz H'M'QC spectrum of gVIIIp solubilized in DodPCho micelles, recorded in
D2O during 1 h at ST С and pH 4.9, starting SO mm after the protein had been dissolved. The
'H-,5N cross-peaks that are not fully exchanged are marked with their residue number.

belonging to residues 7-20 are quite intense. An abrupt change in peak intensity is
seen near residue 21, where the cross-peak appears weak and broad. These weak peaks
persist until residue 45. The peaks assigned to the residues at the C-terminal part of the
protein (46-50) are very strong again.
From all the data above, it must be concluded that the major coat protein adopts a
structure with two α-helices when bound to DodPCho micelles. The first, amphipathic,
helix, appears less rigid and may be unfolded part of the time, since the amide protons
of this part of the protein exchange more rapidly. The values of the coupling constants,
which are slightly higher in this region than in the hydrophobic helix, are also an
indication that this helix is not as stable as the other one. Also, the smaller number of
(i,i+3) NOEs suggests that this helix is less stable (see Figure 3.3). It is not located in
the interior of the micelle (vide infra).

There is a second, rigid, hydrophobic, helix in

the 25-44 region. This region is characterized by generally broad resonances The helix
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might extend to residue 50, at least part of the time, since some C a H-Q}H(i,i+3) are
also seen in this region On the basis of the J-couphng constants (<5 Hz), we conclude
that this helix is very stable The amide proton exchange data confirm that this region
is located within the micelle The transition of the one helix to the other is near residue
3

21, since the line widths change here and the JNH-HQ coupling constant is large
The location of t h e major coat protein in D o d P C h o micelles
Based on the model that the major coat protein has a conformation with two α-helices in
DodPCho micelles, information can be obtained about the interaction of these two helices
with the DodPCho micelles by using spin-labels As the experiments and interpretation
of the data are described in detail in an earlier study on the location of the major coat
protein solubihzed in SDS micelles (see chapter 2 of this thesis), only the main results
will be mentioned in the present paper
The rotation correlation time of the gVIIIp complexed to DodPCho, based on
relaxation data (not shown), is about 12 ns

15

N

This is indicative of a 25-30 kDa parti

cle, corresponding to a 6 kDa protein complexed to 50-60 DodPCho molecules
same size for DodPCho micelles has been reported by Brown et al (1981)

The

Hence, at

the conditions used for the NMR experiments (2 mM gVIIIp, 1 5-5 mM spin-labelled
molecule, and 400 mM DodPCho) less than one molecule gVIIIp or spin-label is bound
per micelle (more than three micelles for each gVIIIp molecule) This excess of micelles
is required to prevent aggregation of the protein We used two spin-labelled stéarates,
5-doxylstearate and 16-doxylstearate, with the radical located near the head group and
at the end of the carbon chain, respectively

The position of the spin-labels inside the

DodPCho/gVIIIp micelles has been determined from ID
13

13

C -NMR measurements (not

shown)

First, a

sample

Secondly, two spectra were measured in the presence of one of the two spin-

C reference spectrum was measured using only a DodPCho/gVIIIp

labelled stéarates and its effect was monitored on the carbon line widths, for both
measurements, 10 mM spin-label was added

The effect of 5-doxylstearate was most

profound on carbon resonances 5 and 6, while 16-doxylstearate causes line broadening
on the resonances of carbon atoms 14 and 15 [here the DodPCho molecule is represented
by

15

C 1 4 C 1 3 C 1 2 C n C 1 0 C 9 C 8 C 7 C 6 C 5 C 4 C P(0) 4 - 3 C 2 C-N( 1 CH 3 )^, in which the superscript

denotes the number of the carbon atom] Exactly the same effects have been observed for
DodPCho micelles complexed to other proteins (Brown et al, 1981, 1982)

From these

results, it can be concluded that for 5-doxylstearate the spin-label is located on average
just beneath the phosphate group of the detergent molecules, whereas 16-doxylstearate
is on average positioned near the end of the alkyl chains of the DodPCho molecules

52

Chapter 3

Table 3.2 The effect of the spin-labels on the residues of the major coat protein
The classification into categories I-IV was based on the decrease in peak intensity upon addition of
spin-labelled stéarate No percentages are given, since the amount of spin-label differed according to the experiment
I, no effect, II, little effect, III, intermediate effect, IV, large effect
For the HMQC experiments, 5 mM 5-doxylstearate was used and 1 6 mM 16-doxylstearate
In
the TOCSY experiment, a concentration of 4 mM 5-doxylstearate was titrated The symbol h
denotes data that were taken from the HMQC spectrum, h* represents a side-chain residue The
symbol t means that these data were extracted from a TOCSY
experiment

residue
I

Al
E2
G3
D4
D5
P6
A7
K8
A9
AIO
Fil
N12
S13
L14
Q15
A16
S17
A18
T19
E20
Y21
122
G23
Y24
A25
W26
A27
M28
V29
ЗО
V31
132
ЗЗ
G34
А35
Т36
137
G38

5-doxylstearate
II
III
IV

h,t
h
h,t
h,t

li

h
h

h
h

h

h

16-doxylstearate
II
III
IV

h
h
t
h

h,t
h

I

li

h
h,t
h*
t
h,t
h,t
h
t
h
h,t
t
t
h

h
h
h*
h
h
h
h
h

h*

h*

h
h
h
h
t
h

h
h
h
h
h

h,t
h
h,t
h
t
t
h,t
h,t
h,t
h
h
h
h
t
h

h

h
h
h

t
h
h

h
li

h
h
h
t

h
t
h

h
h
h
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Table 3 2, continued
residue
5-doxylstearate
I
II
III
IV
139
h,t
K4Ü
h
L41
h
F42
t
h
K4J
t
h
K44
h,t
F45
h
t
T46
h,t
h,t
S47
h,t
K48
h,t
A49
h,t
S50

I

16-doxylstearate
II
III
IV
h

h
h
h
h
h
h
h
h
h
h
h

Fiom the known positions of the spin-labels in the DodPCho/gVIIIp environment,
the interactions between the major coat protein and the micellar molecules tan be
determined by monitoring the effect of the spin-labels on the gVIIIp resonances

This

15

can be easily done with 2D 'H- N HMQC spectra, in which each amino acid, with
the exception of residues Aldi and Pro6, gives rise to a cross-peak The results of these
studies are given in Table 3 2 All residues are grouped into four categories The residues
that were not affected by the presence of the spin-label were grouped in category I, while
the residues which showed little and intermediate broadening after adding spin-label,
belong to categories II and III, respectively When only a small amount of added spinlabel (less than one molecule/five micelles) had a large effect, the residue was categorized
as IV Since the side-chain of residue 15 is influenced by the 5-doxylstearate spin-label
more than its backbone NH atom, an additional TOCSY (D 2 0) spectrum was recorded
to obtain more infoimation about the influence of 5-doxylstearate on the side chains of
the iesidues in the fiist helix (residue 7-20) The results of this study are also shown in
Table 3 2
In Table 3 2, it can be seen that 5-doxylstearate causes some broadening of almost
cverv residue except at both ends of the protein Large effects are observed for residues
26 28 Also, residues 21-23, 36 37, 42 43 and the side-chain of residue 15 are affected
moie by this spin-label than the other residues

The effect of 16-doxylstearate is very

specific and only involves residues 34 and 38 and their surrounding amino acids Knowing that the 'heads' of the deteigent molecules are probed by 5-doxylstearate and the
centers of the micelles by the 16-doxylstearate spin-labels, the data can be interpreted
in terms of the following model

The DodPCho molecules aggregate in the form of

micelles, the organization of the detergent molecules is such that the two spin-labels
used specific allv affect different regions of both the detergent and the coat protein

The
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first, amphipathic, part of the protein (7-20) is situated beneath the surface of the mi
celles, since it predominantly interacts with the 'heads' of the DodPCho molecules
particular, its effect is most profound for the side-chain NH2 group of residue 15

In
The

amide exchange data and peak intensities of this part of the protein corroborate the
conclusion that this helix is not located in the interior of the micelle, it is hardly affected
by the 16-doxylstearate spin-label, which probes the center of the micelles

This first

helix is connected to another one by a hinge region, which includes residue 21 As this
residue and its neighbours (22,23) are affected by 5-doxylstearate as well, these residues
must also be located beneath the surface of the micelle The other, hydrophobic, helix,
comprising residues 25-44, is located in the interior of the micelle

The peaks in this

region are broad and the amide exchange data clearly indicate that these residues are
not accessible to the water molecules

The spin-label data are in perfect agreement

with these results since the residues in this helix are affected by both 5-doxylstearate
and 16-doxylstearate

They give an even more detailed picture of the location of this

helix within the micelle

If we assume the shape of the micelle containing the pro-

tein to be a regular ellipsoid, the effects of the spin-labels can be explained in the
following model

Residues 26-28 are located at one side of the micelle, as witnessed

by the effects of the 5-doxylstearate spin-label on them

Residue 34 is affected by 16-

doxylstearate, so it is situated in the center of the micelle, while residues 42 and 43
are probed by 5-doxylstearate at the other side of the micelle This picture corresponds
very nicely with the line broadenings observed in the ID

13

C spectra of DodPCho

In

an extended DodPCho alkyl chain, the distance between cai bons 5 and 14, which are
affected by 5-doxylstearate and 16-doxylstearate, respectively, is approximately 11 À
This corresponds to a distance of about eight consecutive amino acids in an o-helix,
which is exactly the difference between residue 26/27 and 34, and between 34 and 42/43
This situation is depicted on the right-hand half of the micelles sketched in Figure 3 5
where the effects of the spin-labels on both the detergent molecules and the protein die
drawn Figure 3 5A displays the effect of the 5-doxylstearate spin-label and Figure 3 5B
presents the effect of 16-doxylstearate

Hence, the conclusion is that the second helix

runs through the micelle, with residues 26/27 and 42/43 beneath the surfaces of the
micelle and residue 34 in the center
However, it is not possible to completely explain all the results using the aforementioned model The 5-doxylstearate spin-label also has a significant effect on residues 36
and 37, while residue 38 is also influenced by 16-doxylstearate These same effects have
also been observed in a similar study on the location of gVIIIp in SDS micelles and
several explanations have been suggested to account for these effects (Papavoine et al,
1994) In that study, a model was proposed in which the micellar environment around
the C-terminal part of protein is distorted

We propose a similar model for gVIIIp in
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Figure 3 5 A model of the location of gVIIIp m DodPCho micelles
The effects of 5
doxylstearate (A) and 16 doxylstearate (B) on the gVIIIp resonances are shown All molecules
aie drawn to scale The two helices are displayed as cylinders, and the residues are represented
as circles The asterisks denote the largest effects of the spin labels on the DodPCho resonances
Open circles represent residua that are not or only weakly affected by the spin label Hatched
nicies represent risidues that are moderately affected and darkly shaded circles indicate residues
that exhibited a strong effect Some DodPCho molecules are drawn and the dotted line is a rep
η sentation of the micellar sui ¡ace On the right hand side, the micellar surface is drawn for
the situation that the DodPCho molecules are arranged in a regular elliptical way around the
protein and on the left-hand side the situation of the distorted micellar surface is represented
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DodPCho micelles

The presence of gVIIIp induces a disturbance of the DodPCho mi-

cellar surface, as depicted on the left-hand halves of the micelles sketched in Figure 3 5
In this way, residues 36 and 37 are close to the 'head' and residue 38 near the 'tail'
of the detergent molecules, which explains the observed effects of both 5-doxylstearato
and 16-doxylstearate on these residues.

The disturbance is most likely caused by the

presence of the three positively charged lysines, at positions 40, 43 and 44, which may
pull the micellar surface inward, because of the electrostatic interactions between the
negatively charged phosphate unit of the DodPCho head group and the lysine NH3". In
this situation the position of the 5-doxyl group is such that it will have an influence
on residues 36 and 37

Figure 3.5 depicts the situations of both regular elliptical Dod

PCho micelles and distorted ones

Although the figure displays both types separately,

one should realize that the actual organization of the detergent molecules can only bo
described as a dynamic equilibrium between these two situations.
It is important to note that the effect of 5-doxylstearate on residues 42-43 was not
observed in the case of gVIIIp in SDS micelles (Papavoine et ai, 1994)

So, it was

concluded that only distorted micelles occur there.
The model features the two helices described above

One hydrophobic helix runs

through the micelle, with residues 26 and 27 at one end of the micelle and residues
38, 42 and 43 at the other end of the micelles. These residues are largely affected bv
5-doxylstearate (Figure 3.5A). The center of the micelle is situated near residues 34 and
38 as reflected by the effect of 16-doxylstearate (Figure 3.5B). The other, less rigid, helix
lies beneath the surface of the micelle with the side chain of residue 15 pointed towards
the interior of the micelle (Figure 3.5A) This helix is flexible, i e its position relative to
the micelle is not expected to be fixed and it might be unfolded part of the time {vide
supra)

The two helices are connected by a hinge region around residue 21 which is also

located beneath the micellar surface.

g V I I I p in D o d P C h o micelles compared to gVIIIp in S D S micelles
The structures of gVIIIp in SDS micelles and DodPCho micelles are very similar

Botli

structures consist of two ft-hehces, one of which runs through the micelle while the othoi
is associated with the surface on the outside of the micelle

Both helices are connected

by a hinge region around residues 21 22 The resemblance of the structures is illustrated
by the chemical shift profiles of the {Ha and

n

C a resonances presented in Figure 3 6

where it can be seen that the profiles for gVIIIp in SDS micelles and DodPCho micelles
are practically identical. The two separated regions of upfield-shifted
shifted

13

segment.

χ

Η α and downfield-

C a resonances denote that the nuclei in these regions are located in an α-helical
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The Ή and

15

N chemical shifts are very sensitive to changes in the vicinity of the

NH moieties. We expect the pffect on the NH chemical shift to be most profound on the
residues near the head groups of the micelles due to the difference between head groups
of SDS (negative) molecules and DodPCho (zwitterionic) molecules.

Large changes

(> |0.2| ppm) are observed for the NH chemical shift of residues 23, 26, 42, 43, 45,
46 and 48, which arc nearest to the surface of the micelle (data not shown). Smaller
differences (< |0.1| ppm) are observed for the region 29-35, which is expected as the
interior of a DodPCho micelle will not differ much from that of an SDS micelle.
When comparing the location of the protein in both SDS and DodPCho micelles,
it can be seen that, in the model of gVIIIp in SDS micelles, only distorted micelles
occur whereas, in the model of gVIIIp in DodPCho micelles, both distorted and regular
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Figure 3.6 Comparison of the secondary chemical shifts (defined as observed shift minus
random coil shift) for the ,3Ca(A) and ' Ha(B) resonances of gVIIIp m SDS micelles and gVIIIp
in DodPCho micelles, plotted against their residue number. A stretch of both upfield-shifted
'Ha peaks and downfield-shifted 13Cct resonances arc. an indication for a-hchcal structure. The
random-coil value·, used were taken from Wishart et al. (1992) and Spera & Ват (1991).
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elliptical micelles are necessary to describe the data These results can be explained
by the fact that the SDS molecules have a negatively charged head group and the
DodPCho micelles consist of alkyl chains with zwittenomc head groups In an SDS
micelle the electrostatic interactions between the sulphate head groups and the lysines
cause the disturbance of the micellar surface In DodPCho micelles, the negatively
charged phosphate unit can play the same role as the sulphate group does in SDS
micelles However, the head group of DodPCho micelles is zwittenomc, so the positively
charged choline group can cancel the effect of the negatively charged phosphate group
resulting in a non-distorted micelle Thus, the interaction between the DodPCho head
groups and the lysine side chains is expected to be weaker and non-distorted micelles
can occur as well as distorted ones
The distinction between distorted and non-distorted micelles in our model should not
be taken too literally It simply means that the 5-doxyl label and, hence, the atoms
C5 and C6 of DodPCho can sometimes be found near residues 42-43 and sometimes
near residues 36-37 of gVIIIp This most likely reflects a dynamic situation where the
DodPCho molecules can bind at various locations along the gVIIIp molecule

CHAPTER 4
Backbone dynamics of t h e major coat protein of
15

bacteriophage M13 in detergent micelles by
NMR

N

relaxation m e a s u r e m e n t s using t h e Model-Free

Approach and reduced spectral density mapping
Abstract
The backbone dynamics of the major coat protein (gVIIIp) of the filamentous bacte
riophage M13, solubihzed in detergent micelles, have been studied using
magnetic resonance spectroscopy at three frequencies

15

N nuclear

Motional parameters and overall

and internal correlation times were derived with the Model-Free Approach

It was also

checked whether these parameters had to be modified due to anisotropic motion of the
protein/micelle complex

Reduced spectral density mapping was used to calculate the

spectral densities at J(0), J(UJ^),

and (J(U>H))

The spectral densities were interpreted

by mapping a linear or scaled linear combination of two Lorentzians onto a J(0)
plot

J{ui)

The major coat protein of bacteriophage M13 consists of two α-helices, one of

which is hydrophobic and located within the micelle, while the other is amphipathic
and located on the surface of the micelle

Our results indicate that the motion of the

hydrophobic helix is restricted such that it corresponds to the overall tumbling of the
protein/micelle complex

The interpretation of the relaxation data of the amphipathic

helix by means of the Model-Free Approach and the reduced spectral density mapping
indicate that in addition to the overall motion all residues in this helix are subject to a
motion on the fast nanosecond and picosecond time scales The motions of the vectors
in the low nanosecond range are characterized by similar values of the spectral densities
and correlation times and represent the motion of the amphipathic helix on and away
from the surface of the micelle The relaxation data of the residues in the hinge region
connecting the helices, show that there is an abrupt change from highly restiicted to less
iestncted motion Both the С terminal and N-terminal residues are very mobile

С H M Papavoine, M L Remcrowski, L M Horstink, R Ν H Konings, С W Hilbers and
F J M van de Ven Biochemistry 36, 4015 4026 (1997)

60

Chapter 4

Introduction
The present paper focuses on the determination of the backbone dynamics of the
gene VIII protein (gVIIIp) encoded by the well-known filamentous bacteriophage M13
GVIIIp is a small protein (50 residues) that functions as the major coat protein in the
phage particle and also as an intrinsic membrane protein during the life cycle of the
phage In the viral coat, 2700 copies of gVIIIp are arranged into a helical assembly with
a 5-fold rotational axis and an almost 2-fold screw axis (Marvin et al, 1994)

Although

the phage particle is soluble in aqueous solution, the individual coat proteins are not
The gene VIII protein has been investigated extensively Due to its small size and its
relatively facile isolation in large quantities, it has become a popular model system for
studying membrane assembly (Wickner, 1988)

Structural studies of the protein in the

membrane-bound form or in mernbrane-mimickmg environments have been undertaken
by several groups (van de Ven et al, 1993, Henry S¿ Sykes, 1992, Opella et al, 1994)
It has been found that in the micellar systems sodium dodecyl sulphate (SDS) and dodccylphosphochohne (DodPCho) the coat protein folds into a conformation consisting
of two Q-hehces, connected by a hinge region located around residue 22

A hydropho-

bic helix, encompassing residues 25-45, spans the micelle, while an amphipathic helix
(consisting of residues 6 20) is near the surface of the micelle (van de Ven et al

1993

Papavoine et al, 1994, 1995) Similar results were obtained by solid-state NMR studies
of the related bacteriophage fd coat protein bound to oriented bilayers (McDonnell et al,
1993)
The dynamic properties of gVIIIp dissolved in detergent micelles, as well as ш phos
pholipid bilayers, have been studied extensively by high-resolution NMR and solid-state
NMR (Cross & Opella, 1980, Colnago et al, 1985, Leo et al, 1987 Boguskv et ni, 1988
Henry et al, 1986 1987a)

The results of these, mostly one-dimensional, experiments

showed that the terminal residues aie mobile and the other residues arc rigid on the
NMR time scale From spectra of selectively labelled samples iecorded at 45 °C, Heim
& Sykes (1992) showed smaller Ή line widths for some N-terminal resonances which
were earlier found to be rigid (Henry et al, 1986)

Finally, two-dimensional Ή

|Γ,

Ν

heteronuclear correlation spectra of the coat protein in SDS micelles recoided at 37 39
°C (van de Ven et al, 1993), revealed for residues 24 45
to 20 Hz, whereas residues 6-20 had

|I5

15

N line widths ranging from 13

N line widths of 5-10 Hz

Additional dynamical information comes from the kinetics of hydiogen exchange at
amide sites

Sykes and co workers (Henry et al, 1987b, O'Neil & Sykes, 1988, Herrn

& Sykes, 1990) showed, by measuring the exchange rates of several amide piotons
throughout the protein, that the residues in the hydrophobic helix undergo verj slow
exchange, while the amide protons of the residues in the amphipathic helix exchange

Dynamics of M13 coat protein in micelles by NMR

61

more rapidly
In the present study, we present a full analysis of the backbone dynamics of almost
all individual residues of gVIIIp in SDS and DodPCho micelles This was achieved by
15

N spin-relaxation measurements using proton-detected two-dimensional (2D)

NMR spectroscopy methods at three different spectrometer frequencies

15

N-'H

The results,

which were interpreted using the Model-Free Approach, including the possibility of
anisotropic motion, and using reduced spectral density mapping, show that the residues
at both termini of gVIIIp are very

flexible

Furthermore, the data show that the

amphipathic helix exhibits internal motions on the fast nanosecond and picosecond time
sc ales, superimposed on the overall motion of the complex The motion of the residues in
the hydrophobic helix is very much constrained, the motion of this helix is characterized
by the overall motion of the protein/micelle complex

Materials and Methods
Sample preparation
The filamentous M13 phages were propagated on Escherichia coli K38 grown in minimal
medium as descnbed previously (Komngs, 1980)
source to obtain uniformly

15

15

NH4C1 was used as the sole nitrogen

N-ldbelled M13 phages

The isolation and purification of

the phages were performed as described earlier (Konings, 1980, Spruyt et al, 1989)
Separation of gVIIIp from the phage particles was carried out by phenol extraction
(Knippers & Hoffman-Berling, 1966, Konings et al, 1970) The concentration of gVIIIp
in the samples was typically 1 5-2 0 mM/500 mM [2H25]SDS (MSD Isotopes) oi 1 5-2 0
mM/400 mM [ 2 H, 8 ]DodPCho (Isotec Ine)

The pH of the samples was 4 9 (pH meter

leading)

N M R spectroscopy
All NMR experiments were performed at 37°C, using Vanan Unity-I- 500 and 750 spectrometers and a Bruker AMX600 spectrometer
performed twice, several weeks apart

The measurements at 500 MHz were

The pulse sequences used to measure

n

N Ri

and R2 relaxation rates and the heteronuclear NOEs were based on those described
previously by Dayie &¿ Wagner (1994), which include pulsed-field gradients to select
coherence-transfer pathways (Kay et al, 1992a) and the sensitivity-enhancement procedure developed by Cavanagh et al (1991) and Palmer III et al (1991a,b)

The water

magnetization was returned to its equilibrium position (along the z-axis) prior to acquisition (Stonehouse et al, 1994)

In the R 2 experiment a 90°

15

N pulse followed by the

application of a gradient pulse is given at the beginning of the experiment, in ordei to
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ensure that the magnetization originates on lH and not on

15

N (Farrow et al., 1994)

During the relaxation period in the R2 experiment a CPMG-type sequence was used
(Kay et al., 1992b; Palmer III et ai, 1992), in which the 139-ps 180° pulses were spaced
0.9 ms apart. Also, a series of Rlp experiments was performed at 500 MHz. In the Rip
experiments a 2.5-kHz spin-lock field was used during the relaxation period (Peng et al,
1991). Other parameters were the same as in the R2 experiment. For the Ri experiments, the phase of the 90° pulse before the relaxation period is alternated between y
and -y to ensure that the magnetization relaxes as exp(-T/Ti) (Kay et ai, 1989)
All HSQC spectra, from which Ri and R 2 were extracted, were collected with 512
ti increments and 2K real points in the t2 dimension. The NOE spectra were recorded
with 350 (500 MHz) and 512 (600 and 750 MHz) ti increments and 2K real points in the
t2 dimension. The sweep width was 12.0 ppm in the proton dimension and 22 ppm in
the nitrogen dimension. A delay of 1 2 s was used between the acquisition steps in the
Ri and R 2 experiments, while a delay of 4.5 s (750 MHz) and 5.0 s (500 and 600 MHz)
was used for the NOE experiments Ten relaxation periods of 15, 45, 105, 195, 410, 605,
780, 995, 1295 and 2005 ms were used in the Ri experiments. In the R2 experiments
relaxation periods of 8, 25, 41, 58, 72, 91, 124, 157, 240 and 322 ms were used. In the
determination of R l p , nine delays were used, ranging from 8 to 232 ms.
All data were processed using the MNMR program (PRONTO Software Development
and Distribution, Copenhagen, Denmark) running on a Silicon Graphics Indigo workstation. The time domain data were zero-filled to 2048 and 4096 complex points in the
ti and t 2 dimensions, respectively, and apodized using a cosine-bell function in the ti
and a Lorentzian-to-Gaussian filtering function in the t 2 dimension. The spectra weie
analyzed using the program XEASY (Bartels et al, 1995).

D e t e r m i n a t i o n of the relaxation parameters
All relaxation parameters ( R b R2, R ^ , and NOE) were determined from the peak
heights. Uncertainties in the measured peak heights due to noise were extracted from
the root-mean-square (rms) baseline noise of the spectra The individual Ri and R2 rate
constants were obtained by fitting two- and three-parameter single-exponential functions to the experimental data using the methods of nonlinear least squares available in
MATLAB (MathWorks, Inc.) (Nelders-Meade simplex algorithm) and the Modelfree 3 1
(Mandel et al, 1995) (Levenburg-Marquardt algorithm) software
via both programs were identical

The results obtained

The uncertainties in the rate constants were deter-

mined via Monte Carlo simulations using Modelfree 3.1 (Palmer III et al, 1991b). The
NOEs were determined by dividing the peak heights m the heteronuclear NOE enhancement spectra by those in the reference spectra

The uncertainties for the NOEs weie
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calculated by using the relative errors of the peaks in these spectra

D a t a analysis
When the relaxation of the

15

N nucleus is predominantly caused by the dipolar inter-

action with its attached amide proton and by the amsotropy of its chemical shift, the
relaxation data can be interpreted in terms of the motion of the ^ N - 1 } ! vector

This

motion is a superposition of both the overall motion of the protein and the motion
of the vector itself

Relaxation processes restoring the equilibrium magnetization will

be particularly effective if these motions take place at the resonance frequencies of the
involved nuclei

The relationship between the relaxation parameters and the spectral

density function J(u>) (which monitors the motional behaviour of the 1 5 N-'H vector) are
given by (Abragam, 1961)
2

= d2[ZJ{wN) + 6J{üJH + ωΝ) + J{üjH - ωΝ)] + c J(u)N)

Ri
R2

=

2

{l/2)d [4J[0)

+ 3J{wN) + 6 J ( u f f + ωΝ) + 67(ω Η ) + J{wH - ωΝ)} (4 2)

2

+ (l/6)c [4J(0) + 3J{UJN)}

+ ReX

2

NOE

(4 1)

= l + bHhN)d [J{u„-wN)-bJ{ujH+wN)}(\lR{)

(4 3)

in which

d2 = (1/4)7№7(4π 2 )(1/^„) 2
с2

= (1/3)7^о2(а„ - σχ)2

(4 4)
(4 5)

where h is Planck's constant, 7# and 7 ^ are the gyromagnetic ratios of the λΗ and

15

N

15

nuclei, respectively, and шц and ω^ are the Ή and N Larmor frequencies, respectively,
rNH

is the internuclear 1 5 Ν - Χ Η distance (1 02 Â), Bo is the magnetic field strength, and

сгц - σ ± is the difference between the parallel and perpendicular components of the axially
symmetric

15

N chemical shift tensor, estimated to be -160 ppm (Hiyama et al, 1988)

The exchange term, Rex, has been included in eqn 4 2 to account for chemical exchange
processes
Given that the three experimentally determined parameters, Ri, R2, and NOE, de
pend on the spectral density function at five different frequencies, it is not possible to
calculate the spectral density values at these frequencies without an assumption about
the form of the spectral density function

This problem has been approached in two

ways, first by the application of the so-called reduced spectral density mapping, in which
the relaxation rates are directly translated in the spectral density at three different
frequencies and second by use of a physical model to describe the spectral density
function
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Reduced spectral density mapping, introduced by Farrow et al

Nagayama (1995a,b), and Lefevre et al

(1995), Ishima ¿с

(1996), makes use of the finding that at high

frequencies the spectral density function is quite flat, ι e , in the region of 500-700 MHz
the J(w) varies very slowly At these conditions the three spectral densities J(UJH

+ω^).

J(U>H), and J{u>n —ωΝ) may be averaged to one average spectral density (J(w#)) Then
the three relaxation rates in eqns 4 1-4 3 are sufficient to determine the spectral density
values at J{0), J(w/v), and (J(O>H)) according to
J(0)

2

J(UJN]

№*)>J
2

2

where c and d
transfer R{H¿

2

2

4(3d +c )
1
2
2
(3d +c )

2

2(3d +c )

0

0

0

2

2

10(3t/ +c )
7
2
2
5(3<i +c )
1

Й2

R(H?

SS2"

are the constants defined in eqns 4 4 and 4 5

(4.6)

-> Nz
The magnetization

2

-> Nz) — d \J(u>H - <¿N) ~ 6J(w# + % ) ] is correlated with the NOE via

eqn 4 3. The frequency in the average spectral density, (J(uv/)), may be taken equal to
0 87ω Η (Farrow et al, 1995).
An earlier, alternative approach to interpret the relaxation parameters is the widely
used Model-Free Approach of Lipari & Szabo (1982a,b)

This interpretation can be 're

fined' by assuming that the overall motion is described by axially symmetric anisotropic
tumbling of the protein (Woesner, 1962a,b; Schurr et al, 1994, Tjandra et al, 1995)
Both models include fast internal motion of the

15

N - ' H bond, i e , the overall and

internal motions are treated as independent processes
In the Model-Free Approach, the spectral density function is described by
J (ω) = (2/5)

Sh
Ll + (u)Tc)2

+

(1-S2)<
l + (c<)2J

(4 7)

where т'е = тетс/(те + тс), тс is the overall correlation time of the molecule, and r e is the
effective correlation time for the internal motion. S2 is the generalized order paiametei
which is a measure of the degree of spatial restriction of the

15

Ν - Τ Η bond It has values

between 0 and 1, indicating completely unrestricted and completely restricted motion,
respectively.
The spectral density function in the Model-Free Approach has been extended to
account for the presence of separate internal motions on slow and fast time scales (Clore
et al, 1990a,b)

In this approach, the faster internal correlation time is assumed to

be so short (<10 ps), that the 'Extended Model-Free spectral density function' can bo
described by
J (ω) = (2/5)
Sj2 and S2

Sf2S2Tc

5/(1 -

1 + {ωτα)

2

Ss2)r'e

1 + [ωτ')2

(4 8)

are the generalized order parameters of the intemal motion on the last ( S / )

and the slow (5 S 2 ) time scales respectively and S/2S2

= S2

Here, т'е is defined as in
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eqn 4 7 but now т е is the effective correlation time for the slow internal motion, which
still needs to be appreciably faster than the overall motion.
For anisotropic axially symmetric tumbling of the protein, the spectral density func
tion is related to two rotational diffusion constants, оц and D¿, for diffusion parallel and
perpendicular to the cylindrical symmetry axis of the molecule (Woesner, 1962a; Schurr
et ai, 1994):

J (ω) = (2/5) J S

Ci Ή
,
C2r2
2
+
1
+
{ωτ2)
1 + (ωτ,)2

2

2

+ (1-S )

1 + (ωτ,')

2

+'

С2Т2

1 + {ωτ±γ

C3T3
1 + {ωτ3γ

+'

С3Т3

1 + {ωτ^)\

(4.9)

with
Ci = -sin 9, C2 = 3sin2öcos2(9, Сз = -(3cos 2 0 - 1)
4
where θ is the angle between the ^ Ν - Ή internuclear vector and the unique axis of the
molecule and τ[ = тетг/(те + τ,), with τ, = τ^,τ^,τ^. The correlation times т ь т 2 , and т3
depend on the iotational diffusion coefficients as follows:
η =

1
4£)||+2D_L

1
r 2 = D» + 5D,

T3

1
6D±

In the determination of the motional parameters, an anisotropy ratio, r, and an effective
global correlation time, тсц, are used instead of Бц and D±

These parameters are

defined as r = - ^ and re¡¡ = -¡у—, where De¡¡ = |(£>ц + 2£)j_). In the case where r =
1, eqns 4.9 and 4 7 are identical.
The values of the motional parameters of the individual residues were derived following established approaches

Once the overall tumbling time r c has been determined

S 2 , r e , Sj2, Sƒ 2 , and R e l can be derived from eqns 4.1-4.3, 4.7, and 4.8. To determine
the initial overall rotational correlation time the mean value of ^2· was used (Kay et al,
1989)

In this procedure onl\ residues with NOE higher than 0.6 are included, since

in this case the fast internal motions are unlikely to make significant contributions to
the Ri and R2 relaxation rates. Subsequently, the other motional parameters for each
individual lesidue were determined from the R b R 2 , and NOE data, obtained at three
spectrometer frequencies simultaneously m steps of increasing complexity. Thus. 111 the
first step only S2 was varied to obtain a optimal fit to the experimental data. In the
second step, S¿ and rP were varied for this purpose, etc. These steps are represented by
models 1 to 5 111 Table 4.1. Optimal fits were obtained by minimizing the error function

2

* =Σ

Л mens
1 ι

Dcalc
σ

ϋ ι ,

ryeale

+

r>met

2

[NOE?1

NOE^

^NOE,

(4 10)
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Table 4·1 Models used for fitting The R¡, R¡, and NOE data, measured at 500, 600, and
750 MHz, were used for all models For models 1 5, the Modelfree 3 1 software was used For
models I-VI the parameters used in the grid search using MATLAB were varied as follows
Tc, Te!f = 6 5-0 5-13 ns, S2 = 0 4 0 05-1, re = 0-100-2000 ps, Ss2 = 0 4-0 05-1, S;2 =0 80 025-1, r = 1-0 5-5 and θ = 0-10-90, where the first number is the starting value, the second
is the increment, and the last is the final value of the variable in the grid search
Approach
Residues

Helices

Model
1
2
3
4
5
I
II
III
IV
V
VI

Eqn used
47
47
48
47
47
47
47
47
48
49
49

Variables
S2

Constants
тс = 11 8 ns Te = 0
тс = 11 8 ns
т с = 11 8 ns
тс = 11 8 ns, T e = 0
тс = 11 8 ns

S2, Те
¿s ι Tei *->ƒ
•Э Ì ï^ex
£* ι T ei K-ex

Te = 0

Tc
Tc, S2

Te = 0

Tc, à , Te
Tc, bs

, Te, Of

Teff, S2,

Te, Γ, θ

ТеЦ, S2,

г

'

θ

Te = 0

in which г denotes the proton resonance frequency of the spectrometer (1=500 MHz,
2=600 MHz, 3=750 MHz), the superscript 'meas' refers to the measured data, and
'cale' refers to the calculated values on the basis of eqns 4 7 or 4 8
the uncertainties of the measured parameters

The σ values are

Minimization was achieved through a

restrained nonlinear least-squares optimization using the Modelfree 3 1 software
After having obtained the appropriate model for the individual residues within the
simple and Extended Model-Free Approach (eqns 4 7 and 4 8), the overall correlation
time was optimized simultaneously with the motional parameters obtained for all indi
vidual residues

The final calculation used 500 Monte Carlo simulations to determine

the uncertainties
The relaxation data were also interpreted in terms of a model in which axially sym
metric anisotropic tumbling of the protein/micelle complex was assumed

To simplify

the calculations, the helices were assigned motional parameters This is allowed because
the relaxation data of the residues within each helix are similar

The helical motional

parameters were calculated from the mean values of R b R 2 , and NOE of the residues
within each helix for each spectrometer frequency {vide infra)

These mean values were

used to obtain motional parameters for both isotropic and anisotropic tumbling

Again

the different motional parameters were obtained in steps of increasing complexity

These

steps are represented in Table 4 1 as well by models I-VI The motional parameters were
again determined by minimizing eqn 4 10
on eqns 4 7 and 4 8 or eqn 4 9

Now, the calculated parameters were based

The minimization was performed using a grid search
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procedure in the program MATLAB

The first set of calculations (models I-IV) served

to check the validity of the use of the average relaxation parameters by comparison with
the results obtained with the Modelfree 3 1 software

The overall correlation time was

not set to an initial value but was used as a variable in the grid search
were varied as follows

The parameters

r c and r¡.¡¡ from 6 5 to 13 ns in steps of 0 5 ns, S2 and Ss2 from

0 4 to 1 in steps of 0 05, r e from 0 to 2000 ps in steps of 100 ps, S2 from 0 8 to 1 in steps
of 0 025, τ from 1 to 5 in steps of 0 5 and θ from 0 to 90° in steps of 10° The exchange
term, R e l , was not used in these grid search, for reasons explained in the Results and
Discussion section
The models (Table 4 1) were selected as follows

for each model, the number of

statistical degrees of freedom (i^), defined as M-p, is determined M is the total number
of the relaxation parameters used (here M = 9 per residue or helix) and ρ is the number
of motional parameters in the used model

To select the most appropriate model, the

2

minimal value of the χ in eqn 4 10 was compared with 95% confidence interval, the
2

a = 0 05 critical value, of the χ distribution

The latter was obtained from Monte

Carlo simulations using the Modelfree 3 1 software (Palmer III et al, 1991b, Mandel
et al, 1995) or from statistics (Devore, 1982, Table A6)
methods were similar

The critical values of both

For all models we have fit the least number of parameters that

are consistent with the data within experimental error
A model was selected for a residue or helix if χ2 was less than the critical value A
more complex model (more parameters) was selected if χ2 was larger than the appropri
ate critical value and if this more complex model could be statistically justified
justification can be done in terms of the statistical F-test (Devore, 1982)

This

The F-test

statistic is defined by

F=U;{xì~f2l
("1 - ^)x\

(411)

where χ\ and χ\ are the values for the models with Vy and v2 degrees of freedom
(//i > ¡л,) If the F-test statistic comparing two models is greater than the appropriate
critical value, F ( a , vx - v2,1*2), the more complex model is used a is the critical value of
the F distribution and was set at 0 05, thus a more complex model is statistically justified
if the value determined lies within the 95% confidence interval of the F distribution This
procedure was rarried out for every added parameter

If the χ 2 of the most complex

model still was highei than the appropriate critical value, the motional parameters were
obtained from fitting the data with this model

68

Chapter 4

Results and Discussion
Ri, R 2 , and N O E relaxation data
15

In the present paper, use is made of the complete N and NH resonance assignments for
gVIIIp in SDS micelles reported earlier (Henry & Sykes, 1992; van de Ven et al, 1993).
The relaxation parameters of residues Al, P6, K8, and Y24 could not be determined
1

15

from the H - N heteronuclear correlation experiments. The first two of these amino
acids do not give rise to a cross-peak in this type of spectra, and the cross-peaks of
residues K8 and Y24 overlap too much to permit reliable measurements of the peak
heights.
Figure 4.1 presents the R t and R 2 relaxation rates and the heteronuclear NOEs
determined from the measurements performed at 500 MHz The relaxation parameteis
obtained from the experiments at the other frequencies yielded the same global picture,
although the absolute values were different because of the frequency difference.

A

complete list of the relaxation parameters for gVIIIp in SDS micelles is summarized at
the end of this chapter (pages 85-87). The mean values of the relaxation parameters
obtained for gVIIIp in SDS micelles are presented in Table 4 2. The average uncertainU
is 6.8% for R.! and 6.7% for R 2 . The average uncertainty in the NOEs is 13.0%; the
uncertainty for the R\p is 3.6%.
In Figure 4.1, clear differences can be distinguished between the relaxation results
in different regions of the protein. At the termini, residues 3-5 and 48-50 have small
transverse relaxation rate constants and the heteronuclear NOE for these lesidues has a
negative or small positive value. Furthermore, two regions can be distinguished, compris
ing residues 9-21 and 25-45, respectively, which exhibit distinct relaxation behaviour
This difference is particularly manifest in the R 2 relaxation rate constants and the het
eronuclear NOEs. In Figure 4.IB, it can be seen that the R 2 values of residues 25-45
are twice as large as those of residues 9-21. For the measurements performed at 500
MHz, the NOEs of the residues in the latter region are between 0 37 and 0.49, whereas
the NOEs of residues 25-45 have an average value of about 0.74 (see Figure 4.1С)
For the Ri relaxation rate constants the difference between these two regions is smallei

Table 4-2

Mean ,5N R¡ and fig (Rip) relaxation data and NOEs and their standard devia-

tions at 500-, 600- and 750-MHz spectrometer frequencies.
Frequency
500
600
750

RI(J-')
1.58
131
1 11

SORl{s~l)
0.06
0 09
0.10

Rg(R.i?)Qr')
11.46 (10 98)
11.60
13.90

SD^fSDOOr')
0.79 (0.40)
1.02
0.62

NOE
0.58
0.62
0 67

SDNQL~
0.06
0.10
0.07
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(Rf

s

(residues 9-21)= 1 7, Щ

д

(residues 25-45)= 1 4)

The experiments performed

at 600 and 750 MHz show similar differences between the relaxation parameters of the
termini and two regions described above

The relaxation data of gVIIIp in DodPCho

micelles, measured at 500 MHz, are similar to those of gVIIIp in SDS micelles (data
not shown) For residues 25-45 the R2 relaxation rate is about twice as large as that of
residues 6-20, whereas the NOEs in the latter region have smaller values than those of
residues 25-45 However, the intensity of the peaks for these residues in the spectra of
gVIIIp in DodPCho micelles was too low to perform a quantitative interpretation of the
data
As has been mentioned earlier, residues 6-20 form the amphipathic helix, while
residues 25-45 correspond to the hydrophobic helix Apparently, the dynamic behavioui
of these two helices is rather distinct To obtain more detailed information on the ori
gin of this difference and a better understanding of the dynamics of the total protein,
motional parameters have been extracted from the relaxation parameters for gVIIIp in
SDS micelles
Determination of the motional parameters of each individual residue:
Model-Free Approach
The

15

N-'H NOEs of residues 25-45 exceed the value of 0 6 and therefore, in a first

approximation, the overall isotropic rotational correlation time was deduced from the
average value ^ 2 of these residues (Kay et al, 1989)

The heteronuclear NOEs of the

other residues were below 0 6 and thus excluded from the тс determination The average
ratios obtained at 500, 600, and 750 MHz are (^) 5 0 o = 10 81 ± 0 20, (j^)6oo = 13 47
± 0 38, and (ff )75o = 22 00 ± 0 67 These values correspond with TCS of 12 1 ± 0 1 ns
(500 MHz), 11 4 ± 0 2 ns (600 MHz), and 11 9 ± 0 2 ns (750 MHz) The average initial
estimate of r c was set at 11 8 ± 0 4 ns This correlation time is expected for a globulai
protein with a molecular mass of about 20-25 kDa, which is in good agreement with our
earlier findings that one gVIIIp molecule (molecular mass = 52 kDa) is complexed with
about 60 SDS molecules (Papavoine et al, 1994) Although the data of the residues of
gVIIIp in DodPCho micelles only allow a qualitative interpretation, the average ratio
(^Ьоо of the residues of gVIIIp in DodPCho micelles is higher than that obtained for
the protein/SDS system This implies that a DodPCho micelle is larger in size than an
SDS micelle, corresponding with a higher rotational correlation time
Using this approximate correlation time, the motional parameters, S2, те, Ss2, and
S/2 were derived along the lines indicated in the Materials and Methods section, they are
listed m Table 4 3 Inspection of Table 4 3 shows that only one parameter, S2, suffices
to account for the observed relaxation behaviour of residues 23-44
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Table 4-3 Backbone dynamics parameters for the individual residues of gVIIIp The parame
ters were determined from models 1-5
Res no
Asp 4
Asp 5
Ala 7
Ala 9
Ala 10
Phe 11
Asn 12
Ser 13
Leu 14
Gin 15
Ala 16
Ser 17
Ala 18
Thr 19
Glu 20
Туг 21
Ile 22
Gly23
Ala 25
Trp26
Ala 27
Met 28
Val 29
Val 30
Val 31
Ile 32
Val 33
Gly 34
Ala 35
Thr 36
Ile 37
Gly 38
Ile 39
Lys 40
Leu 41
Phe 42
Lys 43
Lys 44
Phe 45
Thr 46

S2
0 22
0 27
0 44
0 47
0 49
0 51
0 55
0 51
0 53
0 53
0 48
0 45
0 49
0 55
0 52
0 53
0 83
0 89
0 90
0 97
0 97
0 92
0 97
0 99

100
0
0
0
0

96
99
98
98

100
100
0 98
0 96
0 97
0 94
0 94
0 95
0 93
0 90
0 67

dS2
Te (ps) dre (ps)
0 02
17
938
0 04
52
1312
0 03
1278
57
97
0 03
1560
0 02
87
1572
167
0 04
1713
154
0 03
1690
0 03
1592
113
0 04
1716
201
1502
99
0 03
114
1564
0 03
92
0 03
1533
78
0 02
1573
0 04
80
1266
98
0 03
1467
166
0 05
1523
0 03
175
969
0 03
0 02
0 03
0 04
0 02
0 03
0 03
0 03
0 03
0 03
0 03
0 03
0 03
0 04
0 03
0 03
0 02
0 03
0 03
0 03
0 02
0 02
36
93
0 02
1465
117

s2

0 24
0 31
0 51
0 54
0 57
0 59
0 62
0 60
0 60
0 60
0 56
0 56
0 58
0 61
0 58
0 63

dSs2
0 01
0 01
0 01
0 01
0 01
0 02
0 02
0 01
0 02
0 01
0 02
0 01
0 01
0 02
0 02
0 02

V
0 90
0 88
0 86
0 86
0 86
0 86
0 89
0 86
0 88
0 88
0 85
0 80
0 85
0 90
0 90
0 84

dSf2
0 01
0 02
0 01
0 01
0 01
0 02
0 02
0 02
0 02
0 02
0 02
0 01
0 01
0 02
0 02
0 02

X

2

10 41
7 04
4186
38 64
22 24
5 18
4 45
1144
10 55
5 96
11 76
3146
46 86
22 10
23 19
15 76
6 70
17 22
20 70
1147
9 69
7 43
7 85
8 42
7 92
4 16
6 15
5 65
1 77
10 01
3 25
5 00
13 19
2 84
2 94
1 71
8 45
13 90
3 08
2129
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2

three residues (22, 45 and 46) two parameters, S

and r e , are needed, while the
2

majority of the remaining residues required three parameters, S .

τ>. and S¡2. to obtain

a reasonable fit. The behaviour of the terminal residues, 2-3 and 47-50, could not be
described with any of the models 1-5 in Table 4.1 and were therefore excluded from
the subsequent final calculations (vide infra).

However, the relaxation parameters of

these residues show that they are very mobile compared to the other residues in the
molecule (smaller H2s and small or negative NOEs except for residue 2, which will be
2

discussed below). It is noted that the value of the 95% confidence interval of the χ

distribution, used in the fitting procedure, is 15.507, 14.067 and 12.592 for one, two, and
three motional parameters, respectively (Devore, 1982, Table A6; it is noted that I lie
total number of relaxation parameters available is 9). The use of an increasing number
of motional parameters was justified according to the F-test statistic (see Materials and
Methods).

Using the number of motional parameters that were chosen foi residues

4 46, the final value of r c calculated was 11.77 ± 0.08 ns.

Figure 4.2 displays the
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2

order parameters, S , of residues 4-46

A significant difference is observed for the
2

residues within the two helices (A and H, see Figure 4 2), the average S
amino acids in the hydrophobic helix is 0 96 (SD 0 03)

value of the

This value corresponds with

highly restricted internal motion in this part of the protein, earlier we have shown that
this part of the protein traverses the micelle (Papavoine et al, 1994)

Interestingly,

this hydrophobic helix within the micelle exhibits dynamical properties similar to helices
within the inteiior of globular proteins The hinge region, which connects the two helices,
is located around residue 22 (van de Ven et al, 1993, Papavoine et al, 1994)

For this

2

is 0 83, and its internal motion is on the nanosecond time scale (r e = 969

± 175 ps)

Comparison of these dynamics parameters with those of residues 21 and 23

residue S

indicates that the motion of the residues closer to the hydrophobic helix becomes more
restricted (higher S2), whereas the residues closer to the amphipathic helix are more
mobile (lower S 2 , see Figure 4 2)

In other words, the 'transition' of the hydrophobic

to the amphipathic helix, described in terms of dynamics, is characterized by a sudden
change from very restricted to a much more unrestricted internal motion The residues
in the amphipathic helix, which is located on the surface of the micelle, have an average
S2 value of 0 51 (SD 0 03), showing much mobility on both the picosecond and the
nanosecond time scales, with an average correlation time of the slow internal motion of
1560 ± 117 ps and a fast internal motion which is less than 10 ps

The high χ2

values

of some residues (7, 9, 17, and 18) is an indication that the dynamics in this part of the
protein might be more complex than represented by the models being applied here (see
Table 4 3)
At both the N- and C-terminus of the protein, a 'mobility gradient' is observed

At

the N-termmus, the order parameters of residues 4 and 5 show that the motion of these
amides is less restricted than the residues in the amphipathic helix

The motion of

tesidues 2 and 3 is too complicated, so that it cannot be described with the models used,
but the smaller R 2 and negative NOE of residue 3 are strong indications that this residue
is more mobile than residues 4 and 5

The relaxation data of residue 2 for gVIIIp m

SDS micelles (large Ri, R2, and R i p and small positive NOE) is very different from that
of the other terminal residues, which show small Ri and R 2 values and negative NOEs
The origin of this is unclear

For gVIIIp in DodPCho micelles, the Ri relaxation rate

and heteronuclear NOE of residue 2 are similar to those of the other terminal residues
However, the R 2 lelaxation rate of residue 2 in this system is still higher m comparison
with the other terminal residues (data not shown)

At the C-terminus, residues 45

and 46 show more mobility than the residues of the hydrophobic helix

However, in

comparison with the N-terminus, the motion of these amides is more restricted

The

relaxation parameters of residues 47-50 indicate, like those of residue 3, that thev are
\er\ mobile
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Slow conformational exchange
For all residues, the addition of an exchange term, did not lead to a significantly better
ht of the data

Normally, residues having a j * value that is one standard deviation

greater than the average value are considered for addition of an exchange term (Clore
et al, 1990a)

For the determination of the average ^

ratio, the values of residues

25-45 were used For these residues only one parameter is sufficient to fit the data (vide
supra)

The ^

of all other residues is almost a factor of 2 smaller than the average

An

exchange term is thus not expected for these residues
To further exclude the possibility that the R 2 of residues 25-45 might have an R e l
contribution and that the actual ψ (and thus r c ) is smaller than the value determined,
we measured R i p Figure 4 3 displays both the R2 and Ri,, values measured at 500 MHz
Comparison of the R 2 and R i p data, the latter obtained with a 2 5-kHz spin-lock field,
show good agreement for residues 3-21

For residues 22 45, R i p is somewhat smaller

than R 2 but for most residues the differences between the R 2 and R ) p fall within their
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experimental error [for residues 25-45, the average (R 2 - R ^ ) = 1 01 and the average
SDfl2 = 1 26]

Exceptions are the R 2 s of residues 22-26 and 28-30

Excluding the R 2

of these residues from the mean j * determination lowers the r c with only 0 1 ns

Using

only the R ^ values for the determination of the correlation time lowers the тс with 0 5
ns When the average correlation time was lowered to a value of 11 3 ns, the relaxation
parameters of residues 23-44 could still be fitted by only varying S2 and did not require
an exchange term

For residues 22 and 25, an exchange term did not improve the fit

significantly as well From these observations, it has been concluded t h a t residues 22-45
may have a small conformational exchange contribution, but the effect on the transverse
relaxation rate is such that it does not influence the determined motional parameters
For this reason, the exchange term has not been included in the grid search for models
I VI, which are discussed below

Anisotropic r o t a t i o n
Work by Schurr et al (1994) indicated that use of the extended Model-Free Approach
(eqn 4 8) to interpret the relaxation data may lead to the introduction of internal mo
tions, on the nanosecond time scale, not really present in the considered system

These

motions may arise as an artifact when the molecule undergoes anisotropic tumbling so
that the Extended Model-Free Approach is used outside its domain of validity

To ex

amine this possibility for the present system, we attempted to fit the relaxation data
with an anisotropic model
To be able to include the effect of anisotropic tumbling, the macromolecular structure
needs to be included in the analysis (Tjandra et al, 1995) The structure of the micellegVIIIp complex is, however, not available other than that we know that the protein
consists of two a helices connected by a hinge region
The relaxation parameters of the residues within the individual helices turn out to be
very similar

This is not unexpected because the α-helical backbone vectors are almost

colhnear with the helix axis, making on average an angle of about 15° with it Therefore,
for each of the helices the average of the relaxation parameters was assigned to the total
helix (Table 4 4)

In this approach residues 9-21 (13 residues) of the amphipathic helix

and residues 27 41 (15 residues) of the hydrophobic helix were taken

This provides

a basis for the calculation of the orientation of the helices with respect to the unique
axis of the protein-micelle complex

This can be achieved by using the angle between

the helix axis and the axial symmetry axis of the system, as well as r = -^-, as fitting
parameters in a grid search procedure, which is feasible because we obtained a total
of nine relaxation parameters per helix segment by using three different spectrometer
frequencies

The results are summarized in Table 4 5
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Table 4-4 Mean ,5N R¡and R2 relaxation data and NOEs and their standard deviation at
500 -, 600- and 750-MHz spectrometer frequencies of the residues m tht amphipathic and hydrophobic helix For the amphipathic helix (A), the mean value was calculated from the data of
residues 9-21, and for the hydrophobic helix (H), residues 27 J, I were used
Helix
A
A
A
H
H
H

Frequency
500
600
750
500
600
750

IMs-')
1 70
142
122
143
1 20
0 86

S D * (s ')
0 05
0 07
0 08
0 07
0 12
0 15

IM*"1)
8 89
8 53
ИЗО
15 66
16 20
18 95

SDftíe- 1 )
0 34
0 45
0 30
134
166
108

NOE
0 44
0 48
0 62
0 74
0 81
0 82

SDyvOE
0 05
0 08
0 06
0 09
0 15
Oli

The grid search procedure was tested with models II, III and IV which in fact correspond with the isotropic models 1, 2, and 3 (cf Table 4 1) and yield similar answers
(Tables 4 3 and 4 5)

For anisotropic motion (models V and VI, Table 4 1), an optimal

fit is obtained when for the amphipathic helix θ = 60° and for the hydrophobic helix
θ = 30° In all models used, the best fit was obtained using only S 2 for the hydrophobic
helix and using at least two parameters (S2 and те) for the amphipathic helix However,
in comparison with the isotropic model, the internal correlation time of the amphipathic
helix in the anisotropic model reduces to τ = 100 ps This is true not only for the real
minimum of the selected model (anisotropic ratio г = 4 5, Table 4 5) but also foi all
other combinations of parameters with an anisotropic ratio between 2 5 and 4 5 (data
not shown)

In the fits of the same model with smaller anisotropic ratios (1-2), the

internal motion correlation time is large (900 1600 ps)

Thus, in this approach the

original nanosecond internal motion is accommodated in the overall anisotropic motion,
as described by Schurr et al (1994)

Table 4-5 Backbone dynamics parameters of the two helices of gVIIIp
determined from models I- VI
¿
1
r
model T> (ps)
θ
Helix
To Teff

115

115

75

10

10

45

Amphipathic
Hydrophobic

III
II

1200

Amphipathic
Hydrophobic

IV
II

1500

Amphipathic
Hydrophobic

V
VI

100

-

s'

0 65
100
0 53
100
0 80
0 95

s,

-

0 88

—

The parameters were
г

х

- 61 42
— 8 46
-

7 90
8 46

60°
30°

38 98
4 83

Xtot

69 88

16 36

43 80
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However, when comparing the χ2 values of the Simple Model-Free form and the
anisotropic model in Table 4 5, the more complex model cannot be justified in terms
of the F-test statistic, which has a value of 2 18 [F(0 05, 3, 11) = 3 59]

This is not

true when the Simple Model-Free form and the Extended Model-Free form are compared
[determined value=42 52, F(0 05,1,13) = 4 67]

Furthermore, the nanosecond internal

motion is already present when the Simple Model-Free Approach is applied to the data
of the coat protein (Table 4 5) On the other hand, in the studies of Schurr et al (1994),
the effect of the nanosecond internal motion was only seen when the Extended Model
Free equation 4 8 was used and was not detected in the simple form of the Model-Free
Approach

Finally, we consider the result to be physically irrealistic because г = -^- —

4 5, a value which is inconsistent with the possible dimensions of the complex, it cannot
be achieved even if the amphipathic helix would be collmear with the hydrophobic helix

R e d u c e d spectral density m a p p i n g
Using eqn 4 6 the spectral density function was calculated at J{Q), J(ww), and (./(ω^)),
the parameters derived from the measurements performed at 500 MHz are displayed
as a function of residue number in Figure 4 4

The J(0) and (J(UJH))

values

differ

significantly for different parts of the protein, in the same manner as already noticed
for the relaxation parameters

This similarity is not very surprising, since J(0) is

predominantly determined by R.2 and (,/(ω#)) is determined by the NOE (see eqns 4 14 3)

Recently, Lefevre et al

densities

(1996) attempted a further interpretation of the spectral

They constructed plots in which J(U>N) or (J(u>n)) was plotted as a function

of J(0) to study the internal mobility of the amide ^ N - ' H vectors in the GAL4 DNAbindmg domain This turned out to yield a linear relationship between these parameters
The spectral densities obtained for the gene VIII protein (see Figure 4 4, derived from
the 500-MHz measurements), plotted in this manner, are presented in Figure 4 5 for
residues 7-45 The data of the amphipathic helix are represented by crosses, those of the
hydrophobic helix are shown by plus signs and those of the other residues are displayed
as circles

It is clear that, except for a few points, the spectral densities of the

15

N Ή

vectors cluster in two domains, ι e , the vectors in the amphipathic helix fall around
J(0) « 2 3 ns/rad, with J(u>N) Ä 0 33 ns/rad and (J(u)H)) « 15 ps/rad

The spectral

densities of the ^ Ν - ^ Η vectors in the hydrophobic helix fall around J(0) « 4 8
with J(LJN) « 0 28 ns/rad and (,/(ω#)) « 2 5 ps/rad

ns/rad,

From the available data it cannot

be concluded that a linear relation, as found by Lefevre et al (1996), exists for the coat
protein

Nevertheless, it is interesting to elaborate on this feature

The most simple

situation for which one may expect to encounter such a simple relationship is when the
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spectral density is a linear combination of two Lorentzians
А0тс

3{ω) = (2/5)

A\T

(4 12)

with Αι = 1 - Ло We assume that r c is the overall correlation time and τ is related to
the internal correlation time (e g , as in the Lipan-Szabo approach, see Eqn 4 7)

It is

easy to show that for this situation
JM
with N = (1+ω2τ2)(1+ω2τ2)

=

l

2

+

-^-m

2 r r

"

^

+ r c )

(413)

Thus, for constant values of r c and r, and for a given value

of ω, J(oi) is a linear function of J(0) The slope of the line is positive for ттсш2 < 1 and
negative for TTCUJ2 > 1, for ттсш2 = 1 the slope is 0, and in a plot of J {ω) versus ω the
Lorentzians cross, ι e , at the particular value of ω where J(UJ) is probed In Figure 4 5A,
В eqn 4 13 has been plotted for ω = ω^ and u> = 0 87ω# for different values of τ with
TL — 11 9 ns

The solid lines connect calculated points with the same A0, whereas the

dashed lines represent the data for which τ — 0, 500, 1000, and 1500 ps, respectively
It is implicit in this approach that the

15

N - ' H vectors are subject to the same motional

behaviour, ι e , their motions can be characterized by the same correlation times

It is

obvious that such a situation obtains for the overall motion of the molecule but this is
not evident for the internal motion of the individual

15

N - ' H vectors This situation may,

however, be applicable when the vectors in a certain part of the molecule are subject
to the same (diffusional) motion

This is very likely true for the amphipathic helix

as suggested by the similarity of the relaxation parameters of its ^ N - 1 ! ! vectors

As

mentioned, the dashed straight lines representing eqn 4 13 in Figure 4 5 arise from linear
combinations of two Lorentzians which means that each point on such a line corresponds
with a certain value of Ao This is illustrated in Figure 4 5, proceeding from right to left,
the values of Ao decrease from 1 to 0

As expected for A 0 = 1 all lines, corresponding

to different values of r, coincide because at that point the motion characterized by the
correlation time, τ, does not contribute

As follows from the foregoing discussion, for

constant ω and т с the slope of the lines will depend on the values r (see Figure 4 5) It
is interesting to note that in the J(u>w)-J(0) plot J(wjv) increases with increasing values
of r, while in the (J(LJH))

</(0) plot (J(wH))

initially rapidly increases, goes through

a maximum for г и 500 ps, and then decreases

This behaviour is to be expected, as

can be seen in a plot of J{u>) versus τ (cf Figure 4 6)
to consider the experimental results

At this point it is interesting

As expected, the values of the

15

N - ' H vectors in

the hydrophobic helix are clustered around the point where the different straight lines
cross, i e , for An « 1, where the internal motion does not contribute
situation obtains for the vectors of the amphipathic helix

An interesting

In the J(U>AT)-J(0) plot the
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data points fall around the line representing a correlation time for the internal motion
approximately equal to 1000 ps while from the (J(UJH))-J{Q)

plot this correlation time is

estimated to be «2000 ps. This means that for the vectors in the amphipathic helix the
simple model, i.e., J(u>) is the sum of two Lorentzians, is not applicable and additional
internal motions should be allowed for. A simple description of the interpretation of the
spectral densities, i.e . linear relationships in the J(u>)-J(0) plots, may be retained by
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Figure 4.5 Plots of (А, С) J(wN) versus J(0) and (B, D) (J(w w )) versus J(0). The experimental data, calculated from eqn 4-6, are represented by crosses for the amphipathic helix
(residues 7-21), by plus signs for the hydrophobic helix (residues 25-45), and by circles for the
other residues (22 and 23). Theoretical spectral densities represented by the dashed and solid
lines were calculated using eqn 4-13 for panels A and В and eqn 4 15 for panels С and D, using
тс = 11.9 ns and internal correlation times varying between 0 and 1500 ps. The solid lines
connect theoretically calculated J(OJ) — J{0) combinations corresponding with the same AQ or
As, whereas the dashed lines represent the data for which τ = 0, 500, 1000, and 1500 ps, re
spectively. A/ = 1 for panels A and B, and A¡ = 0.85 ¡or panels С and D. The bold solid line
connects the calculated J(ui) — J{0) combinations for the average value of AQ derived for the
amphipathic helix.
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18

Figure 4-6 Plots of J(0) (Α), ./(ω/ν) (В) and {J{wn)) (C) versus τ
lated using a single Lorentzian (see text)

20

The jioints were calcu

introducing a scaling factor \¡ as indicated in
J [ω) = (2/5)

AfA,Tc
1 + {штс)

2

+

{Af(l-A.))T
1 + {ωτ)2

There are different possible interpretations for scaling, e g , the effective

(4 14)
15

N lH ìnter-

nuclear distance may differ from the value used above (1 02 Â) (Lipari & Szabo 1982a
J a n e t et al, 1996) or the presence of very fast internal motion mav require the introduction of a scaling factor (Clore et al, 1990a,b)

In the latter approach 1 - A¡ is

the relative amplitude of the spectral density of the fast internal motion, 4 5 that of
the 'slow' nanosecond internal motion, and A/A,

= A0 is the amplitude of the spectral
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density corresponding to the overall motion

Furthermore, r c is the correlation time of

the overall motion and r is related to the slow internal motion, TS Thus, J(u>) is again
a linear combination of two Lorentzians For this situation
^ )

=

1 ^ Э Д

+

Л

;

( ^ ;

+

Г

· ' )

(415)

Thus, for constant values of r the slope of the straight lines representing the relation
ship between J(w) and J(0) is equivalent to that found for the situation described by
eqn 4 12

The factor A¡ only scales down J(w) by a constant value except for the line

characterized by τ = 0

This means that the point where the different lines coincide

moves along the (r=0)hne to the left by an amount depending on the value of Af
is illustrated in Figures 4 5CD,

This

in which J{w) is plotted versus J(0) for A¡ = 0 85

It can also be seen in this figure that by choosing A¡ = 0 85 a situation is generated
in which the spectral densities of the the amphipathic helix are clustered close to the
(т=1500)1іпе in the J(wN)-

as well as in the (J(LOH))

plot

The interpretation of spectral densities in eqns 4 13 and 4 15 mathematically cor
responds to mapping of the Model-Free Approach in eqns 4 7-4 8 (Lipari & Szabo,
1982a,b, Clore et al, 1990a,b) onto the measured spectral densities Some physical as
pects are immediately transparent in plots as given in Figure 4 5 We want to mention
that in case the motion of the individual

15

N - ' H vectors are characterized by (very)

different internal correlation times, J(u>) is no longer a simple linear function of J(0)
Furthermore, the ratio of the slopes of these straight lines for the J(LJH)-J(0)

plots and

(•/(ω//)) J(0) plots immediately show whether more than one internal correlation timo
is needed to derive the
amphipathic helix
in the

J(LJ)-J(0)

,5

N ' H vector motion

This is seen in Figures 4 5AB foi the

A similar difference was observed in the obtained correlation timos

plots of the GAL4 DNA-binding domain (Leièvre et al, 1996) As fai

as we can tell from the present results, within the theoretical tools currently available
for the interpretation of the spectral densities, the Model-Free Approach seems to give
an appropriate description even for the motion of a flexible molecule such as the coat
protein of filamentous bacteriophage M13 in a detergent micelle

C o m p a r i s o n w i t h other micellar-protein complexes
Recently, Williams et al (1996) have studied the dynamics of the major coat protein
of the related bacteriophage IKe in mynstoyllysophosphatidylglycerol (MPG) micelles
This protein consists of 53 residues and shares 19 similar residues at the same positions
with the M13 coat protein when the two proteins are aligned at the C-termmi

The

secondary structure of the coat protein of IKe consist of two α-helical regions as well
corresponding to an amphipathic helix (Asn4 Ser26) and a hydrophobic helix (Trp29
Phe48)
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In the study on the IKe coat protein, residues 11-48, which include both the amphipathic and hydrophobic helices, have very similar dynamics
2

parameter (S ) for these residues is 0 85

The average order

Residue 28 is found to have a lower order

parameter than the rest of these residues
These results are in contrast with our results, which indicate that the amphipathic
helix has much more freedom of motion than the hydrophobic helix This difference may
arise from several effects

The length of the amphipathic helix of the IKe coat protein

(residues 4-26) is larger than that of the M13 coat protein (residues 6-20) The reduced
flexibility of the amphipathic helix of the IKe protein may then result in a stronger
interaction between this helix and the MPG micelle than that of the M13 coat protein
and the SDS micelle

On the other hand, the different micellar environments may be

responsible for the effect or a combination of both effects

The correlation time of the

IKe coat protein in MPG micelles is 16 ns, whereas that of the M13 coat protein in SDS
micelles is 11 8 ns Since a MPG molecule has a large head group in comparison with a
SDS molecule, a larger micellar size is expected From the results of the IKe coat protein,
it is likely that size of the MPG micelle is such that the amphipathic helix, although
exposed to the solvent, is partly immersed into the MPG micelle, having a dynamical
behaviour similar to the residues of the hydrophobic helix For the smaller SDS micelles,
the amphipathic helix is on the surface of the micelle, thereby obtaining more motional
freedom than the hydrophobic helix within the micelle

The relaxation parameters of

gVIIIp in DodPCho micelles, whose size is in between that of SDS and MPG micelles,
are comparable with those of gVIIIp in SDS micelles, showing more flexibility for the
amphipathic helix than for the hydrophobic helix

However, exact information on the

motional parameters is not available

Conclusions
We have examined the backbone dynamics of the non-globular major coat protein of
bacteriophage M13 using

I5

N relaxation measurements

We have interpreted the re

laxation data using the Model-Free Approach, including the possibility of anisotropic
motion, and using reduced spectral density mapping In the latter method, the spectral
densities were interpreted by mapping a linear combination of two Lorentzians onto a
J(0) J(u>) plot Given the theoretical tools currently available for the interpretation of
the spectral densities, the Model-Free Approach seems to give an appropriate description
of the motion of the gene VIII protein However, it is noted that the dynamics of the
amphipathic helix might be more complex than described by the models being applied
here as indicated by the high χ2 values of some residues in this part of the protein This

84

Chapter 4

may reflect difficulties similar to those encountered by Jarvet et al (1996) who could
not, at the same time, reproduce the spectral density at low and high frequencies
Our results indicate, as found earlier, that the terminal residues are very mobile
The motion of the hydrophobic helix, located within the micelle, corresponds with the
overall tumbling of the protein/micelle complex The hinge region around residue 22
does not show additional flexibility compared to the two helices In fact, proceeding
from the hydrophobic to the amphipathic helix, a rather abrupt shift in the dynamical
parameters occurs Residue 25 is very restricted in its motion, whereas residue 21 has the
same motional flexibility as the other residues in the amphipathic helix The residues
in this helix are subject to extra internal motions with correlation times in the fast
nanosecond and picosecond time scales The extra motions of the 15 N-'H vectors in this
helix are not due to anisotropic tumbling of the molecule The motional behaviour of the
residues within the amphipathic helix is very similar, as beautifully demonstrated by the
clustering of the data points in Figure 4 5 This indicates that the motions of all vectors
are correlated, and we interpret this motional freedom as a motion of the amphipathic
helix on and away from the surface of the micelle We surmise that the motion has a
functional role and provides the basis for the description of the conformational change
of the structure of the protein in the membrane-bound form to that of the coat of
the mature phage Qualitatively similar results have been obtained for the protein in
DodPCho micelles

Dynamics of M13 coat protein in micelles by N M R
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Table 4-6 Relaxation data of gVIIIp in SDS micelles measured at 500 MHz
Res

no

2
3
4
5
7
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

1
Rii*" ) SD*, (β"') R 2 (Rip) (β"1)

3 94
1 44

168
1
1
1
1
1
1
1
1
1

81
71
76
70
73
73
71
73
71

174
1 64
1 70
1 67

173
1 61
1 52

140
134
135
1 34

134
138
139
1 43
1 41
1 43

141
151
163
1 52

139
1 46
1 45
1 40

145
1 51
1 41

144
180
167
157
130
0 66

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
0
0
0
0
0
0
0
0
0
0
0
0
0
0

20
02
03
05
03
04
03
05
05
04
07
04
05
04
03
05
05
07
07
06
05
08
09
05
07
07
07
07
08
08
07
08
10
08
06
06
07
06
08
04
06
06
02
01
01
00

12 00 (17 25)
3 75 ( 3 69)
5 19 ( 4 36)
5 91 ( 5 54)
7 73 ( 7 13)
8 48 (8 11)
8 58 ( 8 05)
9 04 ( 8 99)
9 46 ( 8 48)
8 99 ( 8 30)
9 56 ( 8 67)
9 19 ( 8 57)
8 68 ( 9 29)
7 96 ( 7 66)
8 17 ( 7 96)
9 28 ( 9 51)
9 03 ( 8 37)
9 18 ( 9 16)
12 99 (11 10)
12 32 ( 9 75)
14 23 (12 80)
17 07 (14 64)
15 43 (15 38)
14 97 (13 50)
16 16 (14 28)
16 98 (14 08)
16 75 (16 34)
14 44 (14 24)
16 02 (14 95)
15 13 (14 50)
15 41 (16 07)
15 03 (14 66)
16 81 (15 31)
15 91 (14 73)
14 84 (13 77)
15 49 (13 96)
15 50 (13 74)
13 94 (14 05)
14 78 (14 09)
14 53 (14 11)
13 88 (12 87)
10 54 (12 22)
8 54 ( 9 27)
5 10 ( 6 62)
2 43 ( 3 35)
1 55 ( 1 83)

1

SD„ 2 (SD ßl J( s" )
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
1
0
1
1
0
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
0
0
0
0
0
0
0

95 (0 75)
15 (0 06)
23 (0 11)
21 (0 18)
20 (0 18)
24 (0 22)
22 (0 19)
36 (0 31)
34 (0 26)
32 (0 24)
50 (0 38
29 (0 22)
34 (0 29)
26 (0 20)
20 (0 13)
41 (0 31)
35 (0 25)
51 (0 37)
84 (0 44)
89 (0 37)
86 (0 47)
56 (0 63)
51 (0 87)
97 (0 47j
24 (0 57;
26 (0 56)
27 (0 591
18 (0 Ы
55 (0 7Г
51 (0 74
21 (0 59
51 (0 59
92 (0 74
52 (0 71
07 (0 53
06 (0 51
34 (0 60
02 (0 52
20 (0 58
72 (0 37
89 (0 40
64 (0 33
19 (0 10
07 (0 05
03 (0 02)
16 (0 01 )

NOE
0 36
-0 52
-0 37
0 09
0 30
0 37

041
0 48
0 49
0 43
0 48
0 40
0 46
0 42
0 46
0 37
0 48
0 44
0 57
0 58
0 62
0 71
0 68
0 79
0 70
0 71
0 69
0 81
0 70
0 73
0 76
0 75
0 76
0 73
0 76
0 72
0 74
0 77
0 83
0 66
0 66
0 53
0 38
-0 05
-0 60
-145

SDNOE

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
0
0
0
0
0
0
0
0
0
0
0
0
0
0

06
03
04
05
05
05
04
06
06
05
07
04
06
05
03
05
05
07
08
08
07
09
11
08
08
08
07
09
09
09
09
09
09
09
08
07
09
08
10
05
07
05
02
02
01
02

Table 4·7
Res no

2
3
4
5
7
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

Relaxation data of gVIIIp m SDS micelles measured at 600 MHz

MO3 19
1 28
1 51

165
141
1 47

153
140
146
134
153
148
141
130
132
136
1 52
1 31
1 33

SD^s-1)
0 48
0 03
0 06
0 08
0 06
0 06
0 06
0 09
0 07
0 07
0 10
0 07
0 07
0 05
0 05
0 07
0 07
0 10

on
0 12

104
107
133
129
101

0 09
0 14
0 15
0 07

1 29

Oil

124

on
0 09

1 10
1 25

128

0 13
0 15
0 14
0 10
0 14
0 12
0 14

1 18
1 12

on
0 10

109
106

0 11

135
135
1 05
1 29
1 05

1 15
1 17
1 17
1 26
1 31
1 32
1 16
0 62

0 09
0 12
0 06
0 08
0 09
0 04
0 02
0 01
0 00

Ms-1)
12 24
2 86
5 07
5 61
7 30
7 49
8 46
8 86
9 80
8 74
8 37
9 30
8 42
7 44
8 98
8 49
8 66
7 86
12 47
17 26
12 78
14 68
19 68
15 22
16 17
17 02
17 01
17 73
15 08
14 99
16 67
13 55
16 25
16 49
15 14
17 33
14 71
15 66
17 09
14 59
14 96
10 61
8 27
4 87
2 29
1 18

SDj^s-1) NOE SD/VOB
0 60
0 17
182
0 08
-0 04
-0 39
0 19
0 00
0 06
0 30
0 29
0 08
0 31
0 07
0 31
0 32
0 46
0 08
0 30
0 51
0 06
0 54
0 56
0 10
0 48
0 55
0 08
0 45
0 50
0 08
0 63
0 63
0 13
0 47
0 51
0 09
0 42
0 44
0 07
0 32
0 42
0 07
0 32
0 44
0 05
0 33
0 07
0 51
0 31
0 47
0 06
0 64
0 58
0 12
0 59
0 13
106
3 54
0 64
0 13
0 12
1 05
0 70
172
0 73
0 13
2 35
0 78
0 16
0 72
106
0 09
0 83
145
0 13
0 78
0 14
172
156
0 83
0 13
183
0 91
0 20
166
0 90
0 15
1 71
0 93
0 18
152
0 88
0 14
1 57
0 75
0 13
2 04
0 22
105
0 87
199
0 15
0 47
0 11
135
0 75
149
0 13
151
0 75
0 16
0 82
128
0 12
0 60
0 10
175
0 79
0 79
0 09
0 57
106
0 09
0 56
0 76
0 08
0 41
0 04
0 23
0 02
0 08
0 00
0 04
-0 40
-0 02
0 01
-1 71
-0 03
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Relaxation data of gVIIIp in SDS micelles measured at 750 MHz

Res no

Ri(s-') SDfil(S-) R2(s-') SDR2(s-') NOE S&NOE
9 37
0 22
0 59
0 04
3 68
Oil
0 03
-0 10
-0 02
133
0 03
3 09
1 50
0 03
5 66
0 05
0 19
0 03
0 05
7 08
0 11
0 48
0 04
160
0 47
0 04
0 05
9 81
0 16
1 19
0 65
1 21
0 05
10 52
0 19
0 05
0 19
0 61
0 04
1 20
0 05
10 85
0 32
0 64
0 06
1 26
0 08
11 11
0 32
124
0 08
0 67
0 06
1193
0 67
0 07
0 28
0 05
1 29
1128
0 07
1 27
0 10
0 63
1179
0 38
0 07
1141
0 63
0 05
1 20
0 28
0 57
0 06
1 22
0 08
10 49
0 28
1 12
0 23
0 60
0 05
0 06
10 13
0 06
1146
0 26
0 56
0 05
123
1 21
0 09
12 29
0 40
0 59
0 06
11 51
0 33
0 61
0 06
1 26
0 08
0 12
12 11
0 62
1 17
0 50
0 08
0 12
0 74
0 67
0 95
15 60
0 09
0 15
15 74
0 89
0 76
0 10
0 99
0 14
18 24
0 84
0 70
0 89
0 08
0 77
0 16
1 21
0 77
19 79
0 11
19 37
122
0 64
0 15
0 85
0 15
0 12
18 57
0 84
0 87
0 76
0 10
18 83
0 14
0 97
0 83
0 10
0 95
0 82
0 13
0 82
19 53
0 95
0 10
0 14
0 80
0 97
19 63
0 91
0 09
0 14
1 11
0 84
0 74
18 91
0 11
0 84
0 88
0 16
19 60
1 19
0 11
0 82
0 16
1 19
0 85
0 13
19 35
0 92
0 88
0 13
18 68
0 86
0 10
108
0 16
17 81
1 17
0 81
0 10
19 64
0 78
0 85
0 18
139
0 11
0 17
19 56
133
0 79
0 12
0 81
0 14
0 94
18 19
104
0 88
0 10
0 12
0 83
18 08
0 83
0 83
0 09
0 14
0 83
18 56
1 10
0 78
0 11
0 90
0 14
18 09
0 97
0 85
0 09
0 94
0 81
0 15
16 48
101
0 10
0 84
0 10
17 80
0 66
0 75
0 07
16 42
0 80
0 13
0 87
0 70
0 09
0 54
0 72
136
Oil
13 57
0 07
1 25
0 05
11 10
0 19
0 56
0 03
0 03
0 06
0 19
0 02
135
6 19
0 02
3 07
0 02
-0 21
125
-0 01
0 01
1 26
0 01
-0 89
-0 01
0 68

2
3
4
5
7
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
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CHAPTER 5
Solution s t r u c t u r e of t h e M13 major coat protein in
detergent micelles: a basis for a model of phage
assembly involving specific residues

Abstract
The three dimensional structure of the major coat protein of bacteriophage M13, sol
ubilized in detergent micelles, has been determined using heteronuelear multidimensional
NMR and restrained molecular dynamics The protein consists of two a helices, running
from residues 8-16 and 25-45, respectively These two helices are connected by a flexible
and distorted helical hinge region The structural properties of the coat protein make it
resemble a flail, in which the hydrophobic helix (residues 25-45) is the handle and the
other, amphipathic, helix the swingle In this metaphor, the hinge region is the connect
ing piece of leather The mobility of the residues in the hinge region is likely to enable
a smooth transformation from the membrane-bound form, mimicked by the structure in
detergent micelles, into the structure in the mature phage A specific distribution of the
residues over the surface of the two helices was observed in the presented high-iesolution
structure of the membrane-bound form of the major coat protein as well as in structure
in the mature phage (Marvin et al, 1994)

AU data suggest that this arrangement of

residues is impoitant for the interactions of the protein with the membrane, for coiiect
protem-DNA and protein-protein interactions ш the phage and for a proper growth of
the phage during the assembly process

By combining our findings with earlier NMR

results on the major coat protein m detergent micelles, we were able to construct a
model which addresses the role of specific residues in the assembly proc ess

С H M Papavome, В E С Chiistiaans, R H A Folniei, R Ν H Konings and С W
submitted

Hilbers,
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Introduction
The filamentous bacteriophages Ff (fd, fl and M13) are long, thin viruses, which consist
of a single-stranded circular DNA packed in a coat of 2700 copies of the protein encoded
by gene VIII, gVIIIp

This coat protein is also a typical membrane protein

Upon

host-cell penetration, gVIIIp is left behind in the inner cell membrane of the host
while the single-stranded viral DNA enters the cytoplasm

The protein is encoded as

a precursor protein, a water-soluble cytoplasmic protein, which contains an additional
leader sequence of 23 residues at its N-terminus

When this protein is inserted in the

membrane, the leader sequence is cleaved off by a leader peptidase

Assembly of the

progeny virions takes place at the plasma membrane, a process in which ssDNA-binding
protein encoded by gene V is removed and replaced by gVIIIp (Wickner, 1975, Rasched
& Oberer, 1986)
The structure of the coat protein in the virus particle has been extensively studied,
ι e , by X-ray-diffraction (Banner et al, 1981, Glucksman et al, 1992, Makowski, 1992).
solid state NMR (Cross S¿ Opella, 1985), neutron diffraction (Stark et al, 1988) and
Raman spectroscopy (Overman & Thomas Jr , 1995, Overman et al, 1996) The results
indicate that the gene VIII proteins are uniformly α-helical They are arranged in layers
with a 5-fold rotational symmetry around the filament axis and an approximate 2-fold
screw axis Marvin et al (1994) constructed a model of the arrangement of the proteins
within the phage, which provides a description of the orientation of all the protein units
with respect to one another
The protein has also been extensively studied in its 'membrane-bound' form by high
resolution NMR

To this end, detergent micelles, ι e , sodium dodecyl sulphate (SDS)

and dodecylphosphochohne (DodPCho) micelles were used as membrane mimicking mod
els (Henry & Sykes, 1992, van de Ven et al, 1993, McDonnell et al, 1993)

It followed

from these studies that the protein consists of two α-helices connected by a hinge region
located around residue 22 Both high-resolution NMR spectroscopy in micelles and solid
state NMR experiments in bilayers revealed that one of the helices, the amphipathir
helix, is located on the surface of the micelle/membrane while the second, hydrophobic
helix spans the micelle/membrane (McDonnell et al, 1993, Papavoine et al, 1994, 1995)
15

N NMR relaxation studies showed that the residues of the amphipathic helix have sig

nificantly more motional freedom than those of the hydrophobic helix and indicated that
this helix moves on and off the micellar surface (Papavoine et al, 1997, Almeida &
Opella, 1997)
Here we investigate the three-dimensional structure of the coat protein dissolved in
SDS and DodPCho micelles In the resulting detailed structure a better definition of the
amphipathic and hydrophobic helices is obtained

In addition, it follows that the hinge
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region exhibits α-helical features as well

By combining the structural and dynamical

information obtained in our studies with the model proposed for the protein coat in the
mature phage (Marvin et al, 1994), a model is presented for the incorporation of the
coat proteins in the growing phage during the assembly process

Materials and methods
N M R spectroscopy
Isolation of the protein and sample preparation were as described earlier (Papavoine
et al,

1994, 1995)

The concentration of gVIIIp in the samples was typically 1 5
2

2 0 mM/ 500 mM [ H 2 5 ]SDS (MSD Isotopes) and 1 5 2 0 mM/400 mM [ 2 H 3 8 ]DodPCho
(Isotec Ine ) The pH of the sample was 4 9 (pH meter reading) The NMR experiments
were performed on a Vanan Unity+ 500 spectrometer and Bruker AM400,
and

AMX600 spectrometers

The spectra were acquired at 37-39°C

AM500

Parameters and

conditions of all experiments on gVIIIp dissolved in SDS are summarized in Table 5 1
The experiments performed on gVIIIp dissolved in DodPCho micelles were as described
earlier (Papavoine et al,

1995)

Parameters of additional 3D NOESY spectra can

be found in Table 5 1 as well

Water suppression was achieved by applying weak

presaturation pulses and a semi-selective jump-return pulse sequence (Plateau & Gueron,
1982), or by a combination of presaturation and spinlock pulses (Messerle et al,

1989)

when the protein was dissolved in 90% НгО/10% D2O, whereas only presaturation
was used when the solvent was D 2 0

A

13

C HCCH-TOCSY and a 3D ' H - ^ C 150

ms NOESY-HMQC were used for the assignment of the carbon and side-chain proton
resonances

A 2D DQF-COSY experiment was performed in order to discriminate

between direct and relay TOCSY cross-peaks

To distinguish cross peaks resulting from

conformational exchange and from NOE transfer a 3D
was performed

15

N ROESY-GHSQC experiment

Furthermore a HMQC-NOESY GHSQC spectrum was measured to

assign NOE cross peaks between overlapping amide protons

Both experiments were

based on the references as given in Table 5 1 but were extended with the sensitivity
enhancement procedure developed by Cavanagh et al

(1991) and Palmer III et al

(1991a,b), and with pulsed-field gradients to select coherence-transfer pathways (Kay
et al, 1992a)

13

In the C-edited experiments, the proton carrier in the indirect dimension

was put at 3 99 ppm
For both micellai systems, the 3 JNH-HC* coupling constants were determined in both
HMQC-J and 3D HNHA spectra in addition for gVIIIp in SDS micelles the following
homo- and heteronucleai J-couphngs were measured
3

3

3

JHQH/)

l n

a 3D HACAHB-COSY

spectrum, JN-H,0 m a 3D HNHB spectrum, JC- T N m a 2D { 1 5 N}

spin-echo differ-
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Table 5.1 Parameters and conditions of NMR experiments used to obtain structural information on the major coat protein m detergent micelles.
Experiment

Tmlx

Spectrometer

Time Domain

Sweep width

field

(F3)/F2/F1

(F3)/F2/F1
ppm

MHz

ms

References

Resonance assignment of gVIIIp in SDS micelles
TOCSY

30 7

600

2048/440

11 7/11 7

(Bax S¿ Davis, 1985)
(Griesinger et aiI , 1988)

400

2048/440

12 5/12 5

(Ranee et al , 1983)

15

N NOESY-HMQC

150

600

1024/38/512

11 0/24 7 / 1 1 0

(Me.sserle et al , 1989)

15

N TOCSY-HMQC

(Marion et al , 1989a)

DQF-COSY
33 1

600

1024/62/260

11 7/20 8/11 7

13

C IICCH-TOCSY

25 5

500

1024/76/284

12 0/31 5/8 0

13

C NOESY-HMQC

150

500

1024/108/256

12 0/72 0/12 0

(Ikurd et al

N ROESY-GHSQC

40

500

1024/54/260

12 0/20 8/12

(Bother By et al

100

500

1024/128/64

12 0/20 8/20 8

15

"N

HMQC-NOESY-GIISQC

(Bax et al , 1 990)
1990)
1084)

(Frenkiel et al , 1990)

Structi jrc determination of gVIIIp in SDS micelles
15

N NOESY-HMQC

80

500

1024/60/256

12 0 / 2 3 7/12 0

I3

C NOESY-HMQC

80

600

1024/84/250

11 7/31 8/7 7

(Ikura et al , 1990)

TOCSY

D

500

2048/440

12 0/12 0

(Bax & Davis, 1985)

NOESY

40

(Jeener et al , 1979)

(Mescerle et al , 1989)

500

2048/440

12 0/12 0

HMQC-J

400

2048/400

12 5/22 0

(Kay & Bax, 1990)

HNHA

500

1024/50/130

11 7/25 6/6 4

(Vuister $¿ Bax 1993)

HACAHB-COSY

500

1024/142/64

8 8/25 8/5 5

(Grzesiek et al , 1995)

HNHB

500

1024/44/150

12 0/17 1/8 0

(Arclier et al , 1991)

HSQC ( 3 J C T N )

500

1024/390

12 0/28 6

(Vuister ei al , 1993)

500

1024/400

12 0/2R 6

(Grzesiek et al , 1993)

HSQC(3JC7cO

Structure determination of gVIIIp in D o d P C h o micelles
15

N NOESY-HMQC

80

600

1021/58/256

11 7/21 1/11 7

13

C NOESY-HMQC

80

600

1024/64/250

11 7/31 6/7 7

(Iknra et al , 1990)

HMQC-J

400

2048/400

12 5/22 0

(Kay & Bax, 1990)

HNHA

500

1024/50/130

11 7/25 6/6 4

(Vuister L· Bax 1993)

enee HSQC spectrum, and J J c 7 c

m

a

(Messerle et al , 1989)

2D { n C O } spin-echo difference HSQC spectrum

(Archer et al, 1991; Grzesiek et al, 1995). 2D NOESY and TOCSY experiments with
short mixing times were analyzed as well.

In the HMQC-J spectrum, the coupling

constants were determined from the in-phase doublets in the

15

N dimension using the

fitting procedure INFIT (Szyperski et al, 1992). The original pulse sequence of HNHB
experiment was modified to enable gradient coherence selection and sensitivity enhancement.

All homonuclear and

15

N-cdited experiments were recorded using the T P P I

method (Marion k. Wiithrich, 1983). For signal accumulation in the

13

C dimension.

States-TPPI was used (States et al, 1982; Marion et al, 1989b).
AU data were processed using the MNMR program (PRONTO Software Development
and Distribution, Copenhagen, Denmark) running on a Silicon Graphics Indigo worksta-
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tion The spectra were analy7ed using the program XEASY (Bartels et al, 1995)

Structure

Calculations

Quantitative distance constraints were obtained from the 3D
spectra, recorded with 80 ms mixing times

15

N- and

13

C-edited NOESY

Peak volumes were corrected foi the

HMQC building block in the 3D pulse sequences as described earlier (Folmer et al,
Intraresidue dpß and (¿а(г)лг(г+з) distances were used for calibration of the

1995)
and

15

N-edited NOEs, respectively, except for the

15

1J

C-

N-edited NOEs of gVIIIp in Dod-

PCho micelles, for which sequential djvw distances were used for calibration

Up-

pei distance restraint limits were set by lengthening all determined distances r by
r

mdx[0 20, (0 20 + (r - 3 0) 0 1)] to allow for spin diffusion

at 0 8r

Lower limits weic put

Since the intraresidue contacts of the residues at the termini of the piotcin

(residues 1-5 and 48-50) were systematically higher than geometiically possible
NOEs of these residues were adjusted to fit the largest possible distance

the

The differ

ence in motional behaviour of the residues in the two helices is such, that no separate
calibration was necessary (Papavoine et al, 1997)
Stereospecifk assignments and angle restraints for gVIIIp in SDS micelles were ob
tained from a quantitative analysis of the various J-couphng spectra
more of these spectra the \\ angles are accessible

From two or

If the I couplings were diagnostic of

near-purely staggered rotainer conformations the angles were restrained with 30° uppei
and lower limits Otherwise, 40° limits were used, depending on the appai ent degree of
rotamer averaging
Structures were calculated, using simulated annealing, starting from a molecule with
randomized φ and ψ angles

Calculations were performed with the program X-PLOR

version 3 1 (Brunger, 1992), with an extension for floating chirahty and with a modi
fied version of the "parallhdg" geometuc force field which now matches the geometric
parameters reported bv Engh & Huber (1991) The protocol used contains several mod
ifications with respect to the basic ideas published by Nilges et al

(1988, 1991)

In

particulai, we used a reduced atom representation for non-bonded interactions during
the high-tempeiature phase to improve efficiency

Furthermore, all prochiral centres for

which no stereospecifk assignments were available were treated with a floating chirahty
procedure (Weber et al, 1988, Holak et al, 1989)
described elsewhere (Folmei et al, 1997)

The entire protocol has been amply

The simulated annealing protocol consisted

of three stages, one high temperature 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) \. mild additional refinement was performed, consisting of two stages,
one high temperature stage (1000 steps at 1000 K) and a cooling stage (in 3000 steps
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from 1000 to 100 K) ending with 250 steps conjugate gradient minimization The time
step was uniformly set to 5 fs, and the atomic masses to 100 a m u The ensemble of
structures calculated with this protocol will be denoted (SA), they were used for most
of the analyses mentioned in the present paper However, the geometric force field used
to calculate (SA) does not include electrostatic interactions, which are needed eg for a
proper formation of hydrogen bonds Therefore, the SA structures were subjected to an
additional restrained molecular dynamics 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 potential (Jorgensen & Tirado-Rives, 1988, LeMaster et al, 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 К The resulting 'water-refined' structures are denoted (WR) In
both the simulated annealing protocol and the water refinement protocol no distance
restraints were used to enforce the formation of hydrogen bonds Structure calculations
were earned out on a Silicon Graphics Indigo workstation, on which the computation
of each structure took about 20 minutes of CPU time The water refinement structures
took about 1 5 hours of CPU time each

Results
Distance and dihedral constraints
The resonance assignment of gVIIIp in DodPCho was accomplished previously (Papavoine et al, 1995)

Information for the assignments of gVIIIp in SDS micelles was

obtained from newly recorded spectra and from previous results (van de Ven et al,
1993)

Although the majority of the proton resonances could be assigned in the 1 3 C-

and 15N-edited NOESY spectra, still many resonances suffeied from overlap Most se
vere overlap was found for the 10 alanines of the 50-residue gene-VIII protein

This is

depicted in Figure 5 1, which displays a part of the 1 3 C NOESY-HMQC spectrum of
the SDS system

Assignments of the backbone and side chain resonances are summa

rized in Tables 5 4 and 5 5 (pages 113 and 114)

In the 15 N- and 13C-edited NOESY

spectra, 869 (793) cross peaks could be identified for gVIIIp in SDS micelles (between
parentheses are the numbers obtained for the DodPCho micellar system), resulting in
680 (635) independent NOE restraints Out of these NOEs, 382 (384) are intraresidue,
166 (140) sequential and 131 (111) medium range (between two and five residues apart
in the sequence) Furthermore, 1 (0) long range NOE (five or more residues apart in the
sequence) was identified Figure 5 2 shows how these NOEs are distributed over the 50
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Figure 5.1 Series of strips selected from a 600 MHz 3D '3C NOESY-HMQC spectrum. The
spectrum was recorded at ST С with a mixing time of 80 ms. NOE connectivities are shown for
the α-, β-, and other side-chain protons of Pro6 and Alai. The mtraresidue NOE connectivities
are embedded in a box in the first strip of each residue. Cross peaks marked with an asterisk are
from residue 40 (2nd column) and from residues Ala9, AlalO, Ala25 and Ala35 (last column).
Strips were taken from an J*\Fi plane at the appropriate F2 (,3C) and F-j (CH) chemical shifts.

residues of the protein in both systems.
To obtain the angle restraints and stereospecific assignments for gVIIIp in SDS mi
celles various J-coupling experiments and 2D NOESY and TOCSY experiments with
short mixing times were performed In total, gVIIIp contains 25 /3-methylene groups, 21
of which give rise to resolved NMR signals. The combined analysis of the aforementioned
experiments yielded stereospecific assignments and χι torsion angle restraints for only
6 of these centres. The remaining 15 prochiral /?-pairs could not be unambiguously as
signed due to spectral overlap (8 residues) or because the J-couplings suggest significant
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Figure 5.2 Histogram showing the numbei of NOE-drrwed distance constraints per residía
for gVIIIp in SDS (left) and DodPCho (right) micelles The bars represent mtraresidue (filled),
sequential (cross-hatched), and medium range (open) NOEs There is one long range NOE
(grey) for gVIIIp in SDS micelles between residues 19 and S4

degiees of rotamer averaging (2 residues)

The remaining residues (5) were not fulh

assigned due to contradictory results between the different experiments
J

3

15

Analysis of the

13

JC->N and J(7C couplings in the { N} and { CO} spin-echo HSQC spectia (Vuister

et al, 1993, Grzesiek et al, 1993) showed that the \\ angles of 3 out of the 4 іьоіеш ine
residues could be determined The valine isopropyl groups could not be stereospecificalh
assigned using these experiments due to extensive overlap of the resonances of the 4 va
line residues (29, 30 31 and 33) in these spectra Thus, although many experiments were
performed, only a few stereospccific assignments or dihedrals were ensued

The same

problems were expected for gVIIIp in DodPCho micelles Therefore, these experiments
were not repeated for this system
From the HNHA experiment (Vuister L· Bax, 1993) and HMQC-J experiments a total
of 28 (SDS) and 20 (DodPCho) φ angle constiaints were collected with bounds of -120
± 30°

for

3

J N H - H C > 8 H?, -60 ± 40°

for 4 Hz < J < 6 Hz and -60 ± 30° for J < 4 Hz

The coupling constants in the 4 6 Hz region were taken to reflect angles in the o-hehcal
domain, because the NOE connectivities indicated the presence of α-helical structure

Structure and

Statistics

A set of 80 structures was generated using simulated annealing with an extension foi
floating chirality starting from molecules with randomized è and ψ angles (see Materials
and Methods)

Out of these 80 structures, only those showing no distance violations

larger than 0 5 A and no dihedial violations larger than 5 degrees were selected Then,
the structures with the highest total energy were rejected, resulting in a final set of
25 accepted structuies

The structures were superimposed for the backbone atoms

S o l u t i o n s t r u c t u r e of t h e M 1 3 major c o a t p r o t e i n

Figure
simctures

5.3

Views showing
The structures

(bottom) respei twely

best-fit superpositions
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of the backbone atoms

were oveilaid for residues

8-Ui (top),

On the left-hand side the structure

iiglit-hand side that of r/VIIIp in DodPCho micelles is

of yVIIIp
piescnled

(N, C, Ca) of 25

Π 24 (middle)

and 25 Jt5

m SDS micelles and on the
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(Ν, Ca, С) of either residues 8-16 or residues 25-45 and the coordinates were averaged
to create two average structures, (SA) a m p h and (SA) h y c i r respectively

Another average

structure, a superposition of the backbone atoms of residues 17 24 was created as well
denoted (SA)hmge A superposition of these structures is depicted in Figuie 5 3 As can
be seen from these figures, the structure is defined by two locally well-defined helices,
which are composed of residues 8-16 on one hand and residues 25-45 on the other hand
For gVIIIp in DodPCho micelles the latter helix is somewhat less well-defined (backbone
imsd 1 19 Â)
It was found that there were no consistent violations larger than 0 3 Â in the final set
of structures ('consistent' here meaning the same violation occurring in more than 60 %
of the structures)

Table 5 2 affords statistics for the ensemble of gVIIIp structures

As

can be seen in this table, the position of the two helices with respect to one anothci
is ill-determined, and calculating rms differences upon superpositiomng of all residues
is therefore meaningless

Rms difference calculations in which a floating window of five

amino acids is fitted to the average coordinates of these five ïesidues show that the local
structures of the amphipathic helix and the centre of the hydrophobic helix aie well
defined foi both helices On the other hand, the local structure of residues 3-9, 17, 22-23
and 45-48 in both sj stems are less well defined (see Figure 5 4A) The same holds for the
local rmsd values of residues 16 and 18-19 in the structures of gVIIIp in SDS micelles
and those of residues 24 25 and 43-44 in the structures of gVIIIp in DodPCho micelles
•\ngular order parameters (5) (Hyberts et al, 1992) show similar results The angulai
order parameters of 12 φ (10 for the DodPCho system) and 12 (11) φ angles are lowei
than 0 9

Most of these low order parameters are found for residues at the termini of

the piotein (see Figures 5 4B and C) The φ angles with low order parameters m othei
regions of the protein arc those of residues 17 and 23 (SDS) and residues 23 and 25
(DodPCho)

The φ angles with low order parameters are those of residues 17, 18 and

22 (SDS) and residues 23 and 24 (DodPCho) (see Figures 5 4B and C) For gVIIIp m
SDS micelles, 3 J N H HQ coupling constants of residues 16 and 17 are in between 6 and 8
H7, suggesting that the φ torsion angle of these residues is not restricted to one value
For this system the number of NOEs is lower than that in the DodPCho svstem (see
Figure 5 2) All these results indicate that N-termmal half of the hinge legion is less well
denned foi gVIIIp in SDS micelles as compared to the DodPCho micellar system
C-terminal part of the hinge region is less well defined in the DodPCho s\stem

The
These

3

lesidues (22-25) show fewer NOEs foi the DodPCho system and the JNH n n coupling
constants of residue 24 is indicatne of rotamer averaging
All the aforementioned data clearh indicate that the structure of gVIIIp in SDS and
DodPCho micelles consists of two well-defined α-heliccs, connected by л hinge region
which is less well-determined

The large rmsd's in combination with the low angulai
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Table

5.2 Strutturai

statistics

Structural statistics

of the 25 gVIIIp

structures.

(SA)" SDS micelles

(SA) DodPCho micelles

161 1 ± 24 3

141.8 ± 8.5

X-PLOR energies (kcal m o l 4 )
Etot
Ebond

10 6 ± 2.3

7 7 ± 0.6

Wangle

38.0 ± 4 7

40.4 ± 2 4

61 ±

Mmpr

10

70 ± 0 7

EvdW

11 2 ± 4 3

18 7 ±

ENOE

89 9 ± 14.1

68 1 ± 6 1

20

Ed.h C

53 ± 01

00 ± 00

R m s deviations from ideal geometry
bonds (Á)

0 0037 ± 0 0004

0 0032 ± 0.0001

angles (° )

0 43

± 0.03

0 44

± 0.01

impropers (°)

0.32

± 0.025

0 34

± 0.017

R m к deviations from experimental restraints
NOEs (Â)

0 05 ± 0 004

0.05 ± 0 002

Dihedrals (°)

0 40 ± 0 14

0 15 ± 0.16

Atomic rms different es backbone
ь (SA) a l n | J h residues 8-16

0 43 ± 0 14

0 43 ± 0.14

(SA) vs. (SÄ)i„„g, residues 17-24

0 89 ± 0 30

0 75 ± 0 28

(SA) vs. (SA)hvdr residues 25-45

0.92 ± 0 35

1 19 ± 0.46

(SA) vs (SA) not residue 1-7, 46-50

3 35 ± 1 16

3.84 ± 1.23

(SA) vs (SA) all residues

4.99 ± 1.93

5 59 ± 1 76

(SA) vs (SA) amp h residues 8-16

0 96 ± 0.13

1 01 ± 0 27

(SA) vs (SA)hi„ge residues 17-24

1 29 ± 0.24

1.48 ± 0 28

(SA) vs. (SA)hydr residues 25-45

1 29 ± 0 36

1 66 ± 0 50

(SA) vs. (SA) not residue 1-7, 46-50

4 26 ± 1.14

4 97 ± 1 14

(SA) vs (SA) all residues

5.65 ± 1 76

6 27 ± 1.62

(SA)

Atomic rms differences all non-H

11

(SA) is the ensemble of the 25 final structures

(SA) is the cartesian coordinates obtained by

averaging (SA) following a least squares superposition of the backbone atoms for all residues. (S<V)ampi,
is similar to (SA) but it included only residues 8-16, (SA)h,nge idem foi residues 17-24 and (SA)|lydr
idem for residues 25-45
b

Force constant was 50 kcal m o l - 1 À - 2

r

Foice constant was 200 kcal m o l - 1 r a d - 2 .

order parameter for the residues m the hinge region result in a more badly defined
positioning of the two helices with respect to each other
3

This is also reflected in the

number of NOEs and the values of the JNH-H« coupling constants

Both the C-terminal

and N-terminal part of the protein are less precisely defined than the other regions
Basically this might be a result of intrinsic lack of NOEs or the motional behavioui in
these parts of the protein, which will be discussed in more detail below.

Solution structure of the M13 major coat protein

101

Figure 5.5 Views along the helical axis of the amphipathic helix (residues 8-16) of the coat
protein dissolved in SDS (left) and DodPCho (right) In the middle, the corresponding structure
of a single coat protein in the fd phage is shown (PDB entry 11FJ) The best-fit superpositions
of the backbone atoms (N, C, Ca) of 25 structures are shown (in dark grey) Of the side chains
only the heavy atoms are shown the large side chains m blaik and the small side chains in light
gray

Discussion
A m p h i p a t h i c helix
Larher structuial studies on the coat protein, both by high resolution NMR dnd solid
state NMR, indicated that the amphipathic helix encompasses residues Pro6-Glu20
(\an dc \ e n et al, 1993 Henry & Sykes, 1992, McDonnell et al, 1993)

In the present

three dimensional structure, rcpiesented in Figure 5 ЗА, the helix can now be denned
more preciseh

it comprises lesidues 8 16

This helix was found to be located at the

surface of the muelle (Papa\oine et al, 1994) showing considerable motional fieedom on
the nanosecond and picosecond time scale (Papavoine et al, 1997, Almeida &· Oppila
1997)
An interesting featuie of the present stiucture is the distribution of the amino acids
side chains o\ei the surface of the helix

Figure 5 5 clearlv shows that residues with
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'large' side chains ( e g

Lys8, P h e l l , Asnl2, Leul4 and Glnl5) are positioned on one

side of the helix, while the residues with 'small' side chains (e.g Ala9, AlalO, Sei 13 and
Alal6) occupy the other side. This typical distribution of the side chains is thought to
be important for a correct arrangement of the gVIIIp molecules in the phage particle
(see below).
Earlier spinlabel experiments indicated that the residues with the 'large' side chains
( P h e l l , Leul4 and Glnl5) are, on average, directed towards the micellar surface (and
consequently towards the hydrophobic helix), whereas the residues with the 'small' side
chains are on the solvent-exposed side of the amphipathic helix (Papavoine et ai, 1994)
This information was not used as a constraint in the present structure calculations
because these data can only be interpreted qualitatively

First, the system is very

dynamic and the nitroxide radical (in the micelle, see Papavome et al., 1994) is a very
efficient relaxation agent, i.e., a short residence time of the amphipathic helix on the
surface of the micelle is cause appreciable line broadening of the resonances of the
aforementioned 'large' side chains. Furthermore, very little is known about the micellar
structure and the protem/micelle complex is too complicated to be used in this type
of structuie calculations

Since the NOE and torsion angle data, used m the structuie

calculation, only provide local information; therefore the preferred orientation of the
amphipathic helix with respect to the micelle cannot be derived from the present data
(cf. Figure 5.3C).

H y d r o p h o b i c helix
The hydrophobic part of the piotem forms an α-helix comprising residues 25 45

This

helix is located within the micelle and has a rotational correlation time of 11 8 ns, in
agreement with that expected foi a particle with the size of the micclle/protem complex
(Papavoine et al, 1994, 1997).
In contrast to the amphipathic helix, the small and large side chains in the hydropho
bic helix are distributed more equally over the helix surface. Near the ends of the helix
aromatic residues are found, i e , Trp26 at one and Phe42 and Phc45 at the other end
of the helix. They are situated near the surface of the micelle in line with the findings
that aromatic residues display a special affinity to membrane/water interfaces (Deber
& Goto, 1996; Wimley & White, 1996). The present observations provide further sup
port for the idea that aromatic lesidues may serve as membrane anchors (Schiffer et al..
1992). In this context it is interesting to note that at the C-terminus the phenylalanine
residues 42 and 45 are located on one side of the helix and interact with the micelle,
while the charged lysine residues 40, 43 and 44 (and even 48) are on the opposite side
(see Figure 5.6)

In contrast to the aromatic residues, the charged residues have a verv
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Figure 5.6 Views along the helical axis of the C-ieiminus oj the coat protein (residues 37-48)
dissolved in SDS (left) and DodPCho (right). In the middle, the corresponding structure oj a
sinqle coat protein in the fd phage is sliown (PDB entry 1IFJ). The best-fit superpositions of the
backbone atoms (N, C, Ca) of residues 25-45 of 25 structures are shown Of tlie side chains
only the heavy atoms are shown the lysine residues (40, 43, 44, and 48) "' black and the side
chains of Phe.42 and Phe 45 in light grey

unfavourable inteifacial hydrophobicity value and are unlikely to be inserted into the
membrane- 01 micelle environment (Wimley L· White, 1996)

In fact, these residues

distort the muelle near this point of the helix and interact with the head groups of the
micellar molecules as we have shown earlier (Papavoine et ai, 1994, 1995). On the basis
of ESR studies on the coat protein m lipid bilayors, Stopar et al. (1996, 1997) repoited
a similai interaction between the lysine residues and the phosphate head groups

The

location of the charged residues on one side of the helix makes them perfectly suited to
intciact with the DNA phosphate backbone We believe that this structural arrangement
of the aiomatir residues and the lysines plays an important role in the process of phage
assembly (vide m ¡та)
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Hinge region
Superposition of the different low energy conformen» (Figure 5 3B) bhows that the hinge
legion (residues 17-24) has a structure which resembles an α-helix

This is indicated b\

the chemical shift profiles of the involved residues (van de Ven et al, 1993, Papavome
3

et al, 1995) and by the JNH-HQ coupling constants of some residues (18, 19, and 22),
which are smaller than 6 Hz
these residues

Also typical α-helical NOE connectivities are found for

Residue 21 is an exception, it seems to distort the helix somewhat as
3

indicated by its Лмн-На coupling constant value of 8 Hz and the downfield chemical
shift of its ' H a resonance Overall, the structure of the hinge region is less well defined
when compared to that of the two helices This is illustrated in Figure 5 4 The local
rmsd values in the hinge region are higher, but the effect is different in the two micellar
systems

For gVIIIp in SDS micelles, the effect is more pronounced on the N-terminal

half of the hinge region, whereas for the DodPCho micellar system the C-terminal half
is more effected (see Figure 5 4)
These results in combination with Figure 5 3B clearly show that the motional freedom
of the amphipathic helix with respect to the hydrophobic helix is brought about by the
motional freedom of the termini of the hinge region
At this point our approach deviates from that of Almeida &; Opella (1997), who
evaluated the structure of the fd coat protein (which differs from the M13 coat protein
at position 12 by a Asn-Asp mutation) in SDS micelles on the basis of NOEs subtracted
from a 1 5 N-edited NOESY spectrum On the basis of two crue îal NH-NH NOEs, assigned
amide proton contacts between lesidues 18-25 and 18-26, respectively, the hinge region
was folded into a loop, represented by two distinct families of structures

In both

families the amphipathic helix is oriented at an angle of about 90° with respect to the
hydrophobic helix
The

15

N NOESY-HMQC experiment, recorded at 37°C and using a 8Ü ms mix

ing time, reveals two peaks, which potentially could correspond to the aforementioned
NOEs (Figure 5 7)

However, the cross peaks could be equally well represent NOE

contacts between the amide proton resonances of residues 23 and 25/26
in the

13

Furthermore,

C NOESY-HMQC spectra no side chain NOE connectivities expected upon

possible loop folding could be detected

Surprisingly, the cross peak in the last column

of Figure 5 7 (marked by the arrow) was also present in the

15

N TOCSY-HMQC spec-

trum, which makes its interpretation as a distance restraint rather doubtful

To further

investigate the nature of the peaks, we recorded additional spectra (ROESY-GHSQC
and HMQC NOESY-GHSQC), which indicated that the cross peaks might be caused by
conformational exchange (data not shown)

This would be in line with the Tip studies

of Almeida L· Opella (1997), in which the occurrence of conformational exchange on
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Figure 5.7 Strips collected from a 3D ,sN-edited NOESY spectrum, recorded at 500 MHz with
a mixing time of 80 ms. The intraresidue NOE connectivities are labelled Cross peaks marked
with an asterisk in the strips corresponding with residues 20, 24, and 25 arise from overlapping
resonances of residues 44, 8, and 9/10, respectively. The bold arrows denote the two crucial
cross peaks discussed in the text. The NH resonances of residues 18 and 23 are indicated with
a thin arrow Their vertical position has been marked with a horizontal line Strips were taken
from an FiFj plane at the appropriate F2 (15N) and F3 (NH) chemical shifts.
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6

to 10~ second time scales of Trp26 was demonstrated

A similar behaviour

was seen for Trp29 (the equivalent of Trp26 in M13) in the IKe major coat protein m
MPG micelles (Williams et al, 1995) In view of these considerations we have not used
constraints derived from these NOE cross peaks in the structure calculations It is noted
15

in passing that in the N NOESY-HMQC spectrum recorded for gVIIIp in DodPCho
micelles, the corresponding cross peaks were not found

Biological aspects
We set out to relate the structure obtained in this study to that of the protein present in
the phage particle As deduced by several methods, in the phage the coat protein forms
a long curved α-helix (Cross L· Opella, 1985, Glucksman et al, 1992, Makowski, 1992)
On the basis of the present study one may liken the structure of the protein in micelles
(and by inference of that in the membrane) to a flail The hydrophobic helix resembles
the handle and the amphipathic helix the swingle which are connected by a hinge of
leather

The transition from the structure in the micelle to that in the phage can be

achieved by minor adjustments of a limited number of backbone angles, in particular
the residues at the termini of the hinge region

As indicated by backbone relaxation

studies (Papavoine et al, 1997, Almeida к Opella, 1997), such a transition is facilitated
by the nanosecond motion of the amphipathic helix, which, part of the time, converts
the micellar protein structure into the long curved α-helix in the phage
On the basis of secondary structural elements, Nambudnpad et al (1991) suggested
a similar transition for the coat protein of bacteriophage Pfl, based on the mobihtv
of the residues in the hinge region

Too a large extent this mobility is retained in the

intact virion The latter effect is not observed for the fd and M13 coat proteins In the
micellar system, the fd and M13 coat proteins already show a more stable structure in
this region when compared to the Pfl coat protein (Shon et al, 1991, McDonnell et al,
1993, van de Ven et al, 1993)

Therefore, the effect in the virion particle probably is

also less predominant than for the Pfl coat protein and might go unnoticed for the data
currently available for the structure of the M13 coat protein in the phage particle (Cross
& Opella, 1985, Glucksman et al, 1992, Makowski, 1992, Marvin et al, 1994)
A further comparison of the coat protein structure in the micelles and in the phage
particle shows additional interesting features

The typical distribution of 'large' and

'small' side-chain residues in the amphipathic helix persists in both structural forms
This is depicted in Figure 5 5, where the micellar structures and the structure of a sin
gle coat protein in the fd phage (PDB-entry 1IFJ, Marvin et al, 1994) are compared
The functional importance of 'small' side-chain residues becomes apparent in the ran
domized mutagenesis and saturation mutagenesis experiments conducted by Williams

Solution structure of the M13 major coat protein
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Figure 5.8 Schematic representation of the arrangement of the M13 coat proteins in the phage
ts
particle according to the model proposed by Marvin et al. (1994). H assumed that the five-start
helix has a two-fold screw axis, with a twist angle of -36P. The drawing on the left shows the
relative positions of the proteins on the surface of a cylinder. In the drawing on the right the
cylinder has been opened up and flattened m order to display all proteins. Each layer consists
of five protein molecules corresponding to a row in the right hand figure. The following layer is
found by a shift of 16.15 Â along the direction of the helix axis. The protein, designated '0' (in
the bold grey circle), interacts with ten neighbouring proteins (see text), which are shown with
their corresponding number m the bold circles.

et al. (1995). It was demonstrated that small residues at certain positions (Ala7, AlalO,
Alal8, Gly34, Ala35 and Gly38) were not easily mutated or could only be substituted
with other small residues. The specific role of these small residues can be explained by
looking at their position in the phage coat. In the phage particle, the gVIIIp proteins
(2700) are arranged into a helical assembly which is characterized by a five-fold rotational axis and an almost two-fold screw axis (Marvin et al, 1994). This situation is
schematically depicted in Figure 5 8. Each protein ι (protein '0' in Figure 5.8) has axial
and tangential interactions with ten neighbouring proteins, numbered г±1, ι±5, i±6,
i±U and г±17 (bold circles in Figure 5.8). One layer of proteins corresponds with a row
in Figure 5.8. The next layer is found by a shift of 16 15 Â along the direction of the
helix axis and a 36° rotation around this axis. Williams et al. (1995) inferred, on the
basis of their results and the model available for the phage particle, that in the phage
the coat protein packing is stabilized by the presence of helical regions with faces rich in
small residues having interactions with bulky side chains of other coat protein subunits.
The arrangement of side chains in the amphipathic helix as presented in Figure 5.5
suggests a functional importance not only for the 'small' but also for the 'large' sidechain residues. This can be seen in Table 5 3, in which residues of neighbouring proteins
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in the phage particle are listed whose heavy atoms are less than 5 Â apart Thus
residues 10, 11 and 14 of protein 0 have radial contacts with amino acids of protein 11
and tangential interactions with side chains of protein 17 The first mentioned residues
are directed towards the interior of the phage All other residues in the amphipathic
helix are located at the outside of the phage, of which the large side-chain residues (8,
12, 15) still have tangential interactions with residues of protein 6 All these residues
are located at one side of the amphipathic helix (see Figure 5 5) Combining these
observations with the mutagenesis studies, allows a further evaluation of the results of
Williams et al (1995) The residues with interactions with many neighbouring proteins
(11 and 17) in the phage particles are difficult to mutate (residues 10 and 11) Residues
that interact solely with protein 6 (8, 12 and 15) are more easily mutated but only
mutated to similarly sized residues (with the exception of residue Asnl2, which can diso
be replaced by the smaller Thr) The latter residues (8, 12 and 15) are also important in
the micellar system and show interactions with the micellar molecules (Papavoine et al,
1994, 1995) Residues 9, 13 and 16 are located on the exposed side of the amphipathic
helix, in the phage particle as well as in the micellar system They exhibit no interactions
with neighbouring residues, mutatis mutandis can be more easily randomly mutated

Model for phage assembly
The process of phage assembly involves seven of the ten phage-encoded proteins First
all coat proteins are required GVIIp and glXp protein are necessary for the initiation
gVIIIp for the propagation, and glllp and gVIp for the termination of the phage particle
formation Secondly, the presence of two additional phage proteins (gip and gIVp),
which are not part of the virion, is essential A structural model for the role of the latter
two residues has been proposed by Rüssel (1994) The gene-IV proteins are situated in
the outer membrane and are able to form a multimene complex This complex is capable
of opening and closing, a process mediated by gip, which spans the inner membrane of
the E-coh cell The latter protein contains an ATP-binding site thought to be important
in relation to the energy consumption of the phage assembly process Recent studies
indicate that indeed the gene-IV proteins can form large cylindrical clusters with an
internal diameter of 80 Â This would be sufficient to accommodate the passage of the
phage, which has an outer diameter of about the same size (Linderoth et al, 1997)
The transfer of the gene-VIII proteins from the membrane into the coat of the phage
lies at the heart of the phage assembly In the micelle as well as in the phage particle,
the lysines in the C-terminal part of the hydrophobic helix are located on one side
of its surface (see Figure 5 6) This is even true for residue 48, which is, strictly
speaking, situated outside of the hydrophobic helix This cluster is thought to play an
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important role in the protein-DNA interactions because it creates a concentration of
positive charges at the inner wall of the protein coat to compensate for the negatively
charged DNA phosphate backbone By the same token, these clusters may be important

Table 5.3 'Interactions' between the residues of protein '0' with the residues of the surrounding
proteins (pr ) in the phage coat The numbering of the neighbouring proteins refers to that in
Figure 5 8 Residues are thought to 'interact' when at least one of the heavy atoms in the
different residues are less than 5 A apart The 'interactions ' were derived from coordinates of
the phage particle model (PDB-entry 1IFJ) proposed by Marvin et dl (1994) o n the basis of
fiber diffraction data A scheme of the arrangement of these proteins in this model, relevant to
this Table, are presented m Figure 5 8
pr

17

pr

11

pr

6

pr

5

pr

1

pr 0

pr 1

pr 5

Ala 1
С lu 2
Gly 3
Asp 4
Asp 5
Pro 6
Ala 7
Lys 8
Ala 9
Ala 10

1 4

4 8
Э 4 7 8 11

8 11 12 15

21

3 4 7

15
15
7 10 14

15 18 19 22

η
11 14
14

Π 14 1Θ
21

11
7 10 1]

17 18 21 22
21

26
22 26
28
26
25 26 29

26 29 30 33
33

44
32

11

21 22 24 25 28

25 28 29 32
28 32

33
33 36

37 40 44
36 40 44

43
35 36 39 «
43
43

Phe
Asp
Ser
Leu
Gin
Ala
Ser
Ala
Thr
Glu

11
12
13
14
15
16
17
18
19
20

Туг
Ile
Gly
Туг
Ala
Trp
Ala
Met
Val
Val

21
22
23
24
25
26
27
28
29
30

Val
Ile
Val
Gly
Ala
Thr
Ile
Gly
Ile
Lys

31
12
33
34
35
36
37
38
39
40

Leu
Phe
Lys
Lys
Phe
Thr
Ser
Lys
Ala
Ser

41
42
43
44
45
4Θ
47
48
49
50

pr 6
17

pr 11

21
17 20 21

26
26

il

pr 17

26 30

42

30

42
42 44 45

20 21 24

21 24
24

33 37

30 33 34 37
24 27 28 31
41
31
31
26

38 41 42 45
31 32 35

39
34 35 38 39 42
37
39 42
42
44

46 50
49

48
49 50

47 48 49 50
43

41 45
45
45 48

45 48 49
48

46 49
42 43 45 46

48
48

37 41

49 50
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in the propagation phase of the assembly process as well in that they are the first part
of the membrane-bound coat protein to interact with the uncovered DNA of the growing
phage This may convey a proper orientation to the protein by putting it in a position
for optimal interaction with the proteins already incorporated in the growing coat That
the lysines are indeed important for DNA binding has been shown in a study in which
mutations of lysine 48 into the uncharged residues Ala, Glu or Thr leads to a longer
phage particle which compensates the decreased positive charge density on the inside
of the coat (Hunter et al, 1987)
(Williams et al, 1995)

Mutation of all other lysines is not even possible

Also increasing the number of lysine residues in this region of

the protein appears to be deleterious, the S47K mutation turned out to be lethal for the
phage (Greenwood et al, 1991)
For a further description of the mechanism of the propagation in phage assembly
we return to the structural model of Marvin et al (1994), presented in Figure 5 8 and
Table 5 3 To proceed we assume that the coat has been formed sofar that the layer containing protein 0 is about to be incorporated The proteins are in their membrane-bound
conformation and the C-terminal lysines are making contact with the DNA phosphate
backbone as indicated above The location of the lysines on one side of the helix axis will
then lead to a proper orientation of the protein with respect to the DNA and the alreadv
formed protein coat This is probably true for five gene VIII proteins at the same time
all of which do not show mutual protein-protein interactions (see Table 5 3, only one
short distance between the residues in the proteins -1, 0 and 1) This seems sensible if
one considers that the proteins are still in a membrane environment and do not need
to be adapted into another structural form

Subsequently, the nanosecond motion of

the amphipathic helix, of say protein 0, on and away of the membrane surface, leads to
interactions with proteins 11, 11, 6 and 5 already incorporated in the growing phage
These interactions will stabilize the phage particle and offer a favourable interface to
residues in the already present proteins against the solvent (vide infra)
It will take another three layers of coat proteins to fully cover and incorporate piotein 0 into the coat

Since each layer is shifted 16 15 Â with respect to the next, it

will take a 48 45 A shift (of the growing phage) to achieve this (see Figure 5 8)

This

corresponds almost exactly with the thickness of the inner membrane (the hydrophobic
region and head groups) (Tanfoid k, Reynolds, 1976, Lewis & Engelman, 1983)
We consider these steps in somewhat more detail

The incorporation of the layer,

involving proteins -5 and -6, following proteins 0 and its neighbours -2, -1, 1 and 2
requires a shift of 16 15 Â of the already formed complex

Then the N-terminal part

of the hydrophobic helix of protein 0 emerges from the inner membrane, while the
hydrophilic residues at the C-terminal part of this protein (which interact with the
phosphate backbone of the DNA) enter the bilayer

As can be seen in Table 5 3 the
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protein-protein interactions between proteins -5 and -6 and 0 are abundant and allow
protein 0 to adapt to its new situation
protein

The next step in the assembly, which involves

11 and its neighbours, requires another shift of 16 15 Â, in this step most

residues of protein 0 are covered (see Table 5 3) The only residues still not fully covered
are Leu41, Phe42 and Phe45, which needs the addition of protein -17 m the following
step

At the time that protein -11 is incorporated, these aromatic residues are shifted

from their original position in the membrane by 32 30 Á, which is about the distance
between the phosphate atoms of the cytoplasmic and penplasmic interfacial sides of the
lipid bilayer

So, Phe42 and Phe45 can serve as membrane anchors and fulfill a similar

role as in their original position at the cytoplasmic interfacial side of the membrane

In

the next step, these residues are covered by residues Ala7, AlalO and P h e l l of protein
17, which are conserved residues as discussed above (Williams et al, 1995)

Phe 11 of

protein 17 intercalates with Phe42 and Phe45 of protein 0 and completes the formation
of a hydrophobic cluster of aromatic residues present in the phage This aromatic cluster
is extremely stable (Overman & Thomas Jr , 1995) and important for the buildup and
the stability of the phage particle
Thus, in the phage assembly, the aromatic residues Phe42 and Phc45, near the Cterminus, function as membrane anchors, while the lysine residues serve to interact with
the DNA phosphate backbone

This is possible because these residues are located on

opposite sides of the hydrophobic helix, as is demonstrated in Figure 5 6 This indicates
a functional importance of the distribution of essential lesidues over the surface of the
helix It is noted in passing that the aromatic residues can play a similar anchoring role
in the beginning of the life cycle of the phage
In the final step of the phage assembly, when protein i 7 is incorporated, protein 0 is
fully covered and ready for its function as the coat protein of the circular DNA At this
moment, it is situated in the periplasm and shows interaction with gip (Rüssel, 1993,
vide supra)

It is extruded from the bacterium via the phage-conducting channel of the

gene-IV proteins in the outer membrane

Conclusions
The high-resolution structure of gVIIIp in SDS and DodPCho micelles has been determined

The structure consists of two well-defined α-helices A small amphipathic helix

running from residues 8-16 and a longer hydrophobic helix from residues 25 45 The two
helices are connected by a hinge region, which has high α-helical content The hinge re
gion is less well-defined than the two α-heliccs, probably as a result from protein mobility
This allows the amphipathic helix to move with respect to the hydrophobic helix

This
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mobility is on and away from the surface of the micelle, confirmed by results showing
interactions between residues from the amphipathic helix and the detergent molecules
This interaction originates predominantly from the large-side-chain molecules, which are
located on one side of the amphipathic helix The motion of the residues in the hinge
region is the basis for the transition of the structural form of the gene VIII protein in
the membrane bound form to that in the phage particle By comparing these structures,
a model has been constructed on the role of specific residues of the major coat protein
in the process of phage assembly
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Table 5.4
Ν, C and Ή chemical shifts for gVIIIp in SDS micelles The chemical
shifts are relative to (trimethylsilyl)propionic-d^ acid (Ікита et al , 1991)
Residue
Alai
0.lu2
СІуЗ
Asp4
Asp5
Pro6
Ala7
Lvs8
Ala9
AlalO
Phell
Asnl2
Scrii
leuH
(.ІПІ5
Ліаіб
Serl7
Alal8
ГІ1ГІ9
GIu20
Tyr21
Hill
&ly23

1 5

N Q (NH)

122 4 (8 66)
112 8 (8 46)
121 7 (8 02)
121 7 (8 33)
123
119
124
123
119
119
117
124
120
122
115

0
6
0
6
8
0
7
9
1
6
4

(8
(7
(8
(8
(8
(8
(8
(7
(8
(7
(7

¿1)
68)
08)
05)
22)
40)
02)
93)
15)
74)
83)

126 2 (8 22)
111 0 (7 77)
122 4 (7 91)
118 9 (7 75)
120 7 (7 49)
1108 (821)

Tyr24
Ala25
Trp26

119 5 (7 67)
123 4 (8 01)
117 2 (7 95)

ЛІА27
Mct28
Vil29
VallO

122 8 (7 52)
116 8 (7 77)
120 0 (7 87)

Val 31
І1е32
Val 33
Г,1у34
Мл35
ІІігЗб
І1е37
GlyJ8
11е39
Lys40
Leu41
Phe42
bs43
Lvs44
Phe45
Thr46
Ser47
Us48
\la49
SerSO

120
120
120
123
109
123
115
121
109
123
121
121
123
121

1
2
6
6
4
9
8
8
1
3
0
5
2
0

(7 90)
(7 94)
(8 20)
(8 74)
(8 96)
(8 91)
(7 95)
(8 29)
(8 76)
(8 72)
(8 03)
(8 82)
(8 93)
(8 61)

122
119
111
US
124
126
122

2
6
1
6
2
7
6

(7
(8
(7
(7
(7
(8
(7

93)
44)
89)
60)
73)
00)
77)

С
С" ('Hol
171 8 52 3 (4 15)
174 6 57 5 (4 28)
171 8 45 7 (3 86)
45 7 (4 04)
173 4 54 8 (4 64)
171 7 53 1 (4 97)
176 0 65 6 (4 33)
176 5 55 2 (4 13)
175 9 59 5 (4 01)
177 8 55 0 (4 18)
177 1 55 3 (4 14)
175 0 61 3 (4 21)
175 3 56 5 (4 46)
173 9 61 5 (4 32)
176 2 57 7 (4 15)
175 1 58 9 (3 93)
176 8 54 6 (4 23)
172 9 59 9 (4 48)
176
173
174
119

3 54 7 (4 23)
2 64 6 (4 03)
6 57 8 (4 15)
0 59 2 (4 68)
174 1 64 1 (3 94)
47 1 (3 80)
47 1 (3 95)
174 8 59 9 (4 45)
170 6 55 1 (4 17)
175 5 60 2 (4 40)
176 5

С (Ή/3)

others

19 8 (1 56)
30 1 (1 98, 2 07)

С

35 1 (2 34)

С

28 1 (2 05), C ä 51 3 (3 72, 3 85)

92)

С

25 9 (1 4 1 , 1 54), С* 29 5 (1 73), С е 42 6 (3 00)

23)
91)
02)
73)
02)

С' 132 5 (7 16)
N J 113 3 (6 88, 7 52)

41
39
32
19

0
5
7
1

(2
(2
(1
(1

68, 2 71)
80, 2 88)
90, 2 34)
43)

32
19
19
40
39
63
42
29
19
64
19
69

8
1
1
0
5
5
7
6
5
6
5
7

(1 86, 1
(1 45)
(1 43)
(3 15, 3
(2 81, 2
(3 95 4
(1 55 1
(1 9 1 , 2
(1 45)
(3 94)
(1 45)
(4 21)

28 9 (1 82 1 88)
39 6 (2 82, 3 29)
39 0 (1 94)

39 1 (2 98 3 11)
19 1 (1 43)
30 1 (3 25, 3 33)

55 6 (3 81)
3 58 9 (4 07)
0 67 8 (3 48)
5 68 1 (3 42)
9 68 I (3 52)
177 0 66 4 (3 62)
175 0 68 0 (3 51)
48 1 (3 56)
176 5 56 1 (4 00)
174 4 68 7 (1 78)
175 7 66 2 (3 58)
48 5 (3 66)
175 0 00 4 (3 79)
178 2 60 1 (4 04)
17C4 58 7 (4 09)
170 7 63 0 (4 17)
17C8 60 1 (3 83)
176 9 59 4 (4 01)
175 4 61 2 (4 38)
173 6 63 5 (4 14)

18 5 (1 27)
32 6 (2 1 1 , 2 17)

38
32
42
40
32
32
40
70

4
8
5
1
8
8
0
0

(I
(1
(1
(3
(1
(1
(3
(4

98)
88, 2
47, 2
21, 3
99)
85 1
02 3
08)

172 7
174 2
174 8

64
33
19
65

4
3
9
5

(3
(1
(1
(3

93)
76 1 84)
35)
81)

175
175
175
174

59
57
53
00

8
2
0
3

(4
(4
(4
(4

40)
26)
35)
25)

i¿
31
31
38
31

1
8
7
4
7

(2
(2
(2
(1
(2

41)
26)
20)
93)
18)

С 22 4 (1 22)
С 33 9 (2 13 2 21)
С* 133 5 (7 06), С' 118 8 (6 78)
С 1 29 2 (1 25, 1 55), С 2 И 5 (0 95) С* 14 j (0 87)

С6 133 2 (7 10), С е 118 8 (6 86)
С 6 127 7 (7 33) С12
С< 2 121 9 (7 38), С

С
С

08)
07)
35)
92)
19)

120 8 (7 39) С < ' 114 9 (6 87)
124 5 (7 02), N c 129 3 (9 71)

С'т 33 4 (2 44, ¿ 5 4 ) , С' 17 7 (1 89)
С 22 2 (0 92), 23 9 ( 1 0 2 )
С
С
С
С

19 1 (1 41)
68 4 (4 30)
38 5 (1 96)

27 7 (1 72), C ä 24 7 (0 82) 25 8 (0 84)
34 5 (2 15, 2 23), N ' 112 9 (6 64, 6 99)

С
С

1

23 9 (1 03)
23 8 ( 1 0 1 )
1 84), С">2 13 9 (0 83), С 5 13 9 (0 71)
23 8 (1 01)

22 4 (1 13)
30 0 (1 05 1 88), С

1

С"С
С
С'
С
С
Cä
С">
С

22 2 (0 88),
21 8 (0 84),
30 0 (1 0 1 ,
22 2 (0 87),

1

2

s

14 2 (0 87), C

14 1 (0 80)

2

30 9 (1 06, 1 94), С
14 5 (0 99) О 14 5 (0 87)
20 2 (1 62) С 5 29 5 (1 70), С» 42 6 (2 89 2 99)
6
27 6 (1 95), С 26 7 (0 89), 24 0 (0 88)
131 8 (7 09)
26 6 (1 56, 1 87), С* 30 1 (1 72), С ' 42 6 (2 99)
Е
25 2 (1 15, 1 34), О 29 5 (1 52 1 62), С 42 5 (2 89)
132 5 (7 24)
22 2 (0 90)
25 1 (1 42) С6 29 5 (1 64) С ' 42 6 (2 96)
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Table 5.5 N, C and H chemical shifts for gVIIIp in DodPCho micelles. The chemical
shifts are relative to (trimethylsilyl)propwnic-d4 acid (Ikura et al., 1991)
Residue

1 5

№ (NH)

Alai

Ca

('Ho)

C " ('H/J)

others

Glu2

(8 68)

51 5 (4 04)
57 1 (4 19)

19 1 (1 47)

Gly3

112 6 (8 47)

44 6 (3 81)

Asp4

122 0 (7 92)

54 1 (4 52)

40 8 (2 57, 2 57)

Asp5
Pro6

123 0 (8 18)

52 0 (4 81)
64 5 (4 30)

40 8 (2 60, 2 74)
31 7 (1 86, 2 29)

Ala7

123 1 (8 26)

54 2 (4 10)

18 4 (1 36)

Lys8
Ala9

120 4 (7 67)
124 2 (7 92)

58 0 (4 01)

32 4 (1 83, 1 83)

53 6 (4 15)

18 4 (1 36)

AlalO
Phell

123 8 (8 05)
120 0 (8 19)

54 2 (4 08)

18 4 (1 35)

60 1 (4 21)

38 8 (3 07, 3 15)

С 5 131 6 (7 15)

Asnl2

120 3 (8 33)

55 0 (4 43)

38 3 (2 77, 2 83)

N ' 113 4 (6 80, 7 51)

Serl3
Leu 14

118 0 (8 02)

60 5 (4 28)

63 0 (3 85, 3 93)

125 1 (8 03)

57 1 (4 07)

41 8 (1 51, 1 66)

С

27 1 (1 64), С6 24 1 (0 76), 25 0 (0 79)

Glnl5

120 0 (8 16)

28 5 (1 91, 1 96)

С

33 9 (2 13, 2 20), N f 112 3 (6 64, 7 05)

Alal6

123 5 (7 86)

58 4 (3 83)
54 0 (4 15)

Ser 17

115 8 (7 90)

60 1 (4 39)

63 4 (3 86)

Alais

125 5 (8 23)

54 6 (4 10)

18 4 (1 37)

Thrl9

111 7 (7 78)

68 5 (4 17)

С

22 0 (1 19)

Glu20

122 2 (7 89)

65 0 (3 88)
57 6 (4 03)

28 5 (1 75, 1 87)

Tyr21

118 3 (7 76)

58 6 (4 61)

Ile22

121 2 (7 53)

63 4 (3 89)

38 7 (2 75, 3 25)
38 3 (1 96)

С 33 9 (2 05, 2 16)
С6 1126 (7 00), С £ 117 8 (6 71)

Gly23

111 1 (8 49)

46 1 (3 75)

Tyr24

119 9 (7 81)

59 6 (4 34)

38 2 (2 99, 3 06)

Ala25

123 8 (8 05)

55 6 (3 93)

18 0 (1 35)

29 3 (1 90, 1 98)

С

35 3 (2 24)

С

27 1 (1 99), С6 50 7 (3 81, 3 81)

С

25 0 (1 34, 1 44), С* 28 9 (1 65), С« 41 8 (2 92)

44 6 (3 94)

18 5 (1 40)

С

1

28 9 (1 24, 1 54), С

2

13 5 (0 93), С* 13 5 (0 83)

46 1 (3 89)

Trp26

118 0 (8 20)

59 6 (4 31)

28 9 (3 19, 3 25)
18 1 (1 25)
31 7 (2 05, 2 13)

С ' 132 1 (7 04), С'

118 4 (6 78)

1

С ' 127 1 (7 29), С'

119 7 (7 35), С < ' 114 3 (6 82)

С< 2 120 7 (7 32), С

123 2 (6 95), N« 130 9 (10 22)

Ala27

122 5 (7 57)

55 3 (3 75)

Met28

117 1 (7 83)

58 3 (3 99)

Val29
аІЗО

120 3 (7 89)
120 3 (7 86)

67 5 (3 40)
67 5 (3 33)

30 9 (2 33)

аІЗІ
11с32

120 3 (7 90)

30 7 (2 15)
37 8 (1 86)

СЛ 21 1 (0 77), 23 0 (0 94)

120 8 (8 20)

67 0 (3 46)
65 5 (3 54)

аІЗЗ
Gly34

123 7 (8 69)
109 7 (8 89)

67 5 (3 44)
47 7 (3 50)

30 7 (2 11)

С

Ala35

123 9 (8 83)

54 6 (3 93)

18 0 (1 35)

Thr36

115 3 (7 85)

67 5 (3 74)

68 0 (4 22)

І1е37

122 0 (8 23)

65 0 (3 57)

37 8 (1 91)

С^ 2 1 4 ( 1 0 7 )
С 1 28 9 (1 0 1 , 1 78), С

Gly38

109 4 (8 67)

47 7 (3 61)

ІІеЗЭ

122 9 (8 53)
120 9 (7 88)

65 0 (3 75)

37 8 (1 92)

С

Lys40

58 0 (4 01)

31 7 (1 82, 1 97)

С

25 0 (1 52), C ä 28 9 (1 43, 1 52), С' 41 3 (2 81, 2 86)
27 1 (1 80), С6 23 5 (0 80), 25 5 (0 80)

30 7 (2 17)

С

32 7 (2 37, 2 48), С'

С
С

21 4 (0 83), 23 0 (0 93)
21 4 (0 80), 23 0 (0 90)

С '

29 4 (0 94, 1 77), С

1

120 9 (8 56)

57 1 (4 06)

41 8 (1 37, 1 91)

С

121 8 (8 57)

61 6 (4 15)

39 3 (3 16, 3 26)

С й 131 1 (7 07, 7 22)

Lys43

120 6 (8 29)

58 6 (3 84)

31 7 ( 1 82, 1 90)

С

Lys44
Phe45

121 3 (7 80)
118 3 (8 10)
110 9 (7 52)

58 3 (4 01)

32 4 (1 67, 1 76)
39 3 (2 90, 1 16)

С 24 5 (1 08, 1 23), С
О* 131 6 (7 24)
С

21 4 (0 88)

С

24 5 (1 36), С

G2 0 (4 25)
58 6 (4 35)

69 5 (4 09)

119 4 (7 65)

Lys48

124 9 (8 13)

56 2 (4 27)

32 7 (I 68, 1 80)

Ala49

127 8 (8 18)

52 4 (4 28)

19 G (1 31)

Ser50

122 4 (7 74)

59 5 (4 15)

13 1 (0 76), С* 13 1 (0 68)

2

13 5 (0 82), С'

13 5 (0 74)

29 8 (1 02, 1 83), С ^ 2 13 5 (0 91), C é 13 5 (0 80)

Leu41

59 1 (4 45)

2

21 4 (0 80), 23 0 (0 95)

Phe42

Thr46
Ser47

17 2 (1 83)

25 5 (1 47, 1 64), C ä 28 9 (1 64), С
6

63 5 (3 83)
4

е

41 3 (2 88)

28 9 (1 43, 1 52), С' 41 3 (2 77)

28 9 (1 61)
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Summary
Filamentous bacteriophages are important tools for the investigation of the biological
processes that govern their life cycle, such as infection, replication, transcription, trans
lation, and assembly Despite the number of studies performed on these processes, little
is known about the interaction of the involved molecules at atomic resolution

The

major coat protein of the bacteriophage is involved in several of these processes, notably
infection of the host bacterium and extrusion of the virion particles during phage as
sembly Detailed information on the three-dimensional structures of the coat protein in
the several stadia of the phage replication cycle is therefore essential to gain insight into
these processes

Chapter 1 describes the organization of the bacteriophages, especially

that of the Ff phages

A schematic representation is given of the life cycle together

with the functions of the phagc-encoded proteins, special emphasis is on the major coat
protein, encoded by gene VIII (gene-VIII-protein, gVIIIp)

This protein is synthesized

as a precursor protein, stored in the membrane during phage infection and restored
in its function as a coat protein during the assembly process
structure consists of one long, slightly curved α-helix

As a coat protein, its

This helix has specific regions

for DNA-protein interactions (C-terminus), protein-protein interactions (the hydropho
bic region) and interactions with the environment (N-terminus)

The organization of

the different coat-protein subunits within the phage has been described on the basis of
fiber-diffraction studies
Knowledge about the structure in the membrane-bound form was restricted to sec
ondary structure information and low-profile motional data on the protein dissolved in
sodium dodecyl sulphate (SDS) micelles, a membrane-mimicking model system

These

studies revealed the presence of a hydrophobic and an amphipathic helix connected by
a hinge region To obtain further structural information on the membrane-bound form,
we initiated an NMR investigation on the M13 major coat protein in detergent micelles
Chapter 2 describes the location of the major coat protein relative to the SDS mi
celles, which was determined using spin-labelled stéarate molecules, containing a doxyl
group with a stable nitroxide radical at the 5- or 16-position The 5-doxylstearate and
16-doxylstearatc could be positioned within the micelles by examining the specific line
broadening of the resonances in the

13

C spectrum of SDS Subsequently, the location of

gVIIIp in the SDS micelle was determined from the effect of the spin-labels on the gVIIIp
resonances, monitored via 'H- 15 N HSQC and TOCSY experiments The results show
that the hydrophobic helix spans the micelles and that the amphipathic helix lies on
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its surface. Furthermore, the data presented in this chapter indicate that the structure
of the SDS micelles near the C-terminus of the major coat protein is distorted, which
is probably due to the interaction of the positively charged lysine side chains with the
negatively charged sulphate head groups of the detergent molecules
It is obvious that structural information about the membrane-bound form of the coat
protein requires a better NMR investigation on the influence of the detergent used in the
protein-micelle complex. SDS was chosen as a membrane-mimicking detergent since it
provides a reasonably small model system from which nice coat protein spectra could be
obtained, especially since it is commercially available in deuterated form. However, its
head group is anionic and therefore not a very realistic mimicker of the head groups of
the lipid bilayer molecules. To this end, we initiated structural studies on the major coat
protein using a detergent with a better membrane-mimicking head group, namely the
zwitterionic dodecylphosphochohnc, DodPCho. Chapter 3 describes the assignment of
the

13

C,

15

l

N , and K resonances of the gVIIIp, its secondary structure, and its location

relative to the DodPCho micelles

It was found that the secondary structures of the

coat protein in the two detergent micelles are very similar. However the arrangement of
the detergent molecules around the protein was found to be different, which is a direct
consequence of their head-group differences.

For gVIIIp in DodPCho micelles not only

distorted micelles are found near the C-terminus of the protein, but also regular elliptical
micelles occur.
Chapter 4 describes a full analysis of the backbone dynamics of the individual residues
of gVIIIp in both detergent micelles. This was achieved by

15

N relaxation measurements

at three different spectrometer frequencies. Motional parameters and oveiall and internal
correlation times were derived with the model-free approach, including the possibility
of anisotropic motion.

Furtheimore, reduced spectral density mapping was used to

calculate the spectral densities at J(0), ./(ω^), and (J(U>H))-

The spectral densities

were interpreted by mapping a linear or scaled linear combination of two Lorcntzians
onto a J(0)-J(LÜ)

plot. The results indicate that the motion of the hydrophobic helix

corresponds to the overall tumbling of the protein-micelle complex, whereas the iesidues
m the amphipathic helix, in addition to the overall motion, are subject to a motion
on the fast-nanosecond

and picosecond time scales.

The motional behaviour

oí the

iesidues within the amphipathic helix is very uniform and lepiesents the motion of the
amphipathic helix on and away from the surface of the micelle. This is brought about by
the motional freedom of residues in the hmge region, whose residues display an abrupt
change from highly restricted to less restricted motion.
The last chapter presents the three-dimensional structures of the major coat protein
in SDS and DodPCho micelles, which were determined from completely assigned
and

13

15

X-

C-edited NOE spectra. The structures reveal that in addition to the two a-hehces.
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also the hinge region has a high α-helical content, which allows a smooth transformation
from the protein's micellar conformation into that of the mature phage When comparing
the micellar structures with that of the coat protein in the mature phage, it was found
that certain amino-acids are specifically arranged in both structural forms, probably to
allow to optimally adapt to their different functionalities in the membrane and virion
coat

By comparing the micellar and phage-coat conformations at a molecular level, in

combination with all other results presented in this thesis, a model has been constructed
for the role of specific residues of the major coat protein during the assembly process

Samenvatting
Filamenteuze fagen zijn belangrijke instrumenten bij het bestuderen van biologische pro
cessen in de levenscyclus van virussen, zoals infectie, replicatie, transcriptie, translatie en
assemblage Hoewel er veel studies zijn verricht naar deze processen, is er weinig bekend
op atomair niveau over de interacties tussen de moleculen in deze processen Het manteleiwit van de bactenofaag is betrokken bij verschillende van deze processen, met name
bij de infectie van de bacterie en extrusie van de faagdeeltjes gedurende de assemblage
Gedetailleerde informatie over de drie-dimensionale structuren van het manteleiwit in de
verschillende stadia van de levenscyclus van de faag is daarom erg belangrijk om inzicht
te verkrijgen in deze processen

Hoofdstuk 1 geeft een beschrijving van de organisatie

van de fagen, met speciale aandacht voor de Ff fagen

Een schematische weergave van

de levenscyclus van de faag wordt gegeven en de diverse functies van de door de faag
gecodeerde eiwitten worden beschreven

De functie van het manteleiwit, het eiwit dat

wordt gecodeerd door het achtste gen (gen-VIII-eiwit, gen-VIII-protein, gVIIIp) wordt
extra belicht

Dit eiwit wordt gesynthetiseerd als een precursor eiwit, opgeslagen in

de membraan tijdens infectie en tijdens de assemblage opnieuw gebruikt in zijn functie
als manteleiwit

Als manteleiwit heeft gVIIIp een structuur van een lange, licht gebo

gen, α-helix Deze helix heeft specifieke delen voor DNA-eiwit interacties (C-terminus),
eiwit-eiwit interacties (het hydrophobe gedeelte) en interacties met de omgeving (Nterminus) De opbouw van de manteleiwitten in de faag is beschreven aan de hand van
vezel-diffractie studies
Kennis over de structuur van het manteleiwit in de membraan-gebonden toestand
is beperkt tot secundaire structuur informatie en geringe mobihteitsgegevens over het
eiwit opgelost in Natrium Dodecyl Sulfaat (SDS) micellen, een modelsysteem voor het
membraan

Uit deze studies volgde dat het eiwit bestaat uit een hydrophobe helix

en een amphipatische helix, verbonden door een scharmer-gedeelte

Hoofdstuk 2 van

dit proefschrift beschrijft hoe het manteleiwit is gepositioneerd in die SDS micellen
Om de positie van gVIIIp ten opzichte van de SDS micellen vast te stellen, werd ge
bruik gemaakt van stearaat moleculen waaraan op positie 5 of 16 oen doxyl groep met
een nitroxide radicaal is geplaatst

Deze 5-doxylstearaat en 16-doxylstcaraat konden

gelocahseerd worden in de micellen door de specifieke hjnverbredingen te meten van
resonanties in het L3 C spectrum van SDS Daarna werd de positie van het manteleiwit in
de SDS micel bepaald uit het effect van de stearaten op de gVIIIp resonanties, gemeten
via een 'H- 1 5 N HSQC en een TOCSY experiment

De resultaten geven aan dat de
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hydrophobe helix door de micel heen steekt en dat de amphipatische helix is gesitueerd
op het oppervlak van de micel

Voorts blijkt dat de structuur van de SDS micellen

rond de C-terminus van het manteleiwit is verstoord, wat waarschijnlijk te wijten is
aan de interactie van de positief geladen lysine zijketens met de negatief geladen sulfaat
kopgroepen van de detergent moleculen
Het is duidelijk dat structuurinformatie over de membraan-gebonden toestand van
het manteleiwit een betere NMR studie vereist wat betreft de invloed van het gebruikte detergent in het micel/eiwit complex

SDS was gekozen als vervanging voor

de membraan-moleculen omdat het een redelijk klein modelsysteem is dat het mogelijk
maakt goede NMR spectra van het manteleiwit te kunnen meten, en omdat het commercieel in gedeutereerde vorm verkrijgbaar is Omdat de kopgroep van deze moleculen
anionisch is, is het echter geen realistische imitator voor de kopgroepen van lipide-bilaag
moleculen

Daarom werd een NMR structuurstudie geïnitieerd met een detergent dat

een betere membraan-vervangende kopgroep heeft, namelijk de zwitterionische dodecylphosphochohne (DodPCho) micellen
n

C,

15

In hoofdstuk 3 staat de toekenning van de

N, en Ή resonanties, de secundaire structuur en de positie van het manteleiwit

ten opzichte van de DodPCho micellen beschreven Een vergelijking met de secundaire
structuur in SDS micellen geeft aan dat de structuren veel op elkaar lijken Het verschil
tussen de systemen ligt voornamelijk in de ligging van de detergent moleculen rondom
het manteleiwit, wat direct gerelateerd is aan het verschil in kopgroepen Voor gVIIIp
in DodPCho micellen worden met alleen micellen gevonden die zijn verstoord rond de
C-terminus van het manteleiwit, maar ook regelmatige, elliptische micellen
Hoofdstuk 4 geeft een volledige analyse van de backbone dynamica van alle indi
viduele residuen van het manteleiwit in beide micellen

Dit was mogelijk door

relaxatiemetingen uit te voeren bij drie verschillende spectrometer frequenties

15

N

Mo-

bihteitsparameters en globale en interne correlatietijden zijn afgeleid met behulp van
de 'model-free' benadering, met inbegrip van de mogelijkheid van anisotrope beweging
Ook is de methode van 'reduced spectral density mapping' toegepast om de spectrale
dichtheden van ./(0), J(wyv), en (,7(ω#)) te berekenen

De spectrale dichtheden zijn

geïnterpreteerd door een lineaire of geschaalde lineaire combinatie van twee Lorentzians
te fitten op een J(0) J{ui) plot

De resultaten geven aan dat de beweging van de hy-

drophobe helix overeenkomt met de beweging van een eiwit/micel complex De residuen
in de amphipatische helix zijn, naast de beweging van het gehele complex, ook onderworpen aan bewegingen op de nanoseconden en picoseconden tijdschalen

Het mobiliteits-

gedrag van de residuen in de amphipatische helix is identiek en geeft een beweging
weer van de gehele amphipatische helix van en naar het micel-oppervlak

Dit komt

voort uit de beweging van de residuen in het scharnier-gedeelte van het eiwit, waar een
abrupte verandering wordt waargenomen van gehinderde beweging naar een meer vrije
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beweeglijkheid
Het laatste hoofdstuk beschrijft de dne-dimensionale structuren van het mantcleiwit
in SDS en DodPCho micellen
NOESY-HMQC spectra

Deze zijn bepaald uit geheel toegekende

15

N- en

n

C

De structuren geven aan dat naast de twee a- helices, het

scharnier-gedeelte ook veel α-helix eigenschappen heeft

Dit staat een gemakkelijke

overgang toe van de structuur van het manteleiwit in de membraan naar de structuur
in de faag

Uit de vergelijking van de membraan-gebonden structuur met die in de

faag, komt duidelijk een specifieke distributie van aminozuren in de structuren naar
voren

Deze verdeling maakt het de residuen waarschijnlijk mogelijk zich optimaal aan

te passen aan hun respectievelijke
virusmantel

functionaliteiten in het membraan-eiwit en in de

Door de structuren op een moleculair niveau met elkaar te vergelijken,

kan een model opgesteld worden dat de rol van specifieke residuen van het manteleiwit
gedurende het assemblage proces beschrijft

Samenvatting voor niet-deskundigen
Dit proefschrift beschrijft de eigenschappen van het manteleiwit van een klem virusje
(M13) die bepaald zijn met behulp van magnetische resonantie

Een virus is een zeer

klein organisme (M13 is een duizendste millimeter groot) dat zich niet zelf kan voortplanten Daarom maakt het, als een parasiet, gebruik van het voortplantingsmechamsme
van een ander organisme (bijvoorbeeld een bacterie), dat de gastheer wordt genoemd
Tijdens dit voortplantingsmechamsme wordt het erfelijk materiaal van het virusje, het
DNA, vermenigvuldigd en vertaald (getranscribeerd) naar de bouwstenen die het nodig
heeft om tot een volwassen virus te groeien

Deze bouwstenen, eiwitten genaamd, wor-

den gebruikt voor allerlei verschillende processen Een van deze processen is het bouwen
en maken van de mantel voor het virus, zodat deze kan leven in de wereld buiten de
gastheer

Het eiwit dat hier bij betrokken is, wordt het manteleiwit of het gen-8 ei-

wit genoemd

Het DNA van het virus heeft maar 10 eiwitten nodig om volwassen te

worden en daarvoor worden 10 verschillende stukken (genen) van het DNA vertaald
Het achtste gen wordt vertaald tot het gen-8 eiwit, vandaar de naam

Om zich voort

te kunnen planten moet een volwassen virus zijn mantel uit doen en het DNA afgeven
aan het voortplantingsmechamsme van de gastheer Een goed gebruik als je bij iemand
op bezoek bent, is het opbergen van je mantel, zoals dat in het geval van het M13
virus wordt gedaan in de celwand van de gastheer (membraan)

De celwand heeft veel

eigenschappen die lijken op die van zeep (detergenten) In de gastheer wordt een nieuwe
generatie virussen gemaakt die op hun weg naar buiten hun mantel weer aantrekken
Dan zijn ze volwassen, en kunnen ze zich weer verder voortplanten
Dit verhaal geeft een zeer globaal beeld van wat er allemaal gebeurt tijdens de levensloop van het virus De precieze details zijn echter nog niet bekend en die zouden wc
wel graag willen begrijpen, met name die van het manteleiwit

Wat we namelijk willen

weten is of de vorm van het gen-8 eiwit hetzelfde blijft als het virus zijn mantel uitdoet
en die wordt opgeslagen in de celwand van de gastheer

Om dit uit te zoeken maken

we gebruik van magnetische resonantie (Nucleaire Magnetische Resonantie = NMR)
Met deze techniek is het mogelijk om de ruimtelijke structuur van het manteleiwit op te
lossen Heeft het eiwit een ronde vorm, is het vierkant of een ellips 7 Verandert het van
vorm tijdens de verschillende stadia in de levensloop van het virus 7 Met behulp van de
ruimtelijke structuur proberen we te achterhalen waarom het een bepaalde vorm heeft
en zo te begrijpen wat de precieze functie is van het eiwit (structuur-functie relatie)
Magnetische resonantie maakt gebruik van de magnetische eigenschappen van delen
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van het eiwit, die gemanipuleerd kunnen worden in een groot magneetveld (de NMR
spectrometer). Door deze gecontroleerde manipulaties kunnen de afstanden en hoeken
tussen deze delen worden bepaald. Zoals een architect alle afstanden en hoeken van delen
van een huis kan tekenen en met behulp daarvan een een huis kan laten bouwen, zo kan
een promovendus met behulp van magnetische resonanties afstand- en hoekinformatic
verzamelen en een eiwit bouwen en vormgeven.
Nu willen we de bovengenoemde eigenschappen van het manteleiwit proberen te begrijpen.

Met behulp van andere technieken zijn de eigenschappen van het eiwit in

zijn functie als mantel al beschreven. Het laat zich dan het beste vergelijken met een
wijnrank die om een bezemstok gekruld is (een helix). In dit proefschrift worden de
eigenschappen beschreven van het manteleiwit dat is opgeslagen in de celwand

Hiertoe

hebben we verschillende zepen gebruikt om zo goed mogelijk de celwand te kunnen nabootsen. Met magnetische resonantie hebben we kunnen bepalen dat het eiwit qua vorm
niet erg veel verandert tijdens zijn verblijf in de celwand. Het bestaat nog steeds uit een
gekrulde wijnrank (helix), alleen is het nu zo dat het middendeel van het eiwit iets meei
beweeglijkheid heeft gekregen waardoor het er nu uitziet als een gekrulde wijnrank om
een dorsvlegel. Een deel van de wijnrank is om de stok gekruld die de boer (de celwand)
vasthoudt tijdens het dorsen, terwijl het andere deel op en neer beweegt. Dit bewegende
deel maakt soms contact met de celwand, maar zorgt er ook voor dat de vorm af en toe
verandert in die van de 'buitenmantel'. Door deze vorm van het gen-8 eiwit te bepalen
en die te vergelijken met die van de 'buitenmantel' begrijpen we nu veel beter hoe het
eiwit functioneert in de levensloop van het virus

We hebben er zelfs een model mee

kunnen maken over hoe het virus zijn mantel bouwt als hij de gastheer weer verlaat
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