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CHAPTER 1 

INTRODUCTION 

During (he past decades scientists developed a considerable interest in the subject of drug-DNA interac

tions. In particular, the isolation and evaluation of naturally occurring DNA cleaving agents has been the 

subject of many investigations. The aim of these studies comprised the development of a general concept 

by which the drug molecules specifically recognize and cut DNA, an insight which, eventually, could 

lead to (he design and synthesis of model compounds whose biological activity would be improved with 

respect to the native drug. Among the large amount of natural compounds which ore able to recognize 

and bind to specific sequences in DNA, ultimately leading to strand scission, the bleomycins [1] form a 

particular attractive group of drugs. A number of scientists realized that the underlying principles of bleo

mycin specificity and reactivity can be applied to the design of relatively simple model molecules. 

Among these workers are Sigman [2] using a l,10-phenanthroline-Cu(I) complex, Dervan [3] with Fe-

EDTA systems, Hashimoto [4-6] conducting hemin-intercalators, Barton [7] with chiral transilion-metal 

complexes and Lown [8,9] also using hemin-intercalators. 

Bleomycin 

The subject of this study, the bleomycms, can be regarded as melallo-glycopeptides. They were discov

ered in 1966 by Umezawa, who isolated them as copper(II) complexes from cultures of Streptomyces 

verticillus [10,11]. The bleomycins form an important family of antitumor drugs. They are clinically 

employed as a mixture of several bleomycins (Blenoxane) differing only at the C-terminus. One of the 

major components of Blenoxane is Bleomycin A1 (BLM, Figure 1.1). The bleomycins are used in the 

treatment of various tumors, e.g. squamous cell carcinomas and malignant lymphomas [12-15]. They're 

believed to bind and degrade cellular DNA employing molecular oxygen and a metal ion co-factor of 

which Fe(II) is the most active and therefore the most extensively studied [16-24]. 

BLM can be regarded as a bifunctional molecule [25]. The pyrimidine, ß-aminoalanine, 

ß-hydroxyhistidine and perhaps the guióse and the carbamoylated mannose (Figure 1.1) are thought to be 

involved in metal chelation leading to a metal complex thai upon oxygenation is responsible for cleaving 

double strand DNA. However, the actual structure of this metal complex remains an open question and 

therefore continues to be the subject of further investigation. This will be discussed in detail below. On 

the other hand, the bilhiazole function together with the positively charged 

Y-aminopropyldimethylsulfonium are considered essential for DNA binding and sequence-specific recog

nition. The oversimplification of this bifunctional model was shown by Albertini and Gamier-Suillerot 

[26] who indicated (lie interference of the DNA helix with the iron-chelating part of BLM. 
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Several groups of investigators conducted a number of biophysical studies [24,27-29] to derive a reaction 

scheme to account for BLM-mediated degradation of DNA. DNA cleavage is now thought to lake place 

after BLM has traversed the pathways indicated in Scheme L In the first step BLM binds to the iron(Il)ion 

thereby generating a high spin BLM-Fe(II) complex [24,29,30]. Due to unfavorable electron spin relax

ation times, this complex is, what is called, ESR-silenL Subsequently, this complex rapidly forms a ter

nary BLM-FeCII)-02 complex in a reversible Reaction. The ternary complex is considered to be similar to 

a ferric superoxide (Fe (III)-0¡) [27]. Small molecules such as CO, EtNC, and NO are able to compete 

with oxygen in the formation of the ternary complex [24]. Subsequently, the formation of 'active' BLM 

requires a one electron reduction. Most probably, this electron is supplied by BLM-Fe(lI) but also organic 

reductants can be actively involved. ESR studies of Burger et al. [24] indicated that BLM in the activated 

state might have a structure analogous to peroxidase compound I or the reduced oxy-cyt P4 n species. 

This activated BLM then combines with DNA in a cleaving reaction yielding the cleaved DNA and a new 

BLM complex. It was assessed by ESR spectroscopic methods that the new bleomycin complex is BLM-

Ре(Ш). The BLM-Fe(III) complex dissociates and finally the Fe(II) ion can be regenerated in a normal 

redox reaction. 

SCHEME 1 

F«(n) • BLU *-
к, 

Fallii) . BUI ' 
S' 

Metal complexes of BLM 

As Indicated in the above, the iron-BLM complexes have been intensely studied. The majority of investi

gations were dedicated to the elucidation of the structure of Fe(II) and Fe(III) complexes of BLM since it 

was generally accepted that Fe(II) was essential as a cofactor in the DNA degradation in vitro. In spite of 

all this effort, no clear understanding of the actual metal coordination could be obtained. In fact, since 

1982 the proposed coordination chemistry has not changed [32]. A major contribution to the understand

ing of the metal coordination principles of BLM was presented by litaka et al. [33] who were able to 

derive an X-ray structure of the copper(II) complex of P-3A, a biosynthetic precursor of BLM. In this 

structure the secondary amine of the ß-aminoalanine moiety, the pyrimidine, the deprotonated histidine 

amide and the imidazole bind to Cu(II) to form the basal plane of a slightly distorted square-pyramidal 

complex wilh the primary amine of the ß-aminoalanine as the axial ligand. The initial model proposed for 

the metal coordination in metallo-BLMs was based on this X-ray structure (Figure 1.2, left). However, 

Cu(II)-P-3A is an abortive complex lacking for instance the sugar residues (Figure 1.1) which according 

l EINO Of NO 

:F.(II)BLM ^ ' • FldDBLMO, " C 0 XMIDBLM 
1 » I J ° , S' 

DNA 
Г і · 

LFt<lll)BUI * -«tUv.l.d BLM-
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to some authors have a metal binding site in the ternary complex (vide infra). Still, ESR and ENDOR 

studies indicated that at least strong similarities exist between the coordination of Cu(II) in Cu(II)-P-3A 

and Cu(II)-BLM [34-38]. 

Although the studies on Cu(lI)-BLM were particularly important in providing a basis for further investi

gations of metallo-BLMs, the main interest was focussed on the biologically active Fe(II)-BLM and 

Co(IU)-BLM. This was mainly due to the general assumption that Cu(II)-BLM showed no activity with 

respect to DNA cleavage [39]. However, recent studies indicated that Cu(n)-BLM might be biologically 

active as well [40,41]. 

HjNOC 

HJOC 

•ЦИ 

Figure 1.2. Left: structure of BLM-Fe-O, based on the crystal structure of Cu(II)-P-3A. Right structure 

of BLM-Fe-CO proposed by Oppenheimer et al. 

Relatively few studies have been performed on the Fe(II) complex of BLM and analogues [42,43]. As 

has been mentioned already the high spin BLM-Fe(n) complex has unfavorable relaxation properties 

making it unsuitable for ESR studies. On the other hand, its paramagnetic properties impair high resolu

tion NMR analysis of the coordination geometry as well. The ternary Fe(II)-X complexes of BLM and 

analogues have, however, been intensively studied by ESR [3438] leading to a certain insight into the 

geometry and coordination number of these complexes. Particularly important are the findings with 

respect to the nitrosyl adducts of Fe(II)-BLM and its analogues. On the basis of these studies, the 

Fe(II)-BLM complex is thought to adopt a square-pyramidal geometry with one axial ligand as in the 

Cu(II)-P-3A complex (Figure 1.2, left). Addition of NO produces a six-coordinate complex. ESR data of 

NO complexes of BLM, iso-BLM (a BLM having the carbamoyl group at the mannose C2 position) and 

deglyco-BLM (Figure 1.1) [34,38] suggested that they have identical metal coordination geometries. 

Hence, the carbamoyl group does not seem to be actively involved in metal coordination. The ESR spec

tra of dep-BLM, a derivative lacking the alanine moiety (Figure 1.1) show, however, marked changes. 

Interestingly, the ESR spectral changes of deamido-BLM (a BLM having the alanineamide hydrolyzed) 

are pH dependent. At pH 6, the NO complex shows similarities to the NO complex of dep-BLM, while at 

pH 9 it is similar to that of BLM. This can be understood if the axial ligand (Figure 1.2, left) is consid

ered: in deamido-BLM the carboxylic group raises the pK, of the primary amine function (the axial 

ligand) from 7.7 to 9.3. Thus, at neutral pH the amine function is protonated and, hence, looses its coordi-
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nating character. All this evidence led Sugiura to conclude that the axial binding of the primary amine 

group to the iron(II)-ion is crucial to the redox activity of the native BLM-Fe(II)-02 [34]. This conclusion 

seemed to be confirmed by the apparent inability of the dep-BLM-Fe(II) and deamido-BLM-Fe(II) (at 

pH6) complexes to produce radicals [44,43]. 

In contrast, NMR studies conducted by Oppenheimer et al. [46,47] indicated a different structure for the 

ternary BLM-Fe-X complex. Their conclusions were based on the structures derived for the diamagnetic 

BLM-Zn(n) and BLM-Fe(n)-CO complexes which were analogous to the structure of the Co(III)-BLM 

complex, proposed by Vos et al. [48]. In the structure proposed by Oppenheimer et al., the histidine 

amide nitrogen is not considered to be a metal chelating site. Instead, the mannose carbamoyl function is 

thought to be involved as an axial ligand which binds to the iron ion (Figure 1.2, right). In order to gain 

additional evidence for the mannose carbamoyl group acting as a metal binding site, Oppenheimer et al. 

investigated the deglyco-BLM-Fe(II)-CO complex by means of NMR [49]. Interestingly, the NMR spec

tra showed a substantial difference in metal coordination between the native complex and the deglycosy-

lated derivative supporting the proposed role of the mannose carbamoyl in metal binding. 

These studies present some interesting problems. Given that the nitrosyl and the CO complexes are proper 

models for the biologically active BLM-Fe(II)-01 complex, obviously the NMR and ESR studies are con

tradicting. For Instance, ESR studies suggest that the BLM-Fe(U)-X and deglyco-BLM-Fe(II)-X have 

similar coordination geometries [30] while NMR investigations definitely prove that they have not [49]. 

In line with the ESR results, it was believed until! recently that, both BLM-Fe(II) and deglyco-BLM-

Ре(П) behave similarly with respect to the specificity and efficiency in the cleaving process of DNA [34]. 

However, recent spin trapping experiments [30] showed that the ability to produce radicals was decreased 

in the case of degtyco-BLM-Fe(II). Furthermore, recent reports of Sugiyama et al. [31,32] suggest a del

icate role for the mannose carbamoyl function in the specificity of DNA cleaving. Their study involved 

the interaction of BLM, deglyco-BLM, and decarbamoyl-BLM with a d(CGCrTTAAAGCG) dodecamer. 

Interestingly, BLM was shown to preferably cut DNA at the Cll position while for both deglyco-BLM 

and decarbamoyl-BLM maximum cleavage was observed at C3 (Figure 1.3). In summary, it is generally 

believed that in metallo-BLMs the pyrimidine, the imidazole and the secondary amine of the 

ß-aminoalanine are ligated to the metal ion. However, the actual geometry of the complex and the nature 

of the remaining ligands remain controversial. 

5'-CGCTTTAAAGCG 
3'-GCGAAATTTCGC 

I 
Cn 

Figure 13. Preferred cleavage sites for BLM (CI I) and deglyco-BLM (C3). 
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Binding of BLM to DNA 

The interaction of BLM with DNA has been widely studied in in vitro experiments and the results have 

gained even more importance since Murray and Martin discovered the great similarities between іл vivo 

and m vitro DNA cleavage patterns of BLM [S3]. As has been stated already, BLM is a bifunctional enti

ty [25] of which the bithiazole group and the positively charged tail were shown to be responsible for 

binding of BLM to DNA. In addition, it was established that BLM preferably binds to B-type DNA 

[54,55]. The binding constant for BLM in the absence of metal ions, was reported to be Ι.ΤχΙΟΆί"1 [12]. 

The major role of the bithiazole group and the positively charged tail in the binding of BLM to DNA has 

now been well established. However, the mode(s) of binding are more controversial. In general, binding 

of BLM to DNA is considered to proceed through intercalation and/or groove binding. The putative inter

calating action of the bithiazole moiety of BLM has been investigated by a number of laboratories [56] 

utilizing techniques such as gel electrophoresis and sedimentation methods [57-60], linear dichroism and 

viscometric methods [12,57] and NMR spectroscopy [12,61,62]. Moreover, Huang et al. [63] showed 

that at least two types of binding exist. One type of binding was shown to be sensitive to changes in ionic 

strength. The other, independent of ionic strength, was associated with partial intercalation of the bithia

zole rings. All these studies lead to the conclusion that, although intercalation certainly plays an impor

tant role in the binding and recognition of DNA, more than one mode of binding of BLM to DNA is like

ly to exist In order to account for a possible minor groove interaction Dickerson and colaborators 

reported on preliminary molecular modelling results on the bithiazole group and the positively charged 

toil binding in the minor groove of the dodecamer d(CGCOAATTCGCG) [64]. In addition, Pullman and 

co-workers have pointed out and explored the possibility that a drug composed of coupled flve-membered 

heterocycles with one charged end should have an enhanced affinity for the minor groove of GC sequenc

es in DNA [65,66]. All these extensive investigations attempted to establish the mode(s) of binding of 

BLM to DNA in an ultimate goal to explain the observed preference for single strand scission at GpC, 

GpT sequences on linear DNAs [22,23] and the observed preference for double strand scission at identical 

sites [67]. 

Although the mode of binding during DNA cleavage still is controversial, the direction of BLM mediated 

attack seems less disputed. The degradation of DNA was shown to be initiated by a specific cleavage of 

the 4' carbon-hydrogen bond resulting in the degradation of the corresponding deoxyribose sugar and, 

hence, a single strand nick in the DNA duplex. [64]. This observation is consistent with and provides the 

strongest support for the attack (and binding) of BLM within the minor groove of (he DNA double helix. 

While much new insight about BLM-DNA interactions have been obtained, it is clear that further investi

gations need to be initiated to establish the mode of binding of BLM to DNA in order to account for both 

binding and chemical specificity. 
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Bleomycin and NMR 

It was not until 1979, when Aue et al. [68] analyzed the concept of 2-D FT NMR and thereby provided a 

basis for the development of a large number of new pulse sequences, that 2-D NMR started its triumphal 

march to the position of the well established technique in the structure determination of large molecules 

that it occupies today. The clear succes of 2-D NMR is to a great extent the result of the development of 

large and fast computers during the last decade. However, in spite of the exponential growth of the 2D 

NMR techniques during the past ten years, only few 2D NMR studies of BLM have been conducted. Next 

to our group [69-72], two studies appeared in the literature with 2D NMR as a basic technique in an 

attempt to unravel the "N NMR spectrum of BLM [73] and the solution structure of the Cu(I)-BLM com

plex [40]. Furthermore, in 1990, a 2D NMR study of BLM-Zn appeared [74], analogous to our study in 

1988 [71]. Next to 2D NMR a certain amount of ID NMR studies were performed 

[1231,42,43,46,47,49,61,75-84] of BLM-melal complexes and their interaction with DNA. However, the 

majority of these studies were conducted in the late seventies, that is, before the development of ultra high 

resolution NMR (>360 MHz). In fact, the bulk of the investigations on BLM structure and DNA interac

tions appeared before 1982. 

NMR as a tool 

A typical 2-D pulse sequence is shown schematically in Fig. 1.4a. By utilizing two time intervals, r, and 

fj, the two frequency dimensions of 2-D NMR are introduced. The signal detected during r2 is a function 

of the magnetization changes that occur during (he evolution period r,. If the experiment is repeated for a 

large number of incremented /, values, varying from 0 to several hundred milliseconds, a set of spectra is 

obtained whose resonances are modulated in amplitude as well as in phase due to the course of the 

magnetization during r,. A final Fourier transfonnatlon with respect to r, defines the modulation frequen

cies and results in the 2-D spectrum. 

The physical processes which play a role during such a pulse sequence are described here for a so called 

NOES Y experiment applied to the three methyl resonances In Ν,Ν-dimethylacetamide (Fig. 1 J). The 

two methyl groups (A and B), attached to the nitrogen atom, are non-equivalent and in slow exchange. 

We will focus on the course of the magnetization of A during the experiment. Due to the first pulse, 

applied along the x-axis of the rotating frame, the A magnetization rotates from the z- to the y-axis (Fig. 

1.4b). After this pulse, the A magnetization precesses about the static magnetic field (the z-axis) with its 

off-set frequency, Ωλ. At time r,, an angle 0=0/, has been covered (Fig. 1.4c). The second pulse (along 

the x-axis) then rotates the magnetization in the zx plane. Now, the χ and ζ components of this magnetiza

tion vector are proportional to s in^r,) and -сдеОДг,), respectively. The unwanted χ component is usual

ly eliminated by cycling the phase of the second pulse or by temporarily applying a small gradient on the 

static magnetic field. After this procedure, only ζ magnetization exists. 
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Figure 1.4. (a) Example of a 2 D NMR pulse sequence. The experiment is repeated for a Urge number of 

Incremental (, durations, yielding a 2 D time domain signal *(',,%). Magnetization vector picture, (b) just 

after the first 90°, pulse, (c) just before the second 90% pulse, (d) just after the second 90% pube, and (e) 

just after the final 90° pulse applied along the -x axis. The xy magnetization present after the second 90s, 

pulse is removed by the application of a magnetic field gradient CFC). More commonly, a procedure 

referred to as phase cycling is used to eliminate xy magnetization. FID, free induction decay. 

Another pulse, applied after a mixing time Δ is used to observe the amount of ζ magnetization which is 

present at the end of Δ. The intensity of resonance A is proportional to cos^^r,) (Fig. 1.3a). However, In 

the case that some of the A and В methyl groups have interchanged, a fraction of the В resonance will 

also be modulated in amplitude by cos^r, ) . Of course, the exchange also causes the A resonance to be 

modulated by 005(0/,). After Fourier transformation with respect to r, and tj these modulations are visu

alized in the frequency domain. The result is the 2-D spectrum of Fig. l.Sb. For convenience, this 2-D 

spectrum is usually displayed as a contour plot (Fig. 1.5c). In this contour plot, the cross peaks at coordi

nate (ω,,α^ΜΩ,·^) and (&8&A) represent the magnetization transfer process that has taken place 

between spins A and B. The diagonal peaks are a result of the normal off-set frequencies that are present 

in both dimensions. 

In the present example, the magnetization is transferred due to a chemical exchange mechanism. Magneti

zation transfer can also take place via dipole-dipole interaction. This process is utilized in a so called 

Nuclear Overhauser Enhancement spectroscopy (NOESY) experiment. The pulse sequence is essentially 

the same as in the 2D-exchange experiment (Fig. 1.4a)., The deviation from thermal equilibrium of the 

z-magnetization of A is transferred by the NOE effect to nuclei that have a significant dipolar interaction 

with A. For instance, if В is close to A (r<0.5nm), the z-magnetization of В at the end of the mixing time 

Δ will depend on cos^r, ) . In the NOESY spectrum, (he intensity of the NOE cross-peaks is proportion

al to r*. Hence, if the conditions are appropriate, the intensity of the off-diagonal NOE peaks can be used 

for a rough estimation of the distances between (he interacting nuclei. However, exchange and NOE pro

cesses can interfere in one experiment. In fact, unfavorable exchange rates can cause a significant 

decrease of the NOE effect. 
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Figure 1.5. The generation of 2 D exchange spectrum of N,N-dimeihylaceiamide, from data obtained 

with the pulse sequence of Figure 1.4a. After Fourier transformation with respect to г2, a set of spectra 

modulated in amplitude as a function of /, is obtained (a). A Fourier transformation, with respect to f,. of 

the columns of the data matrix corresponding to this set of spectra yields resonances at the modulation 

frequencies in this dimension. This is the final 2 D spectrum (b). For clarity, this spectnun is often dis

played as a contour plot (c). The cross peak at (Ω,,Ω,) represents methyl protons that have changed their 

position (and hence resonance frequency) from A to B. Peaks on the diagonal represent protons that have 

not changed their resonance frequency during the mixing period. 
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Coherence transfer can take place through the J-coupling mechanism. The original ID-experiment 

[68],consisting of only an evolution and a detection period (COSY), was derived for this purpose. If this 

sequence is applied to a set of homonuclear coupled nuclei, the second 90° pulse (between the evolution 

and detection time) transfers part of the coherence of one nucleus to its coupling partner. Most common· 

ly, the interacting nuclei are both protons although a large number of other combinations 

(H/"C; 'Я/'5//; W P , etc.) have been applied succesfuUy. 

In principle, a combination of these pulse NMR experiments enables the structure determination of medi

um to large bioraacromolecules. Roughly, the strategy of such a structure determination is divided into 

two parts. First, the appropriate one dimensional NMR spectra have to be assigned. This task is accom

plished with the COSY experiment. Secondly, the NOESY experiment is used wherein the through space 

interactions can be explored. The NOESY spectra can be interpreted with aid of the already assigned one-

dimensional NMR spectra. Finally, all the observed NOE's form a 'contact matrix' of the molecule which 

represents the molecules three-dimensional structure. The translation of the observed NOE's to a structure 

in cartesian coordinates is performed via Distance Geometry calculations. These calculations provide an 

impression of the conformational space which is defined by the NOE-distance information. 

When the structure of BLM and the metal complexes are evaluated by means of 2D NMR certain specific 

problems arise. Of course, the BLM molecule is rather small (MW about 1500) compared to normal pro

teins resulting in a fairly simple NMR spectrum. However, there are no standard assignment procedures. 

In proteins, structural features such as α-helices and ß-sheets cause typical cross-peak patterns in the 2D 

NMR spectra. In establishing the secondary and ternary structure of biomacromolecules the NOESY tech

nique Is standard. The accuracy with which interproton distances can be calculated by means of the 

NOESY technique is not very high. The safest method is the translation of an observed NOE to an inter-

proton distance of 0.2 to 0.5 nm. In proteins, the mere observation of an interresidue NOE connects two 

amino acids together. In this way a few vital NOEs can describe a large part of the secondary and ternary 

structure. In BLM the situation is different. The 'distance scale' for the structure determination is much 

smaller than with proteins. As a consequence, NOEs, in general, do not contain that much structural infor

mation as with proteins. Furthermore, there are certain regions in the BLM molecule which contain only 

a few protons. Unfortunately, the backbone of BLM which is thought to wrap around the metal ion is 

such a region. This presents some severe problems in the determining of the metal coordination in the 

BLM-metal complexes. 

Outline of this thesis 

The goal of the investigation laid down in this thesis was to determine the solution structures of the rele

vant BLM complexes, hi chapter 2 and 3 the determination of the solution structure of the BLM-Zn(lI) 

complex is described. BLM-Zn(II) is chosen because it is generally regarded as a model of the biologi-
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calUy active BLM-Fe(II) complex. This latter complex is paramagnetic and rather unsuitable for NMR 

studies due to unfavorable elclron spin relaxation times. Subsequently, in chapter 4 the solution structure 

of the diomagnetic BLM-Fe(II)-CO complex, a model of the putative active BLM-Fe(II)-Oj adduct, is 

determined. In relation to this structure determination, the nature of the metal ion coordination geome

tries in these complexes is investigated in chapter 5. The interaction with DNA is presented in chapter б 

wherein the adduct of BLM-Fe(n>CO with the d(CGCGCC) hexomer is investigated. 
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ABSTRACT 

Application of various 2D NMR techniques (SECSY, COSY and NOESY) enabled the complete assign

ment of the 'H-NMR spectnun of the bleomycin A2-zmc complex in H2O and D2O at pH 6.7. The spec

tra were interpreted at 277 К as well as at 300 K. Identification of the resonances permitted a vicinal 

coupling constant analysis which revealed that the conformation around the C,, and Cp bond of the 

ß-aminoalanine and ß-hydroxyhistidine residues is fixed. From this finding it was concluded that both 

amino functions of the ß-aminoalanine fragment and the amide and imidazole groups of the 

ß-hydroxyhistidine moiety are involved in zinc coordination. Also, for the marinóse carbamoyl group and 

the pyrimidine ring active participation in zinc coordination could be established. 

NOE data together with the six coordination sites proposed above were used as inteipoint distance con

straints in distance geometry calculations for the bleomycin A2-zinc complex in H2O. Sets of ten struc

tures, randomly chosen within the distance constraints, were calculated (with and without (he zinc ion). 

The calculated structures were very similar but in case that the zinc ion was omitted some flexibility was 

observed, within the distance constraints, in the pyrimidine-aminoalanine region.'Because of the great 

overall similarity between the structures, a reliable representation of the solution conformation of the 

bleomycin-zinc complex was reached. Surprisingly, no regular symmetry around the zinc ion was found 

to be present in the generated structures. 

INTRODUCTION 

The bleomycins are a family of metallo-glycopeptide antitumor antibiotics produced by cultures of Strep-

tomyces verticillus. They were fint reported by Umezawa et al. in 1966 [1-2]. At present, they find clini

cal application in the treatment of squamous cell carcinomas and malignant lymphomas [3-7] mostly in 

combination with radiation or other chemotherapeutic agents. Cleavage of cellular DNA is thought to 

account for the anti-neoplastic activity of bleomycin [S] which proceeds via a metal ion- and oxygen 

dependent reaction [8-12]. Blenoxane, the clinically used mixture of bleomycins consists of several spec

ies that differ only at the C-terminus of the molecule [1-2], i.e. within the putative DNA binding domain 

[13-15]. The major constituent of this mixture is bleomycin A2 (Fig. 2.1). 

To achieve a fundamental understanding of the molecular mechanism of bleomycin activity, knowledge 

of the three dimensional structure of bleomycin in solution, of the bleomycin-metal complexes and of its 

complexes with DNA is mandatory. This can then serve as a start for (computer aided) drug design stud

ies, which may possibly lead to the development of bleomycin analogs with a higher and more selective 

therapeutic action. 

High resolution NMR has developed into one of the most powerful techniques for studying molecular 

structure in solution. Recently, a complete assignment of the 500 MHz 'H-NMR spectra of bleomycin A2 

in H2O and D2O solution by means of two-dimensional NMR spectroscopy has been reported [16]. 
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Figure 2.1. Structure of bleomycin Aj. Numbers in Italic correspond to the nitrogen atoms labeled in 

Figs. 2.10 and 2.11. 

As a result it was concluded that the core of the molecule consisting of the methylvalerate, threonine resi

dues and the bithlazole Ca-Cp part adopts an extended conformation at low temperatures. 

Owing to its diamagnetic nature together with its high stability the bleomycin-zinc complex has been 

shown an excellent object for Ή- and "C-NMR studies [17-20]. Furthermore, it may serve as a model 

compound for the putative active Fe(II)-bleomycin complex. However, due to many overlapping reso

nances in the region between 3 and 4.3 ppm a complete assignment of the proton spectrum has not yet 

been reported. Moreover, to the best of our knowledge, the resonances of the exchangeable protons of this 

metal complex in H2O solution have not been assigned at all. 

In the present paper a complete assignment of the 'H-NMR spectrum of the bleomycin A2-zinc complex 

at pH 6.7 is presented along with an assessment of the metal coordination sites. Subsequent determina

tion of torsional angles from a J-coupling analysis and of distance constraints from 2D NOE spectroscopy 

experiments provided the input for a distance geometry calculation [21] from which the structure of the 

complex in solution was derived. 

MATERULS AND METHODS 

Bleomycin A2-sulphate was purchased from Nipponkayaku Co. (Tokyo, Japan). Samples were prepared 

by dissolving 3.5 mg bleomycin A2-sulphate in 1 ml 99.8% D2O. Subsequently 4 μΐ of a 0.70 Μ Ζησ2 

solution was added and the pH was adjusted to 6.7 (meter reading) with a NaOH solution in H2O. The 

solution was lyophilized three times from 99.8% D2O and finally redissolved in 3S0 μΐ 99.95% D2O or in 

350 μΙ НгО (containing 7% D2O) yielding bleomycin-zinc solutions in a concentration of 6.7 mM. The 
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' H - N M R spectra were recorded on α Braker WM 500 NMR spectrometer interfaced to an Aspect 2000 

computer and a real time puiser board. Decoupling power is referenced in dB attenuation with respect to 

the таліішіт of 12 Watt. Prior to Fourier Transformation, FID's of Ή ID-spectra were zerofilled to 32 К 

datapoints and multiplied by Gauss-Lorentz transformation-type windows. The solvent (HDO or H2O) 

signal was used as an internal reference (δ » 4.76 ppra at 300 Κ; δ - 4.97 ppm at 277 K). The following 

two-dimensional NMR methods were employed for the spectral assignments discussed in this paper: 

Spin-echo correlated spectroscopy (SECSY) [22-23] The experiment was performed at 300 К in D2O. 

Prior to the standard SECSY pulse sequence, during the period rd (1.6 s), the HDO resonance was selec

tively irradiated (33 dB), resulting in the following pulse scheme: 

[пІ-90в-ІЦ-90в-ііі-І2] 

Quadrature detection was used in both directions. For each value of ti, 60 FID's (2K datapoints, acquisi

tion time 0.2048 s) were acquired. The value of U was varied between 0.2 and 102.4 ms in steps of 

200 μχ. Prior to Fourier Transformation the FID's were multiplied with a sine bell window function in 

both directions. Spectra were calculated in magnitude mode. 

J-Correlated Spectroscopy (COSY) in HjO [23-25] The experiment was performed at 277 K. Prior to 

the basic COSY pulse sequence, during rd, the H2O solvent signal was irradiated (2 s, 10 dB): 

[rd-90e-ti-90e-t2] 

The carrier was placed at the low field side of the spectrum. For each value of ti, 16 FID's were accumu

lated (4K datapoints, acquisition time 0.2048 s). The value of ti was varied between 0.1 and 23.6 ms in 

steps of 100 μβ. Prior to Fourier Transformation the FID's were multiplied with a sine bell window func

tion in both directions. Spectra were calculated in magnitude mode. 

Nuclear Overhauser Enhancement Spectroscopy (NOESY) in H2O [26-27] The experiment was per

formed at 275 К in H2O. In order to suppress the H2O solvent signal a time shared long (TSL) observa

tion pulse was used in combination with a data shift accumulation (DSA-4) [28-29], resulting in the fol

lowing pulse sequence: 

[rd-90o-dl-ti-90<,-tm-TSL pulse-t2] 

Single side band detection was used in the f 1 direction (carrier frequency at low field side of spectrum). A 

relaxation delay (rd) of 0.2 s was used. Prior to ti an extra delay (dl) of 25 μ$ was used for better water 

suppression. The total mixing time (t m ) of 400 ms included a homospoiling pulse of 50 ms duration [30]. 
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The time shared long pulse train consisted of ten 9° pulses with intemiittent delays of 38.8 цз. The value 

of tl was varied between 0.02S and 51.225 ms in steps of 100 μ$. For each value of t], 96 FID's were 

accumulated (4 К datapoints, acquisition time 0.2048 s). Prior to Fourier Transfoimaiion, the FID's were 

multiplied with a Gauss-Lorenlz window function in both directions. Spectra were calculated in the pliasc 

sensitive mode and subsequently submitted to a base-plane flattening procedure using a baseline correc

tion algorithm of Pearson [31]. 

Distance geometry calculations. The software for the distance geometry calculation used here was kind

ly provided by professor I. D. Kuntz of the university of California, USA. For a detailed description of 

the distance geometry method the reader is referred to Crippen's monologue on this subject [21]. The cal

culations were performed using a NAS 9600 computer. 

RESULTS AND DISCUSSION 

Assignments. 

The spin systems one expects to observe for the bleomycin-zinc complex dissolved in a D2O solution are 

listed in Table 2.1. Residues or groups of residues without (apparent) J-couplings have not been incorpo

rated in this list; these are the methyl group of the pyrimidinyl ring, the sulfonium methyl groups, the 

bilhiazole ring protons and the imidazole ring protons, respectively. 

Abbr. Fragment Spinsystem 

Τ Threonine 

Ρ Pyrimidinyl propionamide 

V Methylvalerate 

Η p-Hydroxyhiatidine 

λ ß-Aminoalanine 

В Bithiazole 

S γ-Anvinopropyl dimethyl 

sulfonium 

G O-L-Guloae 

M o-D-Mannose 

CH3-CH-CH 

CH2-CH 

CH3-CH-CH-CH 

CH-CH 

CH2-CH 

CH2-CH2 

CH2-CH2-CH2 

CH-CH-CH-CH-

CH-CH-CH-CH-

-CH3 

CH-

CH· 

-CH2 

-CH2 

A3MX 

ABX 

A3MPTX3 

AX 

ABX 

AA'XX* 

AA'MM'XX' 

Table 2.1. Networks of coupled spins in bleomycin A2-zinc complex in D2O; abbreviations (In capital 

letters) correspond to those In Fig. 2.1. Not incorporated in this summary are the protons of the methyl-

group attached to the pyrimidine ring, the Imidazole ring protons, the ring protons of the bilhiazole group 

and the methyl groups of the sulfonium group. 
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The assignment strategy followed in the present paper is analogous to (he one used in the inlerprelalion of 

the 'H-NMR spectrum of the metal free bleomycin at pH 4 [16]. First, residue specific assignments of the 

different groups (Table 2.1) of the zinc complex dissolved in D2O were made by making use of two 

dimensional spin echo correlated spectroscopy (SECSY) which establishes the J-connectivities existing 

between protons in individual spin systems. Subsequently, the thus identified spin systems were linked 

together via the secondary amide and secondary amino protons by means of two dimensional correlated 

spectroscopy (COSY) and nuclear Overhauser enhancement spectroscopy (NOESY) performed for H2O 

solutions (277 K). The remaining exchangeable protons (primary amide and primary amino protons) 

could be assigned using the same NOESY experiment. For reference purposes, the spectrum of the metal 

free bleomycin was assigned as well at pH 6.7. The results are summarized in Table 2.2. Below, a more 

detailed description of the spectrum interpretation is presented. 

Comparison of the spectra and connectivity patterns obtained for zinc bleomycin and metal free bleomy

cin reveals that the positions of the resonances of fragments T, H, B, and S (threonine, hytlroxyhistldine, 

bithiazole, and aminopropyldimethylsulfonium, respectively) do not change significantly upon complex 

formation. Thus, the resonances of the non-exchangeable protons of these fragments can be assigned 

directly by analogy; this is outlined in Fig. 2.2 where the connectivity patterns of these spin systems are 

readily recognized. Both aromatic bithiazole protons can be distinguished via а 'Н-^С hetero shift corre

lated experiment [32]. Subsequently, the amide proton resonances of fragments T, B, and S can be dis

cerned in the COSY (not shown) and the NOESY spectra recorded in H2O (Fig. 2.3) using the connectiv

ities with their neighboring a- or ß-protons. Interestingly, the amide proton resonance of fragment H as 

well as exchange peaks with water thereof cannot be traced in any of the H2O spectra. Already in the 

metal-free bleomycin spectrum recorded at pH 4 this proton exhibited enhanced exchange behavior [16], 

while the other amide proton resonances were visible as sharp lines. This suggests that the hydroxyhisti-

dine amide is completely deprotonated in the zinc complex. The imidazole imino proton was found to 

give rise to the resonance observed at the lowest field (12.45 ppm. Fig. 2.4). 

The remaining spin systems do exhibit several significantly shifted resonances when compared to the 

spectrum of the metal free bleomycin. In most instances this does not cause difficulties in the assignment 

procedure. For instance, the unique connectivity pattern of the methylvalerate fragment can easily be dis

cerned in the SECSY spectrum as is outlined in Fig. 2.5. The amide proton resonance of this fragment is 

assigned in a manner analogously to (he amide resonances of fragments T, B, and S (Fig. 2.3). 

The non-exchangeable protons of the pyrimidinyl propionamide- and the ß-amino alanine-fragmcnt (P 

and A) constitute the two ABX spin systems present in the bleomycin molecule (Table 2.1). The typical 

ABX connectivity patterns of these spinsystems as they appear in a SECSY spectrum are indicated in 

Fig. 2.5. The two ABX patterns can be assigned to the propionamide and the ß-aminoalanine groups by 

making use of the secondary amino proton resonance Nn-H (cf. Fig. 2.1). In the COSY (not shown) and 
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Fragro. Group Chemical shifts 

Τ 
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ν 

Η 

Α 

CH3 
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ценз 
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S" 
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S" 

NH2 

NH2 

ring C2H 

ring 

ring 

amide 

C
-

H 

S" 
CpH 

C4H 

NH 

ι NH 

sec.NH 

free 

300K 

pH 4 

1.083 

4.211 

4.072 

7.92 

2.62 

2.68 

3.979 

2.004 

6.50 

6.95 

7.69 

1.121 

1.129 

2.508 

3.719 

3.888 

8.20 

5.064 

5.356 

8.08 

7.39 

9.22 

4.070 

2.97 

3.00 

free 

297K 

pH 6.7 

1.085 

4.207 

4.075 

2.62 

2.69 

3.958 

2.009 

1.100 

1.116 

2.452 

Э.70Э 

3.863 

5.052 

5.257 

7.786 

7.261 

3.84 

2.83 

2.88 

zinc 

300К 

pH 6.7 

1.043 

4.140 

4.030 

2.90 

3.312 

4.556 

2.417 

0.981 

0.933 

1.949 

3.380 

3.630 

4.867 

5.207 

8.040 

7.334 

3.75 

2.518 

3.368 

zinc 

277K 

pH 6.7 

1.021 

4.099 

3.999 

7.96 

2.871 

3.244 

4.498 

2.376 

7.02 

5.92/7.12 

6.56/7.89 

0.982 

0.934 

1.946 

3.415 

3.615 

7.55 

4.851 

5.196 

8.037 

7.305 

12.45 

3.724 

2.458 

3.356 

4.32 
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M 

pr im. 

p r i m . 

amide 

amide 

CeH2 

CpH2 

ring 

NH2 

NH2 

ì NH2 

t ИН2 

C5H 

ring С5Л 

NH 

с в н 2 

CpH2 

с т н 2 

a u l f 

NH 

d H 

C2H 

C3H 

C4H 

C5H 

СбН 

СбЛ 

ClH 

C2H 

C3H 

C4H 

C5H 

СбН 

Сб.Н 

NH2 

ЫН2 

• (СНз)2 

7 . 3 0 

7 . 9 2 

3 . 2 4 

3 . 6 1 5 

8 . 2 2 8 

8 . 0 0 5 

8 . 2 0 

3 . 3 8 2 

2 . 1 6 8 

3 . 5 9 2 

2 . 9 1 5 

8 . 7 8 

5 . 2 6 3 

4 . 0 3 9 

4 . 1 1 4 

3 . 8 4 4 

3 . 9 9 9 

3 . 4 4 2 

3 . 5 6 0 

5 . 0 0 8 

4 . 0 4 3 

4 . 7 0 1 

3 . 8 1 

3 . 8 1 

3 . 8 1 

3 . 9 1 7 

6 . 2 8 

6 . 2 8 

3 . 2 4 

3 . 6 0 

8 . 1 9 9 

8 . 0 0 4 

3 . 3 7 7 

2 . 1 6 3 

Э.'бО 

2 . 9 0 9 

5 . 2 5 1 

4 . 0 1 3 

4 . 0 9 

3 . 8 4 

3 . 9 9 

3 . 4 0 

3 . 5 3 

4 . 9 9 4 

4 . 0 4 

4 . 6 7 5 

3 . 7 8 

3 . 7 8 

3 .78 

3 . 9 1 8 

3 . 2 2 

3 . 5 9 

8 . 2 0 9 

8 . 0 4 0 

3 . 3 6 3 

2 . 1 5 9 

3 . 5 9 3 

2 . 9 0 0 

5 . 3 0 9 

4 . 0 9 

4 . 0 6 

3 . 7 3 

3 . 8 7 2 

3 . 6 4 0 

3.7Э 

4 . 9 1 0 

4 . 0 9 

4 . 0 8 

3 . 7 2 

3 . 7 2 

3 . 8 2 2 

3 . 9 8 1 

6.94 

7 . 3 6 

7 . 1 2 / 5 . 

7 . 8 9 / 6 . 

3 . 1 6 - 3 . 

3 . 5 1 - 3 , 

8.207 

8.037 

8 . 3 6 

3 . 3 5 7 

2 . 1 3 4 

3 . 5 7 2 

2 . 8 7 8 

8.94 

5 . 3 0 5 

4 . 0 6 3 

4 . 0 3 

3 . 7 1 

3 . 8 4 9 

3 . 6 0 6 

3 . 6 9 

4 .885 

4 . 0 7 9 

4 . 0 3 

3 . 6 7 

3 . 7 0 

3 . 7 8 7 

3 . 9 6 5 

6 .00 

6.38 

,92 

.56 

.18 

.55 

Table 2.2. Resonance positions of the proton signals of bleomycin A2 and its zinc complex at pH 4 

and 6.7, at room temperature and 277 K. 
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the NOESY spectrum recorded in H2O solutions this resonance can be traced via connectivities with the 

ß-protons of fragment A and Ρ as outlined in Fig. 2.4. The resonances indicated by A. and Ap. give rise 

to strong cross peaks with А^щ i» contrast to the smaller crosspeaks between A N H and the Aa resonance 

at 3.72 ppm (see Fig. 2.4). This establishes the assignment of the ß-aminoalanine ABX spin system. The 

connectivities of the remaining propionamide resonances to the AfjH resonance confirm this interpreta

tion. The primary amino proton resonances of the ß-aminoalanine group can be (raced in the NOESY 

spectrum via a strong NOE connectivity with the α-proton of this fragment (Fig. 2.3). The latter amino 

proton resonances appear as separate peaks in the spectrum apparently as a result of a significant rotation 

barrier along (he C-N bond. Interestingly, the secondary and primary amino proton resonances of 

ß-aminoalanine are not observed in the spectra of (he metal free bleomycin at pH 4 [16]. The free amides 

of fragments Ρ and A also appear as pairs of singlets in the spectrum; as can be seen in Figure 2.3 they are 

recognized via a crosspeak between the individual protons of these amides. However, the resonances 

cannot be unambigeously assigned to either the Ρ or A fragment. Furthermore, the pyrimidinyl primary 

amino proton resonance can be assigned via a NOE connectivity with the methyl protons of this fragment 

(cf. Fig. 2.3). 

Severe difficulties are encountered in the assignment of the guióse and mannose protons as a result of 

many overlapping resonances in the 3.5-4.2 ppm region. For this reason a detailed discussion of these 

assignments is in order. 

First, the resonance positions (but not the assignments) of all sugar protons were established via а 'Н-'Ч? 

hetero shift correlation experiment [32]. From this experiment it was derived (hat four sugar protons reso

nate around 4.1 ppm and four around 3.7 ppm. Next, both anomeric proton resonances (5.309 and 4.910 

ppm) are used as starting points for connectivity pattern recognition in the SECSY spectrum; this is indi

cated in Figures 2.5 and 2.6. Both H1-H2 crosspeaks are readily discernable so both H2 proton resonanc

es can be unambigously assigned at 4.09 ppm. It should be noted that at this point no crosspeaks to the H3 

proton resonances are observed. Making use of the fact that four sugar protons must resonate in this ppm 

region, as was derived from the heteronuclear correlated experiment, it became clear that both H3 protons 

are also resonating in this region. This explains the apparent absence of H2-H3 crosspeaks in the spec

trum, obviously, since they coincide with the diagonal peaks. The exact positions of the H3 protons can 

be established via the crosspeaks to the H4 protons. Here, we can see, as both H3-H4 crosspeaks appear 

to be overlapping, that on the one hand the H3 resonances and on the other hand the H4 proton resonanc

es coincide. 

Now, with resonances in the ppm region (3.72-3.73 ppm) where also the H4 protons resonate further cros

speaks are observed with signals at 3.981,3.872,3.822 and 3.640 ppm. Furthermore, it must be noted that 

two moie sugar proton resonances resonate in the 3.7 ppm region as was evident from the 'H^'C hetero 

shift correlated spectrum [32]. Because of all this overlap it is not possible at this point to proceed and 

outline the connectivity pathways of the two individual spin systems without additional information. Such 

information was derived from an attached proton test (AFT) experiment [32] and a J-coupling constant 
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Figure 2.6. Ή Connectivity patterns of the guióse and mannose fragments (GM) in the 300 MHz 

SECS Y spectrum of bleomycin-zinc in D2O at 300 K. 
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analysis as is outlined below. The APT experiment showed that the resonances at 3.981 and 3.822 ppm 

belong (o H6 protons. Furthermore, from this experiment it was deduced that the resonance at 3.872 ppm 

belonged to a (HS) proton attached to a ternary carbon atom. Returning again to the crosspeaks in the 

SECSY spectrum, now, the position of the remaining three sugar protons (two H6 protons and a HS pro

ton) is readily established; Both connectivity patterns are depicted in Figure 2.6. 

In the following step the two .connectivity patterns are to be assigned to either the mannose or the guióse 

sugar. This is achieved via an inspection of the J-coupIing constants of the distinctive sugar proton reso

nances in the ID spectrum. First we had to verify that both sugar residues in the complex actually have 

the conformations as shown in Figure 2.1. To this end we calculated the H1-H2 J-coupling constants of 

both sugar fragments for the two possible chair conformations using additivity rules [33]. The results are 

presented in Table 2.3 where both chair conformations are indicated by an a or e, depending whether the 

HI proton is in an axial or equatorial position, respectively. The possibility that one or both sugars would 

have the boat conformation was disregarded because these are high energy species. 

The H1-H2 coupling constants do not change upon complexalion with zinc, which indicates that the sugar 

conformations remain unaffected. However, when inspecting the H1-H2 J-couplings in the metal free 

bleomycin spectrum it became apparent that the largest H1-H2 coupling is pH dependent. At pH 4 this 

J-coupling was shown to be 3.8 [16] while at pH 6.7 it is found to be 4.9. Probably the C1-C2 torsional 

angle Is somewhat increased when lowering the pH. A mixture of HI (a)- and Hl(e)-conformations at 

pH 6.7 is excluded because that would rather decrease the H1-H2 coupling constant. 

In spite of the pH dependence of the largest H1-H2 J-coupling it can safely be concluded that both sugars 

are in the Hl(e) conformation. Therefore, the resonance having a 4.9 Hz H1-H2 coupling constant in the 

bleomycm-zlnc spectrum is assigned to guióse, leaving the other HI resonance (З/ц-1.8 Hz) to mannose. 

The H2, H3 as well as the H4 resonances of the mannose sugar coincide with those of the guióse frag

ment. Evidently, for these resonances no distinction can be made between the two sugars. On the other 

hand, the HS resonance at 3.872 ppm can be assigned via the H4-HS J-coupling. To this end, the mannose 

guióse 

Jexp 

4.9І 

Jcalc (*) 

3.6 

Jcalc (*) 

1.3 

mannose 

Jexp 

1.8 

Jcalc (β) 

1.8 

Jcalc (») 

8.5 

Table 2.3. Calculated H1-H2 coupling constants of guióse and mannose In the zinc complex at pH 6.7 In 

both possible chair confonnations which are denoted by an (a) or (e) whether the HI proton is in an axial 

or equatorial position, respectively. 
1 The largest experimental H1-H2 J-coupling was found to be pH-dependent. At pH 4 this coupling con

stant was 3.8 Hz. For a further description of this effect, see text. 
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and guióse J-coupIings were calculated using addilivity rules [33] yielding 9.8 and 0.8 Hz, respectively. 

The multiplet structure of the HS resonance at 3.872 ppm reveals no coupling constant larger than 8 Hz, 

hence this resonance is assigned to the HS proton of guióse. Necessarily, because they show no connec

tivities with this guióse HS resonance, both H6 resonances at 3.981 and 3.822 ppm belong to mannose. 

This leaves the H6 resonance at 3.640 ppm to the guióse residue, as is indeed confirmed by a crosspeak 

between the two (cf. Figure 2.6). The mannose HS- and the downfleld guióse Нб proton coincide at 

3.72 ppm, where also both H4 protons resonate, and therefore cannot be distinguished. 

Finally, the last two resonances not yet mentioned are the two broad resonances at 6.00 and 6.38 ppm. 

They are assigned to the mannose carbamoyl protons according to NMR studies of free bleomycin 

[16-17]. Interestingly, for these protons no diagonal peaks are found in the NOESY spectrum. Obviously, 

these carbamoyl protons exhibit enhanced water-exchange behaviour as is indicated by the appearance of 

exchange crosspeaks of these protons with water in the NOESY spectrum (cf. Figure 2.4). 

Coordination sites fon the Zn(II) ion. 

In a derivation of the structure of the Zn(II>bleomycm complex it is necessary to know which atoms or 

groups of the bleomycin molecule are liganded to the Zn(II) ion. During the last decade several groups 

have investigated the problem of metal coordination for several metal bleomycin (analog) complexes. A 

major breakthrough was accomplished by litaka and co-workers [34] who managed to crystallize the 

Си(П) complex of P-3A, a biosynthetic intermediate of bleomycin. Their X-ray ciystallographic data 

demonstrated that the Cu(II) site is a distorted square-pyramidal structure with the primary and secondary 

amine, pyrimidine ring, deprotonated histidise amide and imidazole nitrogens as coordination sites. How

ever, the Cu(II)-P-3A complex is an abortive complex lacking for Instance the sugar fragments. 

Focussing attention on binary metal ion bleomycin complexes without an additional ligand (such as O2, 

CO, CN", ООН", etc.) there are two complexes which were studied extensively, viz. the Cu(II)- and the 

Zn(n)-bleomycin complex. For the Cu(II)-bIeomycin complex the same coordination sites were proposed 

as for the Cu(II)-P-3A complex with the mannose carbamoyl nitrogen as the sixth coordination site [35]. 

In contrast, for the Zn(n)-bleomycin complex some doubt exists regarding the coordination sites for the 

metal ion: Oppenheimer et al. suggested that, instead of the histidine amide, the melhylvalerate carbonyl 

oxygen would act as a binding site [17,36] in an octahedral complex, whereas a tetrahedral coordination 

surrounding for the Zn(II)-ion was proposed by Lenkinski and Dallas [19]. 

Generally, in a first approximation, one looks for changes in resonance positions as a result of metal ion 

binding, although this does not always lead to unambiguous conclusions with regard to groups that are 

involved in metal ion binding. Indeed, a number of resonances undergo a considerable shift upon complex 

formation of bleomycin with the zinc ion (see Table 2.2). The most significant changes are observed for 

the α -and β- protons of fragments Ρ and A, the mannose H3 proton, and the a- proton of the melhylval

erate fragment (V). Only the proton chemical shifts of the fragments T, B, and S remain virtually unaf-
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fected upon complex formation with zinc. A similar behaviour was observed in C-NMR experiments 

except for the "C chemical shifts of the methylvalerate fragment which are not affected upon complexa-

tion [32]. These findings suggest that the fragments T, V, B, and S are not involved in zinc coordination. 

Likely, the changes in the chemical shifts of the methylvalerate (V) protons upon complexation are due to 

a close proximity of these protons to the ic-electrons of the aromatic imidazole group [17]. This explana

tion is bolstered by the observation of a NOE connectivity between the imidazole C4 proton and the 

methylvalerate α-methyl group in the NOESY spectrum (Fig. 2.3). 

Interestingly, the β- and β'- proton resonances of fragment A display a considerable chemical shift differ

ence in contrast to the metal free bleomycin. This is also found for the α-protons of fragment P. These 

results suggest that the mentioned residues are involved in zinc binding, but we need additional evidence 

to establish the actual binding of these groups. 

As mentioned already in the previous section, in the spectrum recorded for zinc-bleomyctn in H2O reso

nances are observed for the primary and secondary amino protons of fragment A in contrast with the met

al free bleomycin spectrum (Table 22), hence the exchange rate of these protons with water Is dramatical

ly slowed down in the zinc complex. Furthermore, the primary amino protons appear as two singlets in 

the spectrum of the zinc complex. This suggests a restricted rotation around the corresponding C-N bond 

in the zinc complex. This may also be concluded for the Ca-Cp bond because, as mentioned above, sepa

rate resonances are observed for the two aminoalanine ß-protons in contrast to the metal free bleomycin. 

Making use of the generalized Karplus equation which takes into account electronegativity and orienta-

lional effects of substituents [37] a J-coupIing analysis of the α-β,β' aminoalanine spin system was per

formed to derive the rotamer populations for this fragment, assuming torsional angles of 60°. Here, a pos

sible influence of the electronegative zinc-ion was ignored because, in general, these ß-effects are small. 

Due to the fact that the ß-protons of the aminoalanine fragment cannot be assigned individually (in 

Table 2.2 the resonances of the enantiotopic aminoalanine ß-protons are arbitrarily labeled β and β') two 

sets of rotamer populations were calculated for this fragment in metal free bleomycin (one for each 

assignment). Upon complex formation with zinc, however, these two sets of rolamer populations 

appeared to be the same. This means that the rotamer equilibrium shifts entirely to one conformation, 

namely the gauche(-) rotamer (Table 2.4 and Fig. 2.7, the trans- and gauche nomenclature refers to the 

backbone of the molecule). In this conformation the primary and secondary amino nitrogens are juxtapo-

sitioned and therefore in an excellent position to bind with the zinc ion. 

Another two coordination sites were derived from an inspection of the J-couplings of the a- and 

ß-protons of the hydroxyhislidine fragment. In the bleomycin-zinc spectrum the Ha-Hp coupling constant 

for this fragment (Э.1 Hz) approaches the calculated value (2.9S Hz) of the J-coupling for the trans rotam

er, in contrast with the metal free bleomycin spectrum where this coupling is 5.8 Hz. Obviously, for this 

fragment the rolamer population changes almost exclusively to the trans rotamer (Figure 2.7 and 

Table 2.4) upon complexation with zinc. This suggests that this fragment is in a more or less fixed con

formation, probably as a result of zinc binding in this region. From these findings we deduce that the 

amide function and imidazole N1 nitrogen of this fragment are reasonable candidates for zinc 

33 



fragin. 

H 

A 

3 j 

bleomycin 

5.8±0.2 

7.2І0.2 

5.2І0.2 

rotamer 

population 

50% g
+
; 23% t; 27% g" 

or 

31% g
+
; 60% t; 9% g" 

3j 

bleomycin-zinc 

rot amer 

population 

3.1±0.2 ever 90% t 

3.β±0.2 

2.0±0.2 

100% g-

100% g" 

Table 2.4. Rotamer populations of the С.-С^ parts of fragments H and A of bleomycin A2 and lts zinc 

complex (Fig. 2.7). The nomenclature g', g + or t refers to the backbone of the molecule. The possible 

conformallons are shown In Figure 2.7. 
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Figure 2.7. Newman projections of the possible conformations of the α-β pans of the aminoalanine 

(bottom) and hydroxyhistidine (top) residues. The following abbreviations are used: Рут - pyrimidinyl; 

Imid = imidazole; Gul - guióse. 
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coordination sites. The absence of the amide proton resonance of this fragment in the H spectrum of (he 

zinc complex (in contrast with the metal free bleomycin spectrum. Table 22) suggests that this amide is 

deprotonated in the complex. Also in crystal structures of metal complexes with P-3A the hydroxyhisti-

dine amide was deprotonated [3338]. This makes this amide an extremely good coordination site for the 

positively charged zinc ion. The assignment of the binding sites, mentioned above, is supported by the 

observation of an NOE crosspeak in the NOESY spectrum recorded for bleomycin-zinc in H2O between 

the secondary amino proton of the aminoalanine residue and the imidazole CI proton (NOE 30 in Fig

ure 2.9 and Table 2.5). 

In contrast to the resonances discussed above, the resonances of fragments Ρ and V show only small 

changes in coupling constants upon zinc binding, although substantial changes in chemical shift are 

observed. These findings are in agreement with a similar, but limited, analysis by Oppenheimer et al. 

[17]. 

An additional coordination site is established via the fact that in the zinc-bleomycin Ή spectrum the man-

nose carbamoyl N-H resonances are present as two broadened singlets in contrast with the free bleomycin 

spectrum (Table 2.2) where only one broadened singlet was found. Evidently, for this carbamoyl group 

the rotation barrier is increased in the zinc complex. It is not clear, however, if this restricted rotation 

exists around the C-N bond (due to increased sp2 character of this bond) or about the C-0 bonds. In both 

cases the twofold appearance of the carbamoyl resonances in the zinc-bleomycin spectrum can only be 

rationalized if this group is considered to be a metal coordination site. Also the Ή chemical shift change 

observed for the mannose H3 proton upon complex formation (Table 22) points to this binding. 

One more coordination site for the zinc ion is deduced from the chemical shift changes in the I3C spec

trum occurring upon complex formation with zinc [32]. Considerable changes were observed for the pyri-

midine resonances which led to the conclusion that the pyrimidine N5 nitrogen binds to the zinc ion. 

In summary, on basis of the present NMR investigations of bleomycin and its zinc complex, six binding 

sites can be proposed, but it should be noted that these coordination sites are, in fact, derived via indirect 

methods (I-coupling analyses, NOESY, chemical shift changes). More information about the zinc coordi

nation sites can be derived from 15N-NMR experiments, although one has to be careful when translating 

changes in the 1 5 N spectrum upon zinc complex formation into zinc binding sites. 1 3 Ν-Ή helero shift 

correlation NMR experiments have already been performed on the metal-free bleomycin A2 by Sarkar et 

al. [39] 

The proposed binding sites for the zinc ion correspond to those suggested earlier by Oppenheimer et al. 

[17] for zinc-bleomycin, except for the histidine amide. Instead of this amide, the latter authors suggest 

that the melhylvalerate carbonyl oxygen coordinates to the zinc ion. In fact, our binding sites match those 

indicated by Takila et al. for the Cu(II)-bleomycin complex [35]. Abo in studies of metal complexes with 

P-3A similar binding sites were established [34,38] with exception of the mannose carbamoyl function 

which is absent in these abortive complexes. 

35 



NOE experiments. 

Additional structural data were derived from NOESY spectra recorded at 277 К (Figs. 2.8 and 2.9) at 

which temperature only positive crosspeaks are found. The NOE data derived from these experiments are 

listed in Table 2.5, in which all non-trivial NOE's (i.e. excluding NOE's between vicinal protons) are list

ed. The large number ofNOE's in the propionamide-ß-aminoalanine region (NOE's 2-5,8,16-17) together 

with the established torsion angle for the a- and ß-part of the ß-aminoalanine residue reflect the confor

mation of this part of the molecule. Similarly, the conformation of the ß-hydroxyhistidine-gulose-

mannose moiety generates a number of NOE's (6-7,9-12,14-15,23). NOE's 30 and 34 reflect the position 

of this fragment relative to the rest of the molecule. Unfortunately, despite these NOE's still some rota

tional freedom appears to exist, within the NOE constraints, for the ß-aminoalanine moiety with respect 

to the rest of the molecule as will be shown by our distance geometry calculations (vide infra). 

NOE's 1,13,18-29, and 31-33 indicate that the methylvalerate-threonine part of the molecule adopts a par

ticular conformation in which the α-methyl group of the inethylvalerate residue is oriented towards the 

imidazole ring. This explains the above noted significant changes of the inethylvalerate proton resonances 

upon complexation with zinc. 

For the bithiazole-aminopropyldimethylsulfonium part of the molecule no non-trivial NOE's are found. 

This is a result of the larger flexibility of this part of the complex which indirectly supports the hypothesis 

that this part of the molecule is not participating in zinc coordination. 

Distance geometry calculations. 

In order to translate the structural information gathered sofar into a three dimensional structure, distance 

geometry calculations [21] were conducted. In these calculations, the atoms constituting the bleomycln-

zinc molecule were represented as 120 points (the numbering is depicted in Fig. 2.1; only the atoms rele

vant to the present discussion are indicated). The bithiazole-aminopropyl end of the molecule was not 

included in this representation since there was no evidence that this part participated in zinc binding (see 

above, [32]), on the contrary, all available evidence indicates that this part is attached as a loose' tail to 

the core of the molecule. Also incorporated in the 120 points were the hydrogen atoms attached to the 

carbon and nitrogen atoms. The structural information available for the zinc-bleomycin complex was con

verted into distance constraints with defined upper and lower bounds. These constraints were derived as 

follows: 

1. All bond lengths were allowed to expand over a range of 1% from their standard values [40]. 

2. All bond angles were fixed (witliin 1% range from their standard values [40]) by constraining all the 

13 interpoint distances. 

3. Torsion angles derived from the vicinal coupling constant analysis were fixed by constraining the 

1,4 interpoint distances (within 1% range). This was done for the Ca-Cf part of the ß-aminoalanine (A) 
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Figure 2.8. Contour plot of Ше bigh fleld part of the 500 MHz Ή NOESY spectnun of bleomy

cin A2-zinc in H2O at pH 6.7, temperature 277 K. Non-trivial HOE'S are indicated (Table 2.4). 

37 



Ы***' 

» 

а 

о " 

• ^ 

: ι 
β · 

1. .J» · " 

¿•К - 0 ·" 
• # « 

I 

β 1 

Û 
31 ^ .19 З ^ ' И 

J •· 
0 

,17 

71 Cf lOflCJl' ι от ося'^' 
» Ό ιΟ' 

-1 

•2 

' 3 

-4 

-5 

PPM 

Figure 2.9. Non-Iñvial NOE"s in the low field region of the 300 MHz Ή NOESY spectrum of bleomy

cin A2-zinc in H2O at pH 6.7, temperature 277 K. 
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Table 2.5. Nuclear Overhauser enhancements found in the NOESY spectnim in Figs. 2.8 and 2.9. Num

bers correspond to those in the Figs. Z8-9. Only non-trivial NOE's are listed. 

and the ß-hydroxyhistidine fragment (H). 

4. Several fragments in the bleomycin molecule have a rigid confonnation. These are the aromatic pyri-

midine and imidazole groups and the guióse and mannose sugars. These conformations were kept fixed 

by constraining all the interpoint distances concerned (within 1% range). For example, the sugar residues 

were only allowed to rotate around the glycosidic linkages and, in addition, the C5-C6 bonds were free to 

rotate. 

5. All amide bonds were considered to be planar/trans. 

6. The bleomycin molecule contains 19 asymmetric carbon atoms but for each of which the configuration 

is known. The normal distance constraints among those chiral centers do not discriminate between R and 

S configuiations. So, a vector contribution to the error function was used such that optimizing this error 

function bolh ensured properly bounded distances and the correct chirality about each asymmetric carbon 

[21]. This vector contribution was also used to maintain planarity of all sp2 centers in the molecule. 

7. The six zinc binding sites were translated into distance constraints. They include points 11 and 18 

(bolli amino functions of the ß-aininoalonine fragment), 35 (Hie pyrimidine ring N5 nitrogen), 38 (the 
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ß-hydroxyhislidinyl amide nitrogen), 71 (the imidazole ring N1 nitrogen) and 116 (Ihe carbamoyl nitro

gen of the mannose sugar) (Fig. 2.1). The distances between the zinc ion (120) and these ligand binding 

sites were set to 2.1 -2.2 A. 

8. The experimental data from the NOESY experiment were included in the distance constraints. The 

interpoint distance range between protons exhibiting NOE effects was uniformly set 2.4 to 5 A. In case 

NOE effects were observed with methyl protons, the interpoint distance range was set 2.8 to б A. This is 

necessary because Ihe methyl groups were represented as point groups with a 1.0 A radius. 

9. If nothing was known about the distance between two points, the lower bound was uniformly set to 

2.4 Â and Ihe upper bound to 25 A. The latter value seemed reasonable for a molecule having the size of 

bleomycin. 

Subsequently, all upper and lower bounds of the dislance matrix thus derived were smoothed according to 

the triangular inequality. At this point, distances between all smoothed upper and lower bounds were 

selected and embedded In three dimensional space. In this way a three dimensional structure was generat

ed. In general, such a structure will not satisfy the initial distance constraints and final refinement has to 

be achieved in a minimalisation routine. In this routine a self correcting conjugate gradient algorithm 

[41] is employed. 

In every calculation 10 structures were generated. In order to reduce the calculation time only 500 itera

tions were carried out in the final optimizing step of the distance geometry calculations. In this approach 

only four or five structures out of ten converged to a low error structure. Low error structures were 

regarded as such when having an nns deviation (mean upper or lower bound deviation) from Ihe distance 

constraints less than 0.03 A. 

In Figs. 2.10a-d four of such low error structures of the bleomycin-zinc complex are represented. The 

methylvalerate-threonine part of the molecule does not participate in zinc binding. So, for clarity, these 

residues were omitted in the figures. From Table 2.6 it can be gleaned that all conformen have nns dis

tance deviations with respect to each other ranging from 0.62 to 0.92 A. The nns deviation calculations 

were carried out on the structures as presented in the figures (i.e. without the methylvalerate and threo

nine residues). Considering that these all represent structures in the order of 15 A in diameter, (heir over

all similarity is striking. Clearly, Ihe structure is well defined by the distance constraints. This implies that 

the structures in Figs. 2.10a-d are reasonable representations of the structure of the bleomycin-zinc com

plex in solution. 

Comparing all conforméis it is clear that the histidine fragment (H) and the sugar residues (M and G) are 

well defined by the NOE contacts. However, for the pyrimidine-aminoalanine region (P and A) some 

flexibility with respect to the rest of the molecule is observed within the distance constraints. Obviously, 

this is due to a lack of NOE's between these fragments and the rest of the molecule. Only two NOE's (30 

and 34) are observed between the aminoalanine residue and the rest of the molecule. Al this point it must 

be noticed that in this case the paucity of protons in the pyrimidine residue acts as a «NOE barrier». Fur

thermore, for the imidazole ring also some flexibility is noticed (cf. Figure 2.10). Here, we reach an 
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Figure 2.10. Four conformers of bleomycin-zinc, satisfying the experimental distance constiamts, calcu

lated by the distance geometry method. The hydrogen atoms are excluded in this figure as well as frag

ments V, Τ, В and S, for clarity. For the same reasons the radius of the zinc ion is exaggerated. The 

labeled atoms are indicated in italic in Fig. 2.1. 
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important point in our discussion. Our straightforward translation of the NOE's in 2.4-5 Λ distance con

straints allows minor deviations between the structures. So, for instance, the imidazole ring can rotate a 

lidie around the Cp-CS bond within the NOE distance constraints. However, Figure 2.10c shows us that a 

structure of the bleomycin-zinc complex having the zinc ion in plane with the imidazole ring is possible 

within the distance constraints. Such a structure seems reasonable. Next, it should be made clear that the 

distance constraints imposed on the confonnation by the NOE's, in general, will not furnish definite proof 

of the zinc binding sites as determined by "C-NMR and J-coupling constant analysis. However, in all 

conformen shown, the bond distances and bond angles are fairly preserved, indicating that the coordina

tion site constraints do not impose inadmissible strains upon the molecule. Again, this means that these 

conformations are plausible. 

Keeping this in mind, we would like to know to which extent the structures are defined by the NOE's and 

not by the coordination site constraints. To this end, ten structures were calculated in which the zinc ion 

was omitted. Four of these structures are represented in Figs. 2.11a-d. Although the structures are more 

expanded (Table?), again the histidine-sugar region is well defined in contrast to the pyrimidine-

aminoalanine part of the molecule. From this, the conclusion can be drawn that in Figure 2.10 the 

histidine-sugar part of the molecule is hardly defined by the zinc coordination constraints while the effect 

of these constraints on the aminoalanine-pyrimidine region is somewhat larger. 

It can be gleaned from Figs. 2.10a-d that no regular coordination symmetry is present around the zinc Ion. 

When one examines a great number of zinc-nitrogen complexes as determined by x-ray crystallography 

the large amount of deviations from regular ciystallographic coordination symmetries is striking. Two 

complexes were found with a coordination symmetry very similar to the bleomycin-zinc complex. These 

were (1,3,5-tris (ругі(1іпе-2-сагЬоха1ашшіо)-сусІоЬехапе-№1-^-2-^1-3-^-4-^І-5-ДЧ-б-)-гіпс(ІІ) diper-

cblorate [42] and 1,1,1-tris (pyridine-2-aldiinino-methyl)ethane-zlnc(II) Perchlorate [43]. These complex

es exhibited a coordination symmetry around the zinc ion in between an octahedral and a trigonal pris

matic symmetry. 

structure 10b 

0.73 

10c 

0.62 

0.63 

lOd 

0.67 

0.92 

0.80 

10a 

10b 

10c 

lib 

1.49 

lie 

1.77 

1.47 

lid 

1.06 

1.45 

1.72 

11a 

lib 

lie 

Table 2.6. Ritu deviations between confonners In Fig. ZIOa-d. Riss deviations are calculated for the 

structures without the V-T-B-S part of the molecule but including the hydragen atoms. 

Table 2.7. Rnu deviations between confonners In Fig. 2.1 la-d. Rnu deviations are calculated for the 

structures without the V-T-B-S part of the molecule but including the hydrogen atoms. 
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T4 

I t 

Figure 2.11. Four structures generaled via a distance geometry calculation in which the zinc ion was 

omitted. The hydrogen atoms as well as the V-T-B-S pan of the molecule are left out in the figures, for 

clarity. The labeled atoms are indicated In italic in Fig. 2.1. 

Comparing the structures in Figs. 2.10a-d with the structures found in the distance geometry study on 

bleomycin-zinc of Grippen et al. [22J it is obvious that the coordination symmetries must be different. In 

(heir study the authors assumed thai the methylvalerate carbonyl function is a metal coordination site. 

Also did they not incorporate the hydrogen atoms in the calculations. Since they used only metal coordi

nation constraints as non-trivial distance constraints their structures were completely determined by the 

choice of (he metal coordination sites. 

In conclusion, it can be stated that (he structures in Figs. 2.10a-d depict α family of conformations that 

represenl (he solution structure of the bleomycin-zinc complex in H2O. We note that the structures in Fig

ure 2.10 are the first three dimensional structures of a metal-bleomycin complex determined in solution. 

When looking carefully at the structures in Figure 2.10 the small distance between the aminoalanine pri-
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шагу amide group and the mannose carbamoyl function is remarkable. Here, it is possible that a hydrogen 

bond is formed. Two possibilities for hydrogen bond formation exist: between a hydrogen or the carbonyl 

oxygen of the primary amide of the aminoalanine residue and the carbonyl oxygen or a proton of the 

mannose carbamoyl group, respectively. These possibilities cannot be distinguished in the distance geom

etry calculations as a result of the absence of NOE's between the protons of the aminoalanine primary 

aroide and the mannose carbamoyl group. The absence of such NOE's does not rule out the possibility of 

a hydrogen bond. This is explained by the extreme exchange behaviour of the carbamoyl protons with 

H2O preventing the possible generation of NOE's between the protons of the aminoalanine primary amide 

and the mannose carbamoyl group. Another important feature of the structure is the participation of the 

sugar port in zinc binding. Both sugar residues form the surface of (me side of the complex. This could be 

of biological importance for DNA recognition prior to DNA binding via the bithiazole moiety and/or 

transport properties in and out of the cell. Finally, slight adjustments of the structures found, con be made 

using molecular mechanics and molecular dynamics calculations. This will be investigated In the near 

future. 'Also the use of distance geometry calculations in establishing the solution structure conformations 

of bleomycm-iron(II) complexes and the DNA complexes thereof is under current investigation. 
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ABSTRACT 

l3C-NMR spectra of the free bleomycin A, at pH 4 and pH 6.7 and of its zinc complex at pH 6.7 were 

assigned completely by making use of two dimensional 'H-^C correlated spectroscopy. Differences in 

resonance positions between the spectra of the free bleomycin at pH 4 and pH 6.7 are observed for the 

ß-hydroxyhistidine and the ß-aminoalanine residues, obviously because of protonation/deprolonation of 

these moieties in the pH region considered. Also, shifts of the carbon resonances of the guióse residue are 

observed. Upon complex formation between zinc(II) and bleomycin large l3C shifts are observed for the 

carbon atoms in the pyrimidinepropionamide, ß-hydroxyhislidine, ß-aminoalanine, α-L-guIose and α-D-

mannose fragments. Although for some residues the observed shifts correspond with the position of the 

zinc(ll) binding sites in bleomycin proposed on the basis of earlier Ή NMR experiments, a simple corre

lation between the location of the zmc(II) binding sites and the ,3C shifts cannot be drawn. 

t 

INTRODUCTION 

Bleomycin, a glycopeptide antibiotic with strong anti-neoplastic activity [1-5], owes this characteristic to 

its ability to degrade DNA in the presence of molecular oxygen and a metal ion cofactor such as Fe(II) 

[3,6-10]. To gain an understanding of the structure function relationships of this important molecule an 

appreciable number of physico-chemical studies have been undertaken (i) to unravel the mechanism of 

DNA degradation by this molecule and (ii) to obtain information about the structure of the bleomycin 

complexes involved in the different stages of the DNA degradation process. 

We have embarked on a program in which we attempt to establish the structure of several metal ion-

bleomycin complexes in solution by means of NMR. A compound which has been extensively studied by 

this spectroscopic technique is the Zn(II)-bleomycin complex [11-14]; it is well suited for NMR studies 

and it is considered to be a model for the Fe(II)-bleomycin complex which is thought to be a precursor of 

the putative active Ре(ІІ)-Ог-Ь1еотусіп complex. 

Although several NMR studies have been published for the Zn-bleomycin complex [11-14] these studies 

did not lead to the derivation of its three dimensional structure. We have performed two dimensional Ή 

NMR to derive such a structure [15-16]. In such a structure determination a complete assignment of the 

Ή NMR spectrum is a prerequisite. We found that this could not be accomplished without information 

contained in the "C spectrum of bleomycin and its zinc complex and therefore we set out to interpret the 
,ЭС spectrum. 

"C spectra of bleomycin and its zinc complex have been studied earlier [12,17] but in hindsight these 

attempts towards a complete assignment were not entirely succesful. The main reason for this followed 

from the necessity (at that time) to derive assignments from comparisons with fragments of bleomycin. 

Here we study the intact molecule; the use of two dimensional 'H-^C helero shift correlation spectrosco

py [18-19] played a crucial role in our approach. It has allowed the assignments of '3C resonances on the 
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basis of already assigned Ή resonances and furthermore by extension of the interpretation of the "C 

spectrum a further characterization of yet unassigned Ή resonances [15-16] has been achieved. 

MATERIALS AND METHODS 

Bleomycin Aj-sulphate was purchased from Nipponkayaku Co. (Tokyo, Japan). Samples were prepared 

by dissolving 59 J mg bleomycin A, sulphate in 1 ml 99.8% D 2 0. Three samples were prepared. Prior to 

• dissolving them in 1.4 ml DjO all samples were lyophilized three times from 99-8% D 20. The fint sam-

, pie was prepared just by dissolving the bleomycin in D 20. The pH of that sample was 4.0 (meter read

ings). The second sample was prepared by adjusting the pH to 6.7 (meter readings) with a 0.1 M NaOD 

solution. Finally, the last sample was prepared by adding 64 μΐ of a 0.70 M ZnClj solution in D 2 0 (» 1.1 

equivalents) before pH adjustment to 6.7. All samples had a final concentration of 28 mM. 

I The ,3C NMR experiments were performed on a Bruker WM 200 NMR spectrometer interfaced to an 

• Aspect 2000 computer and a real time puiser board. The ,3C 1D-NMR spectra were recorded with broad-

« bond two level decoupling (11 dB and 18 dB attenuation of 20 Watt). Prior to Fourier Transformation, the 

FID's were zerofilled to 32 К datapoints (timedomain 8 К daupoints) and multiplied with Gauss-Lorentz 

transformation type windows. The following NMR experiments were employed to arrive at the spectral 

assignments discussed in this paper 

'H^'C Correlation Spectroscopy [18-19] 

The experiments were performed at 300 K. The standard pulse sequence was used: 

' i t [ rd - 90° - - 90° - - BB] 

,3C: [rd - 1», - 180° - I , , - Л - 900 - Л - f2 ] 

Quadrature detection was applied in both directions. The relaxation delay (rd) was 0.8 s. Broadband (BB) 

decoupling power amounted to 11 dB attenuation of 25 Walt. 

For detection of 'J correlations d2 was set to 3.33 ms (1/2J) and d3 to 2.20 ms (1/3J; J=150 Hz); t, was 

varied between 0.3 and 38.4 ms in steps of 300 ps. For each value of t, 2504 FID's (2K datapoints, acqui

sition time 0.102 s) were accumulated. Prior to Fourier Transformation the FID's were multiplied with a 

square sine bell window function (—π shifted) in both directions. 
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For detection of VJ-correlations d2 and d3 were set to 75 ms (1/2J) and 50 ms (1/3J; J=6.7Hz). The val

ue of t, was varied between 0.3 and 19.2 ms in steps of 300 цз. For each value of t, 4648 FID's (2K data-

points, acquisition time 0.102 s) were recorded and multiplied with a square sine bell window function 

(—π shifted) in both directions, prior to Fourier Transformation. 

Attached Proton Test (AFT) [20] 

This experiment was performed at 300 K. The following pulse sequence was used: 

Ή: [ BB - BBcff ' - BB ] 
l3C: [ rd - 90° - dl - 180° - <ß - aq ] 

The relaxation delay (rd) was 1J s; d2 (1/J) was set to 6.7 ms; 48000 transients were taken (16K data-

points, acquisition time 0.819 s). Broadband (BB) decoupling power was 21 dB of 25 Watt using a 

Walti-16 sequence. 

RESULTS AND DISCUSSION 

The assignment of the primary, secondary, and tertiary carbon atoms of bleomycin (Fig. 3.1) and the 

bleomycln-zlnc complex can be made in a straightforward manner by using two-dimensional Ή-'Ό cor

related spectroscopy. In this type of 2D experiment crosspeaks are observed between carbon atoms and 

protons via 'J scalar couplings. 

Unambiguous assignment of the quaternary carbon atoms is somewhat more difficult due to (he lack of 

direct scalar ('j) couplings. However, hetero shift correlated spectroscopy can still be applied when this 

experiment is arranged in such a way as to observe the so-called long range (2J, 'J, etc.) scalar couplings. 

To simplify the discussion of the results, the bleomycin structure is considered to consist of nine frag

ments to which will be referred to in the text (see Table 3.1). 

Assignment of the l 3C NMR spectrum of metal-free bleomycin Aj in D 2 0 at pH 4.0 

First, the number of protons attached to the resonating 1JC atoms was established via a socalled attached 

proton test (AFT) experiment [20]. In the APT spectn, depending on the phase correction applied, the 

primary and tertiary "C atoms give rise to negative peaks while, on the other hand, positive peaks origi

nate from secondary and quaternary "C atoms (Fig. 3.2). Distinction between primary and tertiary l5C 

atom resonances is straightforward and based on (he considerable chemical shift difference between 
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Figure 3.1. Structure of bleomycin Αγ Carbon atoms whose resonances showed a "C chemical shift 

change of 1.0 ppm or more upon complex formation of bleomycin with zinc at pH 6.7 (Table 3.2) are 

indicated by a dot. 

Abbr. Fragment 

Τ 

Ρ 

V 

Η 

λ 

В 

S 

G 

M 

Threonine 

P y r i m i d i n y l propionamide 

M e t h y l v a l e r a t e 

p - H y d r o x y h i s t i d i n e 

ß-Aminoalanine 

B i t h i a z o l e 

γ-Aminopropyl d l m e t h y l s u l f o n i u m 

O-L-Guloae 

a-D-mannoae 

Table 3.1. Fragments in the bleomycin Α,-zinc complex in DjO, referred to in the text. Fragment abbre

viations used correspond to those given in Fig. 3.1. 
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KAJ ι 

Figure ЗО. Contour plot of the lH-"C conelated spectrum of bleomycin A, at pH 4 recorded at 300K. 

Correlations arising from ' j^ , scalar couplings are detected in this experiment. Methanol was used as an 

internal reference (49.3 ppm) in the "C spectnim. Along the Π-axls a normal ID "C spectmm and a 

socaUed Attached Proton Test (APT) spectrum are shown. In the latter spectrum resonances of primary, 

secondary, tertiary and quatemaiy carbons can be distinguished (see te«). The assignment of the carbon 

resonances is indicated; the capitals refer to the abbreviations defined in Table 3.1; the subscripts are 

denned in Fig. 3.1. The connectivities enclosed in tbe box are considered In more detail in Figure 3 J. 
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these two classes of C-atoms. Similarly, there is no difficulty in differentiating secondary IJC resonances 

from quaternary resonances. In some cases, the AFT spectrum provides definite answers in the assign

ment of the "C resonances as will be discussed below. 

Subsequently, а 'Н-^С correlated spectrum was recorded which is presented in Figures 3.2 and 3.3. This 

experiment is designed in such a way as to generate crosspeaks arising by coherence transfer which 

occurs via the scalar 'J couplings between "C and 'H. Obviously, in this way no quaternary "C reso

nances can be assigned. 

By making use of the already assigned proton speclnun [IS], most "C resonances can be identified readi

ly from this experiment (see Figs. 3.2 and 3.3). However, carbon resonances connected to proton signals 

that coincide in the Ή spectrum form an exception. Fortunately, in some of these situations the AFT 

spectrum can help. For instance, the Нд, Η, and the upfield H, resonances of the mannose sugar severely 

overlap in the Ή spectrum [15]. Here, the AFT spectrum can be used to assign the mannose C6 resonance 

which is a secondary carbon atom in contrast to the tertiary C4 and C, atoms (Fig. 3.3). Unfortunately, the 

C4 and С, resonances of the mannose residue cannot be assigned individually in the spectrum. However, 

comparison with the assigned mannose spectrum [17] suggests that the resonance at 65.1 ppm corre

sponds with the mannose C4 atom, and the resonance at 73.9 ppm with the mannose C, atom. 

Other carbon atoms which are attached to overlapping protons are the Cj resonances of the sugar frag

ments together with the threonine ß-carbon and the aminoalanine α-carbon resonance (Fig. 3.3). The AFT 

method cannot be used to discriminate between these carbon resonances. Yet, in these cases assignment 

can be obtained with aid of the heteronuclear correlated spectrum of the metal-free bleomycin recorded at 

pH 6.7 (not shown). At this pH the mannose and guióse Hj resonances do not coincide in the Ή spectrum 

[16]. Also the threonine β- and the aminoalanine α-proton do not overlap at this pH. Thus, there Is no dif

ficulty In assigning the corresponding "C resonances in the 'H-^C correlated spectrum recorded at pH 

6.7. If we assume that the chemical shift differences as a result of this pH change are small for these reso

nances, we can assign the resonances at 68.7 and 70.3 ppm to the mannose Cj and guióse С̂  carbon 

atoms, respectively. Using the same reasoning the resonances at 52.7 and 67.4 ppm are assigned to the 

aminoalanine C a and threonine Cp carbon atoms, respectively. Both tertiary C9 atoms of the bilhiazole 

unit cannot be distinguished individually at this point This is a result of the fact that the aromatic H, pro

tons could not be assigned individually in the 2D Ή NMR spectra [16]. Later on, we will see that such a 

discrimination is possible when assigning the quaternary carbon atoms. 

The quaternary carbon resonances in the "C spectrum are assigned via a heteronuclear correlated NMR 

experiment in which the delays were timed to a J-couplmg of 6.7 Hz (see Materials and Methods). This 

means that correlations can be detected between quaternary carbon atoms and protons attached to neigh

boring carbon atoms. It can be seen in Figure 3.4 that in this way more complex connectivity patterns are 

derived. Therefore, a detailed description is given of the assignment of these quaternary carbon atoms. 

Two sets of correlations are readily discernable in this 2D-plot namely those resulting from J-couplings 

between protons and carbon atoms of the aromatic pyrimidine and bilhiazole fragments. 
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'ТЛШ 
juL~_L -К^. 

Flgure 33. Part of the contour plot of the Ή-'Ό correlated spectnun of bleomycin A, at pH 4 recorded 

at 300K. In particular the 'Н^'С connectivities of the sugar moieties are indicated; this pan of the contour 

plot is found within the box in Fig. 3.2. The assignment of the carbon resonances is indicated. The mean

ing of the symbols Is mentioned in the legend of Fig. 3.2. 
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Because of this aromaticity long range couplings extending over more than three bonds are still large 

enough to be detected. For instance, the protons of the pyrimidinyl methyl group show correlations to 

four carbon atoms which obviously belong to the aromatic pyrimidine ring (Fig. 3.4). One of these four 

carbons (165.6 ppm) has also connectivities with the propionamide a- and ß-protons (fragment P). Obvi

ously, this has to be carbon atom б of the pyrimidine ring. Note that the correlation between the pyrimidi

nyl methyl hydrogens and the pyrimidinyl C6 carbon is caused by a 'j-couplingl The other three carbon 

atoms (2, 3, and 4) of the pyrimidine ring can be assigned via their chemical shift differences, caused by 

the inductive effect of the pyrimidine nitrogen atoms. It is noticed that the propionamide a- and 

ß-protons are also correlated with a second resonance at 176.4 ppm. The only candidate left for this reso

nance is the carbonyl carbon atom of the free amide of the pyrimidinylpropionamide fragment. 

The two protons of the bithiazole function show connectivities with four carbon atoms (Fig. 3.4). It is 

recalled at this point that these two aromatic proton resonances could not be assigned individually in the 

2D Ή NMR spectra [16]. In tum, the 5 and 5' carbon resonances which were detected in the 'j correlat

ed spectrum (Fig. 3.2) could not be assigned individually.'However, the carbon resonance at 163.7 ppm 

shows two correlations in Fig. 3.4, namely to the γ-proton of fragment S and to a thiazole proton at 8.228 

ppm; hence this carbon resonance can only be (he carbonyl carbon atom of fragment B. As a result a dis

crimination can be made between the two bithiazole protons, namely the downfleld thiazole proton (8.228 

ppm) belongs to the H3 proton. A weak correlation with the α-protons of the bithiazole fragment makes it 

possible to assign carbon atom 2' to the resonance at 172.3 ppm. Carbon atom 4' is assigned to the reso

nance at 147.2 ppm because of a 2J coupling with the Ну proton, and its neighbour at 149.1 ppm belongs 

most likely to the comparable carbon atom 4. Thus the remaining correlation with the H, proton evidently 

is carbon atom 2 of the bithiazole moiety. 

Another set of connectivities appears in the histidine a- and ß-proton region. The carbon resonance 

showing cross-peaks with both these protons can be reasonably assigned to the carbonyl carbon atom of 

the histidine fragment, leaving the neighboring carbon resonance at 168.0 ppm to the carbonyl carbon 

atom connecting the pyrimidinylpropionamide fragment to the hydroxyhistidine fragment. 

The methylvalcrate protons (aCH,, and a) appear to have two correlations with a carbon resonance at 

177.8 ppm, so this resonance is assigned to the carbonyl carbon atom of this fragment (V). 

The remaining visible set of connectivities shows up in the a- and ß-proton region of the aminoalanine 

fragment. Each of these protons has a connectivity to one carbon resonance, which is assigned to the car

bonyl carbon atom of this fragment (A). 

The connectivity in Fig. 3.4 not yet mentioned is that between (he mannose H, proton and a carbon reso

nance at 138.3 ppm which therefore must originate from the carbonyl carbon atom attached to this sugar 

residue. 

Finally, there are two carbon resonances resonating at 170.9 and 132.7 ppm, which do not exhibit correla

tions in this spectrum. These can, by elimination, be assigned to the carbonyl carbon atom of the threo

nine residue and the imidazole carbon atom 5, respectively (on the basis of their chemical shift position). 
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150 120 PPM 

Figure Э.4. Identification of the quaternary "С atoms of bleomycin A, at pH 4. Shown is a XH-"C corre

lated spectrum recorded in such a way as to detect the influence of long range scalar C-Η couplings on the 

magnetization transfer. In the assignments all carbonyl resonances are denoted by a subscript С except 

for the free amide carbonyl resonance of the pyiimidine proplonamide residue which is indicated by a 

subscript С Four resonances have no connectivity in this spectrum; they are indicated at the top of the 

peaks in the "C ID spectrum (see text). The B, and Ъг carbon resonances are assigned in the 

'j-correlated spectrum in Fig. 32. 
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Assignment of the l 3C NMR spectrum of metal-free bleomycin A, in D 2 0 at pH 6.7 

It is expected that on neutralizing the bleomycin sample most 13C resonances will show little or no change 

in chemical shift Indeed, after interpretation of the 'H-^C correlated 2D-spectra recorded for bleomy

cin A2 dissolved in Όβ at pH 6.7 (not shown), and comparison with the spectra recorded at pH 4.0, it 

appears that only a few resonances show a significant (0.5 ppm or more) change in chemical shift. These 

are, not surprisingly, resonances of carbon atoms next to N-H functions, namely the β- and amide carbon 

atoms of fragments A and H, and the imidazole carbon atoms 2 and 5 (Table 3.2). Remarkably, also some 

carbon resonances of the guióse moiety show a minor chemical shift change. This finding may be corre

lated to the observed change in iJm_m coupling of the guióse fragment upon neutralizing [16]. 

Assignment of the "C NMR spectrum of the bleomycin-zinc complex in D20 at pH 6.7 

For the "C assignments of the bleomycin-zinc complex the same strategy* was followed as for the metal-

free bleomycin [IS]. Again, most carbon resonances were assigned readily in the heteronuclear correlated 

spectrum (Fig. 3.5 and 3.6). As a result of the poor spectral resolution along the f 1-axis the crosspeaks are 

very broad in this direction. This causes minor overlap between the mannose Ct-H conelations. As a 

result of this overlap both crosspeaks seem to be closer to each other than the corresponding Η,-proton 

resonances in the Ή spectrum. For the guióse fragment this effect causes severe overlap between the 

Cg-H crosspeaks in the 2D spectrum (Fig. 3.6). 

Several proton resonances severely overlapped in the Ή spectrum [16] thus hindering a direct assign

ment of the corresponding l 3C resonances. However, with the aid of the AFT experiment, further assign

ments can be made in these cases. For instance, in this way the primary carbon resonance (SUt) of the 

dlmethylsulfonium group can be easily discriminated from the secondary α-carbon of the propionamide 

residue (Ρ,, cf. Fig. 3.5). 

The С, resonances of the mannose and guióse sugars are assigned on the basis of their chemical shift dif

ference. Here, the assumption is made that the chemical shift change of these carbon resonances with 

respect to the metal-free bleomycin spectrum is smaller than 7 ppm. Both sugar C2 resonances cannot be 

distinguished individually as a result of overlap in the l3C spectrum. Of the four carbon resonances, of 

which the corresponding proton signals coincide near 3.73 ppm in the spectrum, namely Aa, M4, M5, and 

G4, only the aminoalanine carbon can be assigned via its chemical shift (Fig. 3.6). The remaining three 

carbon resonances (M4, M,, and GJ cannot be distinguished on basis of this experiment. However, com

parison with the mannose spectrum [17] and the metal free bleomycin spectrum (Table 3.2) shows that a 

likely assignment is: G4=70.1 ppm, 1^=64.5 ppm and N,=74.7 ppm 

Only eight out of seventeen quaternary carbon resonances can be assigned with the aid of the 'Н-,ЭС mul

tiple bond correlated 2D spectrum as a result of the poor signal to noise ratio. The connectivities which 

lead to these assignments are depicted in Figure 3.7. The assignments are made using the same line of 
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Figure 3S. Contour plot of the ,H-"C cotrelaled spectnim of the bleomycin Alzine complex at pH 6.7 

recorded at 300K. Only the effect of 'J scalar couplings on the magnetisatioa transfer was detected. Meth

anol was used as a reference (49.3 ppm) in the "C spectnim. Along the fZ-axls also a normal ID n C spec

tnim and a socalled Attached Proton Test (AFT) spectrum are shown. The assignment of the carbon reso

nances is Indicated; the capitals refer to the abbreviations listed in Table 3.1, the subscripts are defined in 

Fig. 3.1. The connectivities enclosed in the box are considered in mote detail in Figure 3.6. 
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Figure З.б. Part of the contour plot of the 'H-^C correlated spectrum of the bleomycin-zinc complex at 

pH 6.7 recorded at 270C. The 'Н-"С connectivities of the sugar moieties are indicated; this pan of the 

contour plot is found within the box in Fig. 3 J. 
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Figure 3.7. Identification of the quaternary "C atoms of the bleomycin-zinc complex at pH 6.7. Shown 

Is a 'H-"C correlated spectrum recorded in such a way as to detect the influence of long range scalar C-H 

couplings on the magnetization transfer. In the assignments all carbonyl resonances are denoted by a sub

script С 

61 



reasoning given for the metal free bleomycin. The remaining quaternary carbon resonances are identified 

by carefully comparing the ,3C ID spectra of bleomycin and the bleomycin-zinc complex (Fig. 3.8) In 

order to arrive at the assignment it is assumed that certain carbon resonances will show no significant 

change in chemical shift upon complexation. For example, the a- and ß-carbon resonances of the threo

nine (T), methylvalerate (V), and bithiazole (B) fragments remain invariant upon complexation and there

fore it is assumed that the carbonyl carbon atoms of these fragments as well as the bithiazole 1' carbon 

will behave similarly. Consequently, these carbon atoms are assigned to resonances at 171.0, 177.6, 

163.7, and 172.2 ppm, respectively. In addition, two other resonances appear to be invariant upon com

plexation, namely the imidazole carbon S (135 J ppm), and the carbon atom of the primary amide of frag

ment Ρ (176.6 ppm). At this point only three carbon resonances remain unassigned, namely at 157.7, 

173.8, and 161.6 ppm. Assuming a minimal change (less than 5 ppm) for these resonances in chemical 

shift, upon complex formation with zinc, it is reasoned that these resonances belong to the carbon atoms 

of the mannose carbamoyl group and the amide of fragment A, and carbon atom 6 of the pyrlmldinyl 

ring, respectively. The positions of all 13C resonances are given in Table 3.2. 

Zn-BLM A2 

VCPCN A c f V c PC \ ^ P6 M C B4P4 B4' 

Vc 

Ъ 
BLMA2 

v f JCN Ч Ч С Ъ Ъ %*&*->. M C P 4 B4 V 

JLLJLIJIXJ^'UV \ ι Li 
( 1 1 1 

170 160 150 
PPM . 

Figure 3.8. Comparison of the low field regions of the "C spectra of bleomycin A, (bottom) and Its zinc 

complex both at pH 6.7 (top). This comparison was used to elucidate the final quaternary "C assignmenu 

of the bleomycin-zinc complex. The UC resonances which were assigned via the heteronuclear coirelated 

2D NMR experiment (Fig. 3.7) are denoted with a dot. The carbonyl resonances are Indicated by a sub

script С except for the pyrimidinyl-propionamide free amide carbonyl resonance which is denoted by a 

subscript CN (Pg,). For a description see text. 
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Fragm. Group Chemical shifts 

" Τ CHj 

c . 

s 
c-o 

P C a 

S 
z i n g 

r i n g 

r i n g 

r i n g 

z i n g 

CH, 

C 3 

C 4 

C l 

c« 
HN-C-O 

HjN-C-O 

V OCH, 

TfCH, 

C . 
Cr 

S 
C-O 

H c« 

s 
ring 

ring 

zing 

C-O 

A C . 

S 
C-O 

c4 

c

3 

C 2 

f r e e 

pH 4 

1 9 . 3 

5 9 . 5 

6 7 . 4 

1 7 0 . 9 

4 0 . 5 

6 0 . 1 

1 1 . 3 

1 1 2 . 4 

152.7 

1 6 4 . 9 

1 6 5 . 6 

1 6 8 . 0 

1 7 6 . 4 

1 2 . 6 

1 4 . 9 
• 4 3 . 1 

48.0 

7 4 . 7 

1 7 7 . 8 

5 7 . 0 

7 2 . 2 

1 1 8 . 4 

132.7 

1 3 6 . 4 

1 6 8 . 8 

5 2 . 7 

4 7 . 3 

1 7 1 . 3 

f r e e 

pH 6.7 

1 9 . 3 

5 9 . 5 

6 7 . 4 

1 7 0 . 9 

4 0 . 6 

6 0 . 1 

1 1 . 2 

1 1 2 . 6 

1 5 2 . 5 

1 6 5 . 0 

1 6 5 . 7 

1 6 8 . 0 

1 7 6 . 5 

1 2 . 3 

1 5 . 1 

4 3 . 0 

4 7 . 9 

7 4 . 7 

1 7 7 . 8 

5 7 . 3 

7 3 . 4 

1 1 8 . 0 

1 3 5 . 2 

1 3 7 . 3 

1 6 9 . 4 

5 3 . 0 

4 7 . 8 

1 7 2 . 3 

z i n c 

pH 6.7 

1 9 . 3 

5 9 . 5 

6 7 . 4 

1 7 1 . 0 

3 3 . 9 

5 6 . 1 

1 1 . 1 

1 1 4 . 2 

1 4 8 . 4 

1 6 8 . 0 

1 6 1 . 6 

1 6 9 . 3 

1 7 6 . 6 

1 2 . 1 

1 5 . 0 

4 3 . 0 

4 7 . 3 

7 4 . 7 

1 7 7 . 6 

6 1 . 1 

7 0 . 6 

1 1 8 . 2 

1 3 5 . 5 

1 3 7 . 8 

1 7 2 . 0 

5 2 . 5 

4 5 . 0 

1 7 3 . 8 
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3 2 . 4 3 2 . 4 

3 9 . 4 3 9 . 6 

1 1 9 . 4 1 1 9 . 5 

1 2 5 . 5 1 2 5 . 5 

1 4 7 . 3 1 4 7 . 3 

1 4 9 . 1 1 4 9 . 1 

1 6 3 . 0 1 6 3 . 1 

1 6 3 . 7 163 .7 

1 7 2 . 4 1 7 2 . 2 

4 1 . 3 4 1 . 3 

2 4 . 0 2 4 . 0 

3 8 . 0 3 8 . 0 

2 5 . 0 2 5 . 1 

9 7 . 8 9 5 . 6 

7 0 . 6 6 8 . 3 / 6 8 . 4 

6 8 . 2 6 6 . 6 

6 9 . 5 7 0 . 1 

6 7 . 4 6 7 . 7 

6 0 . 6 6 1 . 6 

98.5 97.2 

6 8 . 7 6 8 . 3 / 6 8 . 4 

7 4 . 7 7 5 . 5 

6 5 . 1 64 .5 

7 3 . 9 7 4 . 7 

6 1 . 3 6 1 . 3 

1 5 8 . 3 157 .7 

Table 3.2. Resonance positions of the carbon signals of free bleomycin and the bleomycin Aj-zinc com

plex at pH 4 and 6.7, and at room temperature. Fragment abbreviations correspond to those io Fig. 3.1. 

c . 

s 
r i n g 

r i n g 

r i n g 

r i n g 

r i n g 

C-O 

r i n g 

C« 
S 
S 
s u l f 

c, 
C l 

C 3 

C 4 

C 5 

C
4 

c, 

= 1 

c ï 
c« 
c s 
c« 
C-O 

<ν 
cs 
C 4 · 

C 4 

C 2 

cr 

. ( с н э ) І 

3 2 . 4 

3 9 . 5 

1 1 9 . 4 

1 2 5 . 4 

1 4 7 . 2 

1 4 9 . 1 

1 6 3 . 0 

1 6 3 . 7 

1 7 2 . 3 
t 

4 1 . 2 

2 4 . 0 

3 8 . 0 

2 5 . 0 

9 8 . 1 

7 0 . 3 

6 7 . 8 

6 9 . 5 

6 7 . 9 

6 0 . 8 

9 8 . 2 

6 8 . 7 

7 4 . 7 

6 5 . 1 

7 3 . 9 

6 1 . 3 

1 5 8 . 3 
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Influence of zinc binding on the "С chemical shifts 

Carbon resonances which shift more than 1.0 ppm upon complexation with zinc are accentuated by dots 

in Fig. 3.1. These shifts are observed for those carbon atoms which "surround" the zinc(H) ion in the 

zinc(II)-bleomycin complex. These results show that there is not a simple direct correlation between the 

observed shifts and the zinc(II) complexation siles. The most remarkable chemical shift changes are 

observed for the carbon resonances of the pyrimidinylpropionamide fragment (P) (except for the carbon 

resonance of its free amide), the α - and p-carbons of the hydroxyhistidine fragment (H), the ß-carbon of 

the aminoalanine fragment (A), together with the carbon resonance of the amide of the latter fragment. 

These dramatic changes do support a ligand binding model in which both amine nitrogens of the aminoa

lanine fragment (A), the pyrimidine ring N5, and the nitrogen atom of the amide of the hydroxyhistidine 

fragment Η participate in zinc binding. 

Our Ή NMR studies on the bleomycin-zinc complex indicated the imidazole group as a possible zinc 

binding site [16]. However, in the present study, only small changes are detected for the imidazole car

bon chemical shifts and from these results no definite conclusions can be drawn with respect to zinc(II) 

ligation. 

Interestingly, abo the guióse С,, Cj, and the mannose C, show significant chemical shift changes, upon 

complexation. Likely, these changes are a result of altered glycosidic bond angles. This could point in the 

direction of an active participation of gulose-mannose moiety in ligand binding. It follows from our Ή 

NMR study [16] that the carbamoyl group of the mannose fragment is a likely candidate for the actual 

zinc(II) binding site. 

As can be gleaned from Table 3.2, the carbon resonances of the threonine (T), melhylvalerate (V), biihia-

zole (6), and amlnopropyl<llmethylsuIfonium'(S) fragments show little or no change in chemical shift 

upon complexation of bleomycin with zinc. This suggests that these fragments do not participate in the 

process of ligand binding in accordance with (he results of our Ή NMR studies [16]. Interestingly, the 

exclusion of the melhylvalerate fragment (V) from ligand binding is in contrast with earlier reports of 

Oppenheimer et al. [11,21]. These authors concluded that this fragment is involved in zinc binding on the 

basis of results from Ή NMR experiments. Indeed, the proton resonances of the melhylvalerate fragment 

show significant chemical shift changes (e.g. the Va proton, Δδ»0.503 ppm upfield) upon complex forma

tion [11,16], but most probably these changes are due to effects caused by the proximity of the aromatic 

imidazole group, as has been confirmed by NOE experiments [16]. 

Comparison with studies in the literature 

"C NMR studies of bleomycin and the bleomycin-zinc complex were reported earlier by Naganawa [17] 

and by Dabrowiak et al. [12], respectively. Naganawa assigned the complete "C NMR spectrum of metal 

free bleomycin by comparison with the 1D-,3C spectra of numerous bleomycin, mannose, and galactose 

derivatives. A comparison between his results and the data obtained in the present paper reveal a number 
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Free bleomycin Bleomycin-iinc 

δ 

1 2 . 3 

1 5 . 1 

5 3 . 0 

6 0 . 1 

6 8 . 2 

7 0 . 6 

7 3 . 4 

7 3 . 9 

1 1 9 . 4 

1 2 5 . 5 

1 6 3 . 0 

1 6 3 . 7 

1 7 0 . 9 

1 7 2 . 4 

Naganawa 

V 
v « * , 

PP 
A« 

»К 

G 3 

м> 

G» 

B

5 

B r 

B r 
B 2 

B C ^ 

T c . o 

th ia paper 

v - . . 

v. 
A . 
p(. 

G 3 

G2 

HP 

" J 

ВУ 
B

5 

B 2 

B C . O 

Τ ^ 

B r 

δ 

1 2 . 1 

1 5 . 0 

5 2 . 5 

5 6 . 1 

6 1 . 1 

6 1 . 3 

6 4 . 5 

6 6 . 6 

6 8 . 3 

6 8 . 4 

7 0 . 1 

7 0 . 6 

7 4 . 7 

7 4 . 4 

7 5 . 5 

9 5 . 6 

9 7 . 2 

1 1 9 . 5 

1 2 5 . 5 

1 6 1 . 6 

1 6 3 . 1 

1 6 3 . 7 

1 6 8 . 0 

1 6 9 . 3 

1 7 1 . 0 

1 7 2 . 0 

1 7 2 . 2 

Dabrowiak 

V. 
v ^ . 

F * 

-

™ 

: 

s 

G/M, 

Μ,/G, 

B

3 

В Г 

Ρ 2 / Ρ

β 

B r 

B 2 

p c - , 

B ^ 

v p

4 
T c . o 

t h i a paper 

V. 
V 
A« 
PP 
H« 

G 6 

M 4 

G

3 

ν«, 
G 4 

»P 

V P 

M

3 

G . 

M l 

ВУ 

Р 6 

B 2 

В « 
Р 2 

р с ^ 

« С О 

в г 

Table 3J. Differences between the assignments in this paper and those obtained by Naganawa [17] for 

(he metal-free bleomycin A, and by Dabrowiak et aL [12] for the zinc bleomycin complex, δ-Values are 

those given in this paper. Fragment abbreviations correspond to those in Fig. 3.1. 
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of differences in assignments; these differences have been collected in Table 3.3. Of course, the construc

tion of a spectrum of a complicated molecule from the spectra of its chemically isolated fragments has 

many pitfalls. We therefore consider the assignments in the present paper, which are mainly based on 

physical methods, more reliable. 

The "C spectrum of the bleomycin-zinc complex has been partially assigned by Dabrowiak et al. [12]. 

This was simply done by comparison of the bleomycin-zinc 1D-13C spectnim with the 1D-"C spectrum 

of free bleomycin, interpreted by Naganawa [17]. Dabrowiak et al. assumed that signals resonating at the 

same position in the presence and absence of the zinc Ion belong to the same carbon atom. Furthermore, it 

was assumed that chemical shift changes would not exceed 5 ppm upon metal ion complexation. Dis

crepancies between the zinc-bleomycin assignments performed by Dabrowiak et al. and (he assignments 

presented in this paper are also listed in Table 3.3. 
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ABSTRACT 

As port of our program to delineate the solution structure of bleomycin-metal complexes and the DNA 

complexes thereof we studied the bIeomycin-iron(II)-carbon monoxide complex. With aid of various 2D 

NMR techniques we were able to assign the Ή- and "C NMR spectra of this complex completely. 

Vicinal coupling constant analysis, "C chemical shift information and NOE data revealed the active par

ticipation of five Iron binding sites in the bleomycin molecule, namely the secondary amine function of 

the ß-aminoalanine fragment, the aromatic pyrimidine, the amide and imidazole group of the 

ß-hydroxyhisüdine residue and the carbamoyl group of the mannose sugar. 

A study of the 1JC NMR spectrum of the corresponding enriched iron-57 complex enabled us to establish 

the carbon monoxide as the sixth iron binding site via a 30 Hz coupling constant between iron-57 and the 

carbon monoxide carbon-13 atom. 

Subsequently, NOE data and the five iron coordination sites in the bleomycin molecule were used as 

interpoint distances in distance geometry calculations. In this way, several acceptable structures were gen

erated which represent the first three dimensional structure of the bIeomycin-iron(n)-carbon monoxide 

complex in solution. Also, a discussion is presented of some aspects of the structure-activity relationship. 

INTRODUCTION 

Bleomycin A1 (BLM, Fig. 4.1) belongs to a family of antitumor metalloglycopeptides produced by strains 

of Streptomyces verticillus. It was first isolated in 1966 as a coppelli) complex1,2, however, the 

iron(n)-oxygen adduci has been proposed as the biologically active species''7 and Is believed to be 

responsible for the cellular degradation of DNA*. The Iron-oxygen centre produces reactive oxygen radi

cals which mediate oxidative damage to DNA. As the site of action of these radicals the C4' hydrogen of 

the deoxyribose moiety of a pyrimidine nucleotide adjacent to guanosine has been proposed*·7·'-10. The 

bilhiazole fragment and perhaps the positively charged tail of BLM are required for DNA binding and 

sequence-specific recognitìon"·". 

As part of our program to delineate the solution structure of bleomycin-metal compounds and the DNA 

adducts thereof we studied the bleomycin-iron(II)-carbon monoxide (BLM-Fe-CO) complex. This com

plex is generally considered as a model for the putative active iron-oxygen complex. 

The iron coordination in the BLM-Fe-CO complex has been the subject of earlier studies. Takita et al.". 

proposed a structure for this complex in which both amine functions, the pyrimidine and imidazole 

groups, the histidine amide and the carbon monoxide molecule are chelated to the iron(II) ion. This struc

ture proposal was mainly based on the crystal structure of the copper(II) complex of Р-ЗА14, a biosynthet-

ic precursor of bleomycin. In contrast, the group of Oppenheimer" suggested, on the basis of the proton 
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Figure 4.1. Structure of bleomycin A^ Fragment abbreviations correspond to those in Table 4.1. The 

numbers in boldface are referred to in the text. The numbering of the metal binding sites in Fig. 4.14-4.16 

correspond with the italic numbering in this figure. 

chemical shifts of the BLM-Fe-CO complex compared to those of the metal free bleomycin, that, instead 

of the histldine amide, the mannose carbamoyl group is coordinated to the iron ion. In the present paper, 

a complete assignment Is given of the Ή- and "C NMR spectra of the BLM-Fe-CO complex at pH 7. 

Furthermore, an assessment of the metal coordination sites is presented along with a discussion of the 

solution structure of this complex as compared to the structures of the metal-free bleomycin" and the 

bleomycin-zinc (BLM-Zn) molecule,7Л,. 

MATERIALS AND METHODS 

Materials. Bleomycin A, sulphate was purchased from Nipponkayaku Co. (Tokyo japan). Samples were 

prepared under anaerobic (N2) conditions. 3 mg bleomycin Aj sulphate was lyophilized three times from 

99.8 % Dp and dissolved in 300 μΐ 99.95 % £>20. Subsequently, 10 μΐ of a 20 mM sodium dithionite 

фа£гОА) solution in Г>20 and 10 μΐ of a 0.195 M solution of FeSOJHß in ОгО were added. The 

iron(II) sulphate was liberated from crystal water by heating and then dissolved in ОгО. Next, the pH was 

adjusted to 7 with 30 μΐ of a 0.1 M NaOD solution in D^O, whereby the color of the solution changed 

from colorless to lightpink. Finally, the sample was exposed to carbon monoxide gas (Hoek-Loos) caus

ing the color of the solution to change to bright yellow. The samples were stored under a carbon monox

ide atmosphere in sealed NMR tubes (Wilmad, 5 mm diameter). They could be kept at 277 К for several 

weeks without any noticeable désintégration. The final bleomycin concentration amounted to 5.4 mM. 

Samples prepared in H fi solutions contained 5 % Dfi. 

The BLM-^Fe-CO complex was prepared, using "/eC/j as the iron source. The sample preparation was 

analogous to the method described above. "FeC/j was synthesized from 95 % enriched "Fe (Matheson) 

according to the literature". A 34 mM sample of this complex was prepared in 1.3 ml 99.95 % Dfi solu-
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tion. It was stored under a carbon monoxide atmosphere in a sealed NMR tube fWilmad, 10 mm diame

ter) and could also be kept at 277 К for several weeks without any noticeable désintégration. 

NMR spectra. The Ή NMR spectra were recorded on a Broker AM 500 NMR spectrometer interfaced 

to an Aspect 3000 computer. Decoupling power is referenced in dB attenuation relative to a maximum of 

20 W. The solvent (HDO or H20) signal was used as an internal reference (6=4.76 ppm at 300 K; 8=4.97 

ppm at 277 K) in the Ή spectra. The "C ID NMR spectra were recorded on α Broker WM 200 NMR 

spectrometer, interfaced to an Aspect 2000 computer, using broadband decoupling (11 dB of 20W). The 

'Н^'С correlated 2D experiments were performed on a Broker AM 600 NMR spectrometer (Broker · 

Rheinstetten, West Germany). The methanol signal was used as an external reference (δ=49.3 ppm at 300 • 

K) in the 13C spectra. The following 2D NMR methods were employed for the spectral assignments dis

cussed in this paper. 

Spin-echo correlated spectroscopy (SECSY)20·11. The experiment was performed at 277 К in ОгО. Pri

or to the standard SECSY pulse sequence, during the period rd (0.8 s), the HDO resonance was selective- ι 

ly irradiated (30 dB), resulting in the following pulse scheme: 

t 

Quadrature detection was used in both directions. For each value of tv 112 FIDs (2K datapoints, acquisi

tion time 0.2048 s) were acquired. The value of r, was varied between 0.2 and 102.6 ms in steps of 200 

μ$. Prior to Fourier transformation, the FIDs were multiplied with a sine bell window function in both 

directions. Spectra were calculated in absolute value mode. 

Double quantum filtered COSY ÇDQFC)2133. The experiment was performed at 277 К on а НгО solu

tion. Prior to the DQFC pulse sequence, during the relaxation delay period, the H20 solvent signal was 

selectively irradiated (1 s, 13 dB): 

Ird-WtfW-dl-W-tj 

Quadrature detection in the r,-direction was achieved by using the TPPI method24. For each value of f,, 80 

FIDs were accumulated (2K datapoints, acquisition time 0.2048 s). The value of f, was varied over 0.003 

- 31.203 ms in steps of 100 |¿s. The multiple quantum evolution period (dl) amounted to 0.003 ms. Prior 

to Fourier transformation, the FIDs were multiplied with a sine bell window function in both directions. 
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Nuclear Overhauser enhancement spectroscopy (NOESY)11·2*. The experiment was performed at 277 

К on a D20 solution. Quadrature detection in the ̂ -direction was achieved by using the TPPI method14. 

During the relaxation delay period (rd) the HDO solvent signal was selectively irradiated (0.8 s; 30 dB): 

[rtl-W-tx-W-tm-W-tj 

The spectra were recorded with a 400 ms mixing time (fj. The value of f, was varied over 0.003-51.203 

ms in steps of 100 Цз. For each value of r, 80 FIDs were acquired (2K datapoints, acquisition time 0.2048 

s). Prior to Fourier transformation, the MUS were multiplied with Gauss-Lorentz like window functions 

in both directions. Subsequently, the spectrum was submitted to a base plane flattening procedure using 

the baseline correction algorithm of Pearson17. 

Nuclear Overhauser enhancement spectroscopy (NOESY)1"6. The experiment was performed at 277 

К in H fi. In order to suppress the H20 solvent signal a time shared long (TSL) observation pulse was 

used in combination with a data shift accumulation (ϋδΑ-Ί)2*·29, resulting in the following pulse 

sequence: 

[rd-Wr-dUfW-t^TSL pulse-tj 

Single side band detection was used in the co, direction (carrier frequency at low field side of spectrum). 

A relaxation delay (rd) of 0.8 s was used. Prior to r, an extra delay (dl) of 25 цз was used for better water 

suppression. The total mixing time {tj) of 400 ms included a homospoiling pulse of 50 ms duration30. The 

TSL pulse consisted of ten 9° pulses with intermittent delays of 39.0 μ8. The value of f, was varied 

between 0.025 and 51.225 ms in steps of 100 цл. For each value of r,, 96 FIDs were accumulated (4 К 

datapoints, acquisition time 0.2048 s). Prior to Fourier transformation, the FIDs were multiplied with a 

Gauss-Lorentz window function in both directions. Spectra were calculated In absorption mode11 and 

subsequently submitted to a base-plane flattening procedure using a baseline correction algorithm of Pear-

son . 

Ή detected one bond "C-'H correlated spectroscopyзгзэ. The experiment was performed at 298 К in 

D20 using TPPI14. The following pulse sequence was used: 

Ή: rd - 90е - Δ - 180° - Δ - 90° - -ι, - 180е - -ι - - t 
2 ' 2 ' 2 

"С: rd - - 180е - - 90· - - 90° -

During the relaxation delay period (rd) the HDO solvent signal was selectively irradiated (Is, 30 dB rela

tive to 20 W). The value of Δ amounted to 1.666 ms (I/^ '/Q,) ) . For each value of f,, 56 FIDs were accu

mulated (2K datapoints, acquisition time 0.1617 s). The value of f, was varied over 0.003-16.998 ms in 
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Steps of 16.6 μ$. Prior to Fourier transformation, the FIDs were multiplied with Gauss-Lorentz like win

dow functions in both directions. 

Ή detected multiple bond "C-'H correlated spectroscopy M. The experiment was performed at 298 К 

in DjO. A relaxation delay period (rd) of Is was applied prior to the following pulse sequence: 

Ή: ni - 90» - Δ, - - i f, - 180· - γ ' , - - », 

"С: rd - - 9 0 · - Aj - 90° - - 9 0 ° -

The value of Δ, (1/(2'J^)) amounted to 3.4 ms. In principle, the optimum choice of Aj is Ifil'J^) where 

"JCH is the long range coupling constant of interest. However, in practice, a somewhat shorter value (80 

ms) is found to be optimal because decay of the Ή magnetization occurs due to transverse relaxation and 

unresolved homonuclear couplings. For each value of r,, 96 FIDs were acquired (2K datapoints, acquisi

tion time 0.1716 s). The value of r, was varied over 0.003-32.768 ms in steps of 32 цз. Prior to Fourier 

transformation, the FIDs were multiplied with a sine bell window function in the CDj direction. No digital 

filtering was applied in (he ω, direction. 

Distance geometry calculations39. The calculations were performed using a NAS 9060 computer. The 

atoms constituting the bleomycin-iron molecule were represented as 120 points; the carbon monoxide 

molecule was not incorporated in the calculations since the position of this ligand in the complex could 

not be established (vide infra). Also, the bithiazole-aminopropyl end of the molecule was not included in 

this representation since there was no evidence that it participated in iron binding (vide infra) ; on the 

contrary, all available evidence indicates that this part is attached as a flexible tail to the core of the mol

ecule. Incorporated in the 120 points, however, were the hydrogen atoms attached to the carbon and 

nitrogen atoms. The structural information available for the iron-bleomycin complex was converted into 

distance constraints with denned upper and lower bounds. These constraints were derived as follows: 

a) All bond lengths and bond angles were allowed to vary over a range of 1% from their standard values. 

b) Torsion angles derived from the vicinal coupling constant analysis (vide infra) were fixed by con

straining the 1,4 interpoint distances (within 1% range). This was done for the Ce-C. part of the 

ß-hydroxyhistidine fragment (H). 

c) Several parts of the bleomycin molecule have a rigid conformation. These are the aromatic pyrimidine 

and imidazole groups. Also the guióse and mannose sugars were considered rigid as for the bleomycin-

zinc molecule'7. These conformations were kept fixed by constraining all the interpoint distances con

cerned (within a 1% range). Thus, the sugar residues were only allowed to rotate around the glycosidic 

linkages and, in addition, the C,-C6 bonds were free to rotate. 

d) All amide bonds were considered to be planar/trans. 
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e) The bleomycin molecule contains 19 asymmetric carbon atoms but for each the configuration is 

known. The normal distance constraints obtained for those chiral centers do not discriminate between R 

and S configurations. Hence, a vector contribution to the error function was used such that optimization 

of this error function both ensured properly bounded distances and the correct chirality about each asym

metric carbon". This vector contribution was also used to maintain the planarity of all jp' centers in the 

molecule. 

f) The iron binding sites were translated into distance constraints. They include the amine function of the 

ß-aminoalanine fragment, the pyrimidine ring N} nitrogen, the ß-hydroxyhisüdinyl amide nitrogen, the 

imidazole ring Ni nitrogen and the carbamoyl nitrogen of the mannose sugar (Fig. 4.1). The distances 

between the iron ion and these binding sites were set to 0.19-0.23 nm. 

g) The experimental data from the NOESY experiments (vide infra) were included in the distance con

straints. The interpoint distance range between protons exhibiting NOE effects was uniformly set from 

0.24 to 0 J nm. In case NOE effects were observed with methyl protons, the interpoint distance range was 

set 0.28 to 0.6 nm. This was necessary because the methyl groups were represented as point groups with a 

0.1 nm radius. 

h) If nothing was known about the distance between two points, the lower bound was uniformly set to 

0.24 nm and the upper bound to 23 nm. The latter value seemed reasonable for a molecule having the 

size of bleomycin. 

Subsequently, all upper and lower bounds of the distance matrix thus derived were smoothed according to 

the triangular inequality. At this point, distances between all smoothed upper and lower bounds were 

selected and embedded in three dimensional space. In this way a three dimensional structure was generat

ed. In general, such a structure will not satisfy the initial distance constraints and final refinement has to 

be achieved in a minimalisation routine. In this routine a self correcting conjugate gradient algorithm31 is 

employed. 

In every calculation 20 structures were generated. In order to reduce the calculation time only 500 itera

tions were carried out in the final optimizing step of the distance geometry calculations. 

RESULTS AND DISCUSSION 

Ή assignments 

The spin systems one expects to observe in a Ή NMR spectrum for BLM dissolved in a D^O solution are 

listed in Table 4.1 logelher with the fragments of the molecule and their abbreviations. Residues or 

groups of residues without (apparent) J-couplings have not been incorporated in this list. 

The Ή NMR spectra of BLM-Fe-CO, recorded at 298 К and 277 K, were studied but in general the dis

cussion will be focussed on the low temperature spectrum because, below, the structure of the low temp

erature complex will be delennined. The strategy followed to perform the resonance assignments is 
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АЬЬг. Fragment Spinsyatem 

Τ 

Ρ 

ν 

Η 

λ 

Β 

s 

6 

Μ 

Threonine 

Pyrlmldinyl propionaraide 

Methylvalerate 

P-Hydroxyhistidine 

P-Aminoalanine 

B i t h i a z o l e 

γ-Aminopropyl dimethyl 

aulIonium 

a-L-Gulose 

O-D-Маппоэе 

CHyCH-CH 

CHfCH 

CHJ-CH-CH-CH-CHJ 

CH-CH 

CHfCH 

CT/j-CH, 

CWJ-OTJ-OTJ 

сн-сн-сн-сн-сн-с^ 
CH-CH-CH-CH-CH-CH, 

AffX 

ABX 

A^iFIXj 

AX 

ABX 

AATOC 

AA'MMTOC 

' 

Table 4.1. Networks of coupled spins in bleomycin Aj in Dfi 

completely analogous to the one we used in the interpretation of the Ή NMR spectra of BLM1* and 

BLM-Zn17. Therefore, only a brief discussion of the present assignments is given below. 

The connectivity patterns which form the basis for the identification of the non exchangeable protons are 

collected in the spin echo correlated spectra presented in Figs. 4.2-4. The cross peak patterns could be 

easily recognized on the basis of the knowledge already available from the Ή spectra of BLM and BLM-

Zn'*-17 except for those of the guióse and mannose moieties. The connectivity patterns of these two resi

dues are drawn in Fig. 4.4. Some of the resonances were readily assigned, namely the mannose Я,, Η, 

and Ht as well as the guióse Нг resonance, while others were more difficult to assign mainly because their 

positions are so close together. For instance the resonances G4, Gs and Gt. are nearly overlapping (ci. Fig. 

4.4). Nevertheless, assignments could be made by involving 'н^'С correlated spectroscopy (vide infra). 

We will return to this aspect in the following section. 

Obviously, no crosspeaks are observed for the resonances of the isolated spins of the bithiazole aromatic 

protons and the methyl groups of the pyrimidine ring and the dimethylsulfonium residue. The methyl 

groups are assigned on account of their intensity and position in the spectrum while both aromatic bithia

zole protons can be assigned via the multiple bond 'H-^C correlated spectrum as will be discussed below. 

The amide protons of the threonine, methylvalerate, bithiazole and aminopropyldimethylsulfonium frag

ments can be identified with the aid of a double quantum filtered COSY spectrum recorded in Η О (Fig. 

4.5). Crosspeaks are observed between the amide proton resonances and the resonances of the non-

exchangeable neighboring protons which were identified in the procedure described above. Also the posi

tion of the single secondary amine proton resonance (5.38 ppm) can be determined in this spectrum via 

crosspeaks with the β proton resonances of the pyrimidinylpropionamide and aminoalanine fragments. 

The primary amine functions of the aminoalanine and the pyrimidine fragment can only be assigned in 

76 



soo 

- soo 

Figure 4.2. Contourpiot of the 300 MHz SECSY spectnim of BLM-Fe-CO dissolved in Dß recorded at 

277 К while using solvent irradiation. Connectivity pathways of threonine (T), ß-hydroxyhistidine (H). 

bithiazole (В) and γ-aminopropyldiroethylsutfonluni (S) are outlined. The subscripts, numbers and greek 

letters, correspond with those in Fig. 4.1. 
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Figure 43.. High Field region of the spectrum shown in Figure 4.2. The connectivity patterns of methyl-

valerate (V), ß-aminoalanine (A) and pyrimidlnylpropionamide (P) are Indicated. Also shown are the 

H>-H1 correlations of the sugar fragments. a-L-gulose (G) and α-D-mannose (M). 
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-150 

150 

PPM 

Figure 4.4. Connectivity 'walks' of the mannose and guióse fragments (M, G) in the 500 MHz SECSY 

spectnim of BLM-Fe-CO in Dfi recorded at 277 K. The Η,-Η, crosspeaks are omitted in this figure (cf. 

Fig. 4.3). 
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PPM 

Figure 4.5. Pan of the double quantum filtered COSY apcctnun (ω,· 2.2 to 4.9 ppm, ω,- 53 to 9.2 

ppm) recorded at 277 К for BLM-Fe-CO dissolved in ЯаО. The solvent was irradiated moderately in 

order to reduce saturation of the exchangeable proton resonances in the spectrum. The crosspeaks 

between the amide proton resonances and the resonances of the non exchangeable neighbours are indicat

ed. The meaning of the symbols is given in Table 4.1 and is the same as in Figs. 4.2 and 4.3. Also the 

crosspeaks between the secondaiy amine resonance of the ß-aminoalanine moiety 0Α„„, 5.38 ppm) and 

the neighboring ß-resonances are indicated. 
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a NOESY spectrum recorded in НгО via cross peaks with the aminoalanine α-proton and the pyrimidinyl 

methyl resonances, respectively (cS. Fig. 4.6). The resonances of the amine group of the ß-aminoalanine 

are visible separately, while the amine group of the pyrimidinyl moiety shows only one resonance. As in 

the Ή NMR spectrum of BLM-Zn17, the lowest field resonance (1225 ppm; Fig. 4.6) belongs to the imi

dazole N-H function. 

At this point we have not yet identified (he resonances of the secondary amide protons of the aminoala

nine, the pyrimidinylpropionamide and the mannose moieties. Candidates for these protons are the six 

largest resonances between S.S and 9 ppm which were not yet characterized. Their assignments were 

made in analogy with those in the BLM-Zn spectrum. Two sets of resonances can be distinguished on the 

basis of the connecting crosspeaks and be assigned to the free amides of the aminoalanine and the pyrimi

dinylpropionamide residues. We could however not establish at this time which of the two crosspeak pat

terns belongs to either the A or the Ρ moiety (cf. Fig. 4.6). The remaining two resonances (6.19 and 6.43 

ppm) are assigned to the carbamoyl protons of the mannose residue. This assignment is somewhat ambig

uous since in the 55-6.5 ppm region in the spectrum several broad resonances are observed. These could 

be due to hydroxy! protons whose exchange with water has been sufficiently slowed down in the complex 

(as a result of H-bonds) to make them observable. The carbamoyl resonances are somewhat lesser broa-
1 

dcned than in the BLM-Zn spectrum, but exchange with the solvent H fi protons is still sufficiently rapid 

that in the 2D-NOE spectrum only the exchange crosspeaks to the H20 resonance and not the diagonal 

peaks are observed (Fig. 4.6). Finally it is noted that the amide resonance of the hydroxyhistidinyl resi

due could not be traced in any of the spectra as for the BLM-Zn complex17 but in contrast to the free BLM 

spectrum". 

All Ή assignments are summarized in Table 42 along with the BLM and BLM-Zn data. 

I3C assignments 

The "C spectra were recorded at 298 К in ОгО. On inspection of the ID "C spectrum of BLM-Fe-CO 

(Fig. 4.7-8) one observes 53 separated resonances, while BLM-Fe-CO contains 56 carbon atoms. Since 

the methyl carbons of the dimethylsulfonium group are magnetically equivalent one expects that three 

other carbon resonances overlap in the "C spectrum which is indeed the case at 68.1 ppm. All carbon 

resonances can be assigned with the aid of Ή detected one bond and multiple bond 'H-^C correlated 

spectra (Figs. 4.7-9). The one bond correlated spectrum was recorded without carbon decoupling which 

resulted in antiphase doublets (in the/2 direction). The spectrum was recorded in this manner because we 

were also interested in the '/,..„ couplings which can be extracted from the antiphase doublets. 

The assignments of all carbon resonances except for those arising from the quaternary carbons can be 

established in a rather straightforward manner (Figs. 4.7-8) because every proton resonance in this spec

trum is connected to the carbon resonance of the directly attached carbon atom via the doublet crosspeaks. 

In the proton assignment section we showed that the assignment of the mannose Ηχ Я, Ht and the 
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Figure 4.6. Contour plot of the relevant part of the NOESY spectrum of BLM-Fe-CO recorded In Hfl at 

277 K. The solvent signal was suppressed with aid of a semi-selective observation pulse (TSLONG) com

bined with a digital shift accumulation (DSA-4). As a result of the application of this method saturati«« of 

the exchangeable proton resonances is avoided, but resonances near the solvent signal are somewhat sup

pressed. The identincation of several exchangeable protons is shown here. The free amide groups of the 

aminoalanine and propionamide residues are indicated by a subscript CNH1 whereas the mannose carba

moyl group is denoted by A/tf,. 
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Fragm. Group Chemical shifts 

Τ 

Ρ 

ν 

Η 

Α 

СЯ, 

c - w 

<yf 
ΝΗ 

с." 
cjr 

<У 
ring СЯ, 

гіл; WWj 

amide ИНг 

anide NH2 

ОСИ, 

ГС//3 

с." 
с ^ 

W 
ΝΗ 

с « 

Ч* 
ring CJi 

ring CAH 

ring m 

с«н 

cp 
4r 

secNH 

prim. NH. 

m e t a l 

f r e e 

297K 

1.085 

4 . 2 0 7 

4 . 0 7 5 

2 . 6 2 

2 . 6 9 

3 . 9 5 8 

2 . 0 0 9 

1.100 

1 .116 

2 . 4 5 2 

3 . 7 0 3 

3 . 8 6 3 

5 . 0 5 2 

5 .257 

7 . 7 8 6 

7 . 2 6 1 

3 . 8 4 

2 . 8 3 

2 . 8 8 

z i n c -

bound 

277K 

1.021 

4 . 0 9 9 

3 . 9 9 9 

7 . 9 6 

2 . 8 7 1 

3 . 2 4 4 

4 . 4 9 8 

2 . 3 7 6 

7 . 0 2 

5 . 9 2 / 7 . 1 2 

6 . 5 6 / 7 . 8 9 

0 . 9 8 2 

0 . 9 3 4 

1.946 

3 . 4 1 5 

3 .615 

7 .55 

4 . 8 5 1 

5 . 1 9 6 

8.037 

7 . 3 0 5 

1 2 . 4 5 

3 . 7 2 4 

2 . 4 5 8 

3 . 3 5 6 

4 . 3 2 

6.94 

i r o n -

bound 

277K 

0 . 9 9 

4 . 0 3 

3 . 9 3 

8 . 2 0 

2 . 8 6 

3 . 0 8 ' 

4 . 3 4 

2 . 2 4 

6 . 9 1 

5 . 9 3 / 7 . 0 8 

6 . 5 7 / 7 . 8 3 

1 .03 

0 . 9 6 

2 . 3 6 

3 . 6 4 

3 . 5 8 

7 . 7 5 

4 . 9 3 

5 . 1 9 

7 . 8 6 

7 . 2 3 

1 2 . 2 5 

3 . 7 6 

2 . 4 2 

2 . 8 8 

5 . 3 8 

6 . 7 7 

i r o n -

bound 

298K 

1.04 

4 . 1 1 

4 . 0 0 

2 . 9 3 

3 . 1 8 

4 . 4 3 

2 . 3 3 

1.03 

1 . 0 1 

2 . 3 4 

3 . 6 5 

3 . 6 5 

4 . 9 9 

5 . 2 8 

7 . 9 2 

7 . 3 2 

3 . 8 0 

2 . 6 0 

2 . 8 5 
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M 

prim. ЫНг 

amide NH1 

amide NH1 

cj* 
cjr 

c¿* 
Co
ring CJi 

ring C}H 

NH 

<V2 
С Л 
W 
sulf. (СЯ^ 

NH 

Сг" 
Cf 

Cf 

Cf 

Cf 

с? 
Cf 

Cf 

Cf 

Cf 

Cf 

Cf 

W 
Cf 

m i 

NH, 

3 . 2 4 

3 . 6 0 

8 . 1 9 9 

8 . 0 0 4 

3 . 3 7 7 

2 . 1 6 3 

3 . 6 0 

2 . 9 0 9 

5 . 2 5 1 

4 . 0 1 3 

4 . 0 9 

3 . 8 4 

3 . 9 9 

3 . 4 0 

3 . 5 3 

4 . 9 9 4 

4 . 0 4 

4 . 6 7 5 

3 . 7 8 

3 . 7 8 

3 . 7 8 

3 . 9 1 8 

7 . 3 6 

7 . 1 2 / 5 . 

7 . 8 9 / 6 . 

3 . 1 6 - 3 . 

3 . 5 1 - 3 . 

8 .207 ' 

8 .037' 

8 . 3 6 

3 . 3 5 7 

2 . 1 3 4 

3 . 5 7 ¿ 

2 . 8 7 8 

8 . 9 4 ' 

5 . 3 0 5 

4 . 0 6 3 

4 . 0 3 

3 . 7 1 

3 . 8 4 9 

3 . 6 0 6 

3 . 6 9 

4 . 8 8 5 

4 . 0 7 9 

4 . 0 3 

3 . 6 7 

3 . 7 0 

3 . 7 8 7 

3 . 9 6 5 

6 .00 

6 .38 

,92 

.56 

.18 

.55 

7 . 7 5 

7 . 0 8 / 5 . 9 3 

7 . 8 3 / 6 . 5 7 

3 . 0 8 

3 . 1 2 

3 . 3 5 

3 . 5 1 

8 . 1 1 

7 . 8 5 

8 . 3 3 

3 . 3 1 

2 . 0 9 

3 . 5 3 

2 . 8 3 

8 . 9 0 

5 . 2 6 

4 . 0 3 

4 . 0 2 

3 . 7 2 

3 . 7 3 

3 . 6 0 

3 . 7 2 

4 . 8 9 

4 . 0 6 

4 . 1 4 

3 . 6 1 

3 . 7 3 

Э.74 

3 . 9 3 

6 . 1 9 

6 . 4 3 

3 . 1 6 

3 . 2 0 

3 . 5 2 

3 . 5 8 

8 . 1 9 

7 . 9 4 

3 . 3 6 

2 . 1 5 

3 . 5 8 

2 . 8 9 

5 . 2 8 

4 .08 

4 . 0 8 

3 . 7 8 

3 . 8 2 

3 . 6 6 

3 . 7 6 

4 .95 

4 . 1 1 

4 . 2 1 

3 . 7 0 

3 .74 

3 . 8 1 

3 . 9 7 

Table 4.2. Resonance positions оГ the proton signals of BLM-Fe-CO at pH 7, at 277 К and 298 K. The 

assignments are compared with BLM and BLM-Zn data 
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Figure 4.7. Contour plot of the 600 MHz proton detected one bond 'Я-"С correlated spectrum of BLM-

Fe-CO recorded in D 2 0 at 298 K. The spectrum was recorded without carbon decoupling. As a conse

quence, the 'Я-^С correlations appear as doublets in which the components are separated by the 'JCII 

coupling. For reference purposes, a 200 MHz "C spectrum is presented along the ω, axis. The connec

tivities enclosed in the box are shown in more detail in Fig. 4.8. 
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70 -

60 

PPM 4.0 

Figure 4.8. Part of the contour plot shown in Figure 4.7. The assignment of the crosspeaks is indicated. 

For an explanation, see text. Around 61.5 ppm double doublets are seen (hat are typical of the methylene 

groups of the mannose and guióse fragments (M, and G¿). 
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Figure 4.9. Relevant part of the 600 MHz proton detected multiple bond Ή-'C coirelated spectrum of 

BLM-Fe-CO in D 2 0 recorded at 298 K. For reference purposes, · 200 MHz " C spectrum is shown along 

the ω,-axis. All quaternary carbon resonance assignments are outlined in this figure. The abbreviations 

along the horizontal and vertical lines correspond to carbon and proton resonances, respectively. 
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guióse tfj protons was rather straightforward. Here, we can see that in the Ή-'Ό correlated spectrum in 

Fig. 4.8 the positions of the sugar H6 and H6. resonances (as well as the corresponding Ct carbons) are 

readily derived via the characteristic crosspeak patterns usually obtained for methylene fragments (one 

carbon resonance connected with two proton resonances). The assignment of these resonances to either 

the guióse or mannose sugar moiety follows from the characteristic J coupling pattern of the mannose 

methylene fragment in the proton spectra as in the case of the zinc complex. Now, only the mannose Я, 

and the guióse Я, Я 4 and H} prolons are not yet assigned. On account of the positions of the antiphase 

crosspeaks in Fig. 4.8 it is concluded tliat one sugar proton resonance has the same chemical shift position 

as both H2 resonances. In combination with the connectivity patterns in a relayed coherence transfer 

(RCT) spectrum (not shown) this resonance is assigned to the guióse Я, proton. Now, the position of the 

guióse Я4 proton follows directly from the SECSY spectrum shown in Fig. 4.4. It is seen that this reso

nance has nearly the same chemical shift position as the mannose Hf and the guióse Ht. resonances. 

Subsequently, the positions of both sugar Я, protons can be established via the crosspeaks in Fig. 4.8 with 

the yet unassigned carbon resonances. Note that these proton resonances reside in the region of the proton 

spectrum where already three sugar proton resonances were assigned (M4 Ai, G,.). The assignments of 

carbon resonances Mt M} and G, were established via a comparison with the "C spectra of free BLM 

and BLM-Zn". 

The multiple bond 'H-^C correlated spectrum (Fig. 4.9) shows more complicated crosspeak patterns than 

the one bond spectrum. Therefore, a detailed description of the quaternary carbon resonance assignments 

is presented. As an example, we shall first consider the quaternary carbons of the carbonyl groups of the 

primary and secondary amides and then those of the aromatic residues. All primary and secondary amide 

carbonyl carbon resonances display crosspeaks with resonances of non-exchangeable neighbouring pro

tons. The secondary amide carbonyl carbon resonances of the pyrimidinyl propionamide and hydroxyhis-

tidinyl fragments can be distinguished because the latter exhibits a very small crosspeak (not shown) with 

the histidinyl β proton resonance. 

Subsequently, the aromatic carbon resonances of the pyrimidine, bithiazole and imidazole fragments can 

be recognized via characteristic connectivity patterns with resonances of the the protons attached to these 

aromatic residues. Typically, the pyrimidine C2, C3 and C4 resonances show crosspeaks with the Ή 

resonance of the methyl group of this residue (Fig. 4.9). They can be distinguished on the basis of their 

chemical shift differences. Furthennore, the C6 resonance of this residue can be assigned on account of 

crosspeaks with the a- and β protons of the propionamide fragment and a small crosspeak with the pyri

midine methyl group protons (not shown). The imidazole CS resonance shows crosspeaks with all proton 

resonances of the hydroxyhistidine fragment. Characteristically, the bithiazole C2' resonance can be rec

ognized via crosspeaks with the a- and β proton resonances of this residue along with a connectivity to 

the aromatic Я5' resonance. As a consequence, the aromatic protons (Я5 and Я5') can now be distin

guished in the proton spectrum. Having attained this information it is possible to assign the remaining 

quaternary bithiazole carbon resonances on the basis of crosspeaks to the Я5 and H5' resonances. 
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Finally, by elimination, the yet unassigned low field carbon resonance (218.9 ppm) must belong to the 

carbon monoxide. For this assignment, additional proof was obtained from a ID ,3C spectnim of an 

enriched BLM-^Fe-CO complex where a 'ƒ,,.<. coupling (30 Hz) is observed between iron-57 and the 

carbon monoxide carbon atom (Fig. 4.10). This establishes that this ligand is directly bound to the iron 

atom. 

The l 3C assignments are summarized in Table 4.3 and compared to BLM and BLM-Zn data. 

2 2 0 2 0 0 ISO PPM 

Figure 4.10. Comparison of the low field regions of the "C «pectra of the BLM-Fe-CO complex (top) 

and the enriched BLM-rFe-CO complex (bottom). A 30 Hz V,^ coupling Is observed between lron-57 

and carbon monoxide (218.9 ppm) Indicating the existence of a σ bond between the metal ion and the car

bon monoxide carbon. 
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Fragm. Group Chemical shifts 

Τ 

Ρ 

ν 

Η 

λ 

снг 

с* 
С Р 

с=о 

с* 
с> 
ring СЯ, 

ring С3 

ring С, 

ring Сг 

ring Ct 

HN-C=0 

HJf-C=0 

аСНъ 

ICH, 

C* 
Ст 

S 
c=o 

Ca 

C P 
ring CA 

ring Cs 

ring C2 

C=0 

C« 
C» 
c=o 

m e t a l 

f r e e 

1 9 . 3 

5 9 . 5 

6 7 . 4 

1 7 2 . 4 ' 

4 0 . 6 

6 0 . 1 

1 1 . 2 

1 1 2 . 6 

1 5 2 . 5 

1 6 5 . 0 

1 6 5 . 7 

1 6 8 . 0 

1 7 6 . 5 

1 2 . 3 

1 5 . 1 

4 3 . 0 

4 7 . 9 

7 4 . 7 

1 7 7 . 8 

5 7 . 3 

7 3 . 4 

1 1 8 . 0 

1 3 5 . 2 

1 3 7 . 3 

1 6 9 . 4 

5 3 . 0 

4 7 . 8 

1 7 2 . 3 

i l n c -

bound 

1 9 . 3 

5 9 . 5 

6 7 . 4 

1 7 2 . 2 V 

3 3 . 9 

5 6 . 1 

1 1 . 1 

1 1 4 . 2 

1 4 8 . 4 

1 6 8 . 0 

1 6 1 . 6 

1 6 9 . 3 

1 7 6 . 6 

1 2 . 1 

1 5 . 0 

4 3 . 0 

4 7 . 3 

7 4 . 7 

1 7 7 . 6 

6 1 . 1 

7 0 . 6 

1 1 8 . 2 

1 3 5 . 5 

1 3 7 . 8 

1 7 2 . 0 

5 2 . 5 

4 5 . 0 

1 7 3 . 8 

i r o n -

bound 

1 9 . 3 

5 9 . 7 

6 7 . 3 

1 7 2 . 4 

3 4 . 1 

6 4 . 0 

1 0 . 0 

1 1 7 . 2 

1 5 3 . 1 

1 6 6 . 4 

1 6 7 . 5 

1 7 3 . 1 

1 7 5 . 4 

1 3 . 2 

1 4 . 3 

4 3 . 4 

4 7 . 8 

7 4 . 4 

1 7 7 . 8 

5 5 . 6 

6 9 . 2 

1 1 9 . 8 

1 3 5 . 9 

1 4 2 . 2 

1 7 0 . 0 

5 5 . 9 

4 9 . 4 

1 7 3 . 4 
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c . 
C P 

ring 

ring 

ring 

ring 

ring 

ring 

C=0 

C* 

C, 
C, 

С У 

с, 
Сл· 

С 4 

с

2 

с г 

sulf. (СЯ,.), 

С, 

с2 

с, 
с4 

с, 
с6 

с, 
с2 

с, 
с4 

с, 
с, 
<х? 

3 2 . 4 

3 9 . 4 

1 1 9 . 4 

1 2 5 . 5 

1 4 7 . 3 

1 4 9 . 1 

1 6 3 . 0 

1 7 0 . 9 

1 6 3 . 7 

4 1 . 3 

2 4 . 0 

1 8 . 0 

2 5 . 0 

9 7 . 8 

7 0 . 6 

6 3 . 2 

6 9 . 5 

6 7 . 4 

6 0 . 6 

9 8 . 5 

6 8 . 7 

7 4 . 7 

6 5 . 1 

7 3 . 9 

6 1 . 3 

1 5 8 . 3 

3 2 . 4 

3 9 . 6 

1 1 9 . 5 

1 2 5 . 5 

1 4 7 . 3 

1 4 9 . 1 

1 6 3 . 1 

171.О 7 

1 6 3 . 7 

4 1 . 3 

2 4 . 0 

3 8 . 0 

2 5 . 1 

9 5 . 6 

6 8 . 3 / 6 8 . 4 

6 6 . 6 

7 0 . 1 

67.7 

6 1 . 6 

9 7 . 2 

6 8 . 3 / 6 8 . 4 

7 5 . 5 

6 4 . 5 

7 4 . 7 

6 1 . 3 

1 5 7 . 7 

3 2 . 5 

3 9 . 5 

1 1 9 . 6 

1 2 6 . 0 

1 4 7 . 3 

1 4 9 . 4 

1 6 3 . 6 

1 7 1 . 5 

1 6 4 . 0 

4 1 . 3 

2 4 . 1 

3 8 . 1 

2 5 . 1 

9 4 . 9 

6 8 . 1 

6 6 . 6 

69 .7 

6 8 . 1 

6 1 . 6 

9 6 . 7 

6 8 . 1 

7 5 . 3 

6 4 . 7 

7 4 . 6 

6 1 . 4 

1 5 7 . 8 

СО 2 1 8 . 9 

Table О . Resonance positions of the "С signals of BLM-Fe-CO. The assignments are compared to 

BLM and BLM-Zn dau. 
v : the "C resonance positions of Г ^ and ΒΛ were wrongly assigned in our study on BLM and BLM-

Zn". 
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The three dimensional structure 

With the elucidation of the 'Я- and , 3C spectra of BLM-Fe-CO the basis is provided for the three dimen

sional structure determination of the complex. As is customary this will be attempted by making use of 

available /-coupling- and NOE information. Thus, for £>20 and НгО samples NOESY spectra were 

recorded at 277 К with a mixing time of 400 ms (Figs. 4.11 and 4.12). At this temperature positive cros-

speaks are observed however with low intensity. This reflects the situation that, for the complex, cm is 

close to unity (at 11.7 Tesla). All non-trivial NOEs (i.e. excluding NOEs between geminai and vicinal 

protons) are numbered in Figs. 4.11 and 4.12; they are listed in Table 4.4. 

шлык 
1 

о о 

о V IO 

PPM 

Figure 4.11. Contour plot of the high field part of the 500 MHz NOESY spectrum of BLM-Fe-CO in 

D,0 recorded at 277 K. The spectrum was recorded with selective irradiation of the HDO resonance. Non 

trivial NOEs are indicated according to the numbering in Table 4.4. 
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I I 

"14 

PPM 

Figure 4.12. Non-trivial NOEs in tbe low field region of the 500 MHz NOESY spcctnun (Fig. 4.6) of 

BLM-Fe-CO in Hfi recorded at 277 K. The NOEs are listed in Table 4.4. 
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Inspection of Table 4.4 shows that most of the NOEs are identical to those observed for the BLM-Zn 

compit i" . For instance, the NOEs observed for the sugar residues (NOEs 9 - 12 and 22 in Table 4.4) 

were also recorded in the NOESY spectra of the BLM-Zn complex. It appears therefore that the confor

mation and orientation of the sugar moieties, with respect to each other and to the histidine residue, is the 

same in both complexes. This is (rue for other parts as well. For instance, the secondary amine group and 

the imidazole ring ore directed towards each other as is indicated by NOEs 23 - 26 (Table 4.4). This is 

also the case in the BLM-Zn complex. Furthermore, no non trivial NOEs are observed for the rest of (he 

bithiazole fragment and the aminopropyldimethylsulfonium part of the molecule reflecting the larger flex

ibility of these moieties. Evidently, this part of the molecule is attached to the core as a flexible 'tail' as in 

the BLM-Zn(II) complex. On the other hand, there are also some interesting differences. For the BLM-

Fe-CO complex no NOEs are observed between the aminoalanyl a-amine group and protons of other resi

dues. Furthermore, the methylvalerate-threonine fragment generates some interesting interresidue NOEs 

(20 and 34 in Table 4.4) which are absent in the NOESY spectra of the BLM-Zn complex. 

No. NOE No. NOE 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

V 
^ . 
τ*. 
ри. 
V 

α 

\ 

\ 

*< 

с, 
с, 
с, 
" » 
HHi 

ИНА 

ν 
ни 
НН 

AMtr 

ΑΝΗΤ 

- V . 

-V> 

- T a 

-MÌ 

- т 

-Λ, 
"Λ 
-Α* 

-ИР 
- M , 

- " . 

-σ. 
" G , 

-И> 

- V 
- « 

-А* 

- \ 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

*т, 
у 

SH 
ν*Η 

у 
SH 

" « 
ΗΗ1 

»κι 

" η 

UH 

Тнн 
Tm 

ΤΝΗ 

UH 

«и 
Bm 

NH 

Внн 

UH 

-VP 

- * -

- " P 

- G , 

-** 

- А , 

-pP 

~ Am 

-тш 

- ШШ 

- У 
α 

- т 

- ν , 

- Γ » 
- * * . 

- у . 

- Γ Ρ 

- τ -

Tabic 4.4. Nuclear Overhauser enhancements observed in (he NOESY spectra in Figs. 4.11 and 4.12. 

Numbers correspond to (hose in Figs. 4.11 and 4.1Z Only non-trivial NOEs are listed 
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Another important source of structural information is formed by the vicinal proton coupling constants. In 

our study of the BLM-Zn complex17 we have shown that the torsional angles involving the C e-C p bond of 

the aminoalanine and hydroxyhistidine residues exist in a fixed conformation in the metal complex. When 

the vicinal coupling constants of this complex are compared with the corresponding coupling constants in 

the BLM-Fe-CO complex (Table 4.5, Fig. 4.13) it is obvious that a major difference exists for the Ca-Ct 

conformation of the aminoalanine fragment. While in the hydroxyhistine residue in the BLM-Fe-CO 

complex the vicinal coupling constant is identical (3.2±0.2 Hz) to that in the BLM-Zn complex, reflecting 

the same conformation, the vicinal coupling constants of the aminoalanine fragment increase significant

ly, as compared to those of the BLM-Zn complex, and approach those found in the metal free BLM '*. 

These results suggest that this part of the molecule has the conformational freedom as that In the metal 

free BLM. Indeed, using a Karplus-like equation, which takes into account the electronegativity of the 

substltuents at the Ca-Cf bond of the aminoalanine residue " , we could rule out the possibility that one 

single conformation (even if non-staggered) is able to account for the observed coupling constants. Yet 

the existence of an almost 1:1 mixture of slightly non-staggered well-defined gauche(-) and trans con-

formers requires consideration and we will upon this elaborate shortly. 

OGUL 

C(0>M- PrtW 

OGUL OGUL 

ihC I I 

goucheC-; 

NHC- WC- №0-

cm^ Mz 

Figure 4.13. Newman projections of the possible confonnatloos of the C.-Cp parts of the aminoalanine 

(bottom) and hydroxyhistidine (top) residues. The following abbreviations «re used: Pyr-pyrimldlnyl; 

Imidximldazole; Gul»gulose 
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Frag- J rotamer 

ment p o p u l a t i o n 

г t g 

Hz 

Bleomycin 

H 5.8±0.2 -

A 7.2±0.2 50 23 27 

5.2І0.2 31 60 9 

B l e o m y c i n - z i n c 

3.1±0.2 - >90 

3.8±0.2 - - 100 

2.0±0.2 - - 100 

B l e o m y c i n - i r o n 

3.1±0.2 - >90 

A 7.2±0.2 13 52 35 

4.2±0.2 50 12 38 

Table 4 J. Rolamer populations of the C„-Cp parts of the fragments H and A of BLM, BLM-Zn and 

BLM-Fe-CO. The nomenclature g', g* Ott refers to the backbone of the molecule. The possible confor

mations are shown in Fig. 4.13 
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The NOEs and the fixed torsional angle of the hydroxyhistidinyl Ca-Cf part of the complex were translat

ed into a three dimensional structure via distance geometry calculations'3. In the calculations, the atoms 

constituting the BLM molecule were represented as 119 points. In this representation, the bithiazole-

aminopropyldimethylsulfonium end of the molecule was disregarded since it is largely flexible (vide sup

ra). At this point the metal ion and the carbon monoxide molecule were excluded from the calculations as 

well. In every calculation twenty structures were generated of which about ten converged into socalled 

low error structures which were regarded as such when having an nns deviation from the initial distance 

constraints of less than 0.003 nm. In Fig. 4.14 four of such low error structures are showed. The structure 

of the histidine-gulose-mannose fragment is well described by the NOEs and the torsional angle, as is 

indicated by the small conformational space to which these groups are constrained by the calculations. 

Furthermore, this conformation is virtually identical to the structure of this fragment in the BLM-Zn com

plex11. The conformation of the other parts of the BLM molecule are less well defined and their mutual 

orientation as well as their orientation with respect to the hlstldlne-sugar region cannot be established 

with sufficient accuracy. Obviously, this is due to a lack of interresidue NOEs towards the rest molecule. 

It is noted that in this respect the pyrimidine ring acts as a /NOE barrier' because the only protons attached 

to this group are the methyl protons. 

A further definition of the molecular conformation can be obtained if the BLM ligation sites of the Fe(II) 

ion are known. In a first approximation we tried to establish these through the detection of J-couplings 

which could possibly be generated by the " fe spin ("Fe has a spin —) in aN, ,3C, and XH spectra of a 

BLM-'Ve-CO complex. However, except for the CO molecule (Fig. 4.10), we failed to detect any, prob

ably because the coupling constants are too small (for instance. In general лРе-хіЫ '/-couplings are of the 

order of 6-8 Hz"). In a different approach one can try to make use of the chemical shifts induced by the 

presence of the metal ion. In the '//-spectra the most important changes in resonance positions (proceed

ing from the metal free BLM to the BLM-Fe(II)-CO complex) occur for the same protons as in the BLM-

Ζη(Π) complex, except for the Val-C,// and one of the Ala-C^H resonances, which exhibit shifts that are 

considerably smaller in the Fe(II)-CO complex (cf. Table 4.2). 

As we and others had observed already for the BLM-Zn(II) complex, the complexaiion shifts of the "C 

resonances may be considerably larger17. This is abo observed for the Fe(II)-CO complex. However, 

upon inspection of the "C chemical shifts (Table 4.3) of the BLM-Fe-CO complex and those of the metal 

free BLM and the BLM-Zn molecule" it is evident that it is not always straight forward to derive metal 

coordination sites from these chemical shift differences e.g. some shifts which were negative upon com

plex formation with Ζη(Π) are positive in the Fe(II)-CO complex and vice versa. Yet, on the basis of the 

large chemical shift changes induced upon complexaiion with the metal ion, the pyrimidine and imidazole 

groups can be assessed as chelators of the iron ion. Unfortunately, the other chemical shift changes can

not simply be translated into iron ligating sites. However, it seems safe to conclude that the fragments 

methylvalerate, threonine, bithiazole and aminipropyldimethylsulfonium are not actively participating in 

metal binding since the ,5C chemical shift differences as compared to (he metal free BLM are small. The 

97 



Figure 4.14. Four conformen of BLM satisfying the NOE and torsion angle distance constrainU found 

In the spectra of the BLM-Fe-CO complex. The metal ion (and its constraints) were not Included in the 

calculations. The numbered atoms correspond with those in Fig. 4.1 which are marked with Italic num

bers. 

same conclusions follow from the Ή-shifts and they match those obtained earlier'7. 

As discussed already (vide supra), the conformation of the sugar moieties and the histidine group is well 

defined by the experimentally available torsion angle and NOEs. In this structure the nitrogen atom of the 

histidine amide is directed towards the imidazole Nl atom which is a metal binding site (vide supra). Jux

taposition of these two atoms can only be maintained if the histidine amide nitrogen is anchored to the 

metal ion. Therefore, as in our study of the BLM-Zn complex, we consider the amide of this fragment to 

be bound to the Fe(II) ion. This conclusion is supported by the absence of the amide proton resonance in 

the HjO spectra, indicating that upon metal binding the amide is deprotonated and therefore a convenient 

chelator of the Fe(II) ion. We recall that this resonance is observed in the spectra of the metal free BLM at 

the same solution conditions16, while it is also absent in the spectra of BLM-Zn". A similar reasoning is 

applicable to the sugar moieties. The mannose group adopts a specific orientation with respect to the imi

dazole group. Again this orientation can only be maintained if the mannose group is anchored to the met

al ion. Combining this result with the shift of the mannose Я3 proton upon complexation we conclude that 

it is the mannose carbamoyl group that is coordinated to the iron (II) ion. We cannot, however, differenti

ate between the ligation of the carbamoyl nitrogen or oxygen atom. It is noteworthy that it is unlikely that 

98 



the guióse and mannose groups adopt the specific conformation when not actively involved in metal coor

dination, since in the spectra of the metal free BLM there are no indications for interactions between the 

guióse and mannose and other groups in the molecule. 

We have mentioned already that in the NOESY spectra recorded for а НгО solution, NOE crosspeaks 

connect the aminoalanyl secondary amine proton (and its neighbours) to the imidazole CjH. This observa

tion can only be explained if the secondary amine nitrogen is also participating in metal ion binding. It is 

noted in passing that these NOEs alone do not suffice to determine the orientation of the ß-aminoalanine 

fragment with respect to the well defined structure of the sugar-imidazole part of the molecule as fol

lowed from the distance geometry calculations discussed above (ci. Fig. 4.14). 

We already mentioned that the pyrimidine ring is also involved in the interaction with the metal ton. Giv

en the coordination to the metal ion of the histidine amide nitrogen and the secondary aminoalanine nitro

gen this can only take place through the binding of the Ns ring atom. This could be confirmed by means 

of xiN NMR spectroscopy (not shown). 

At this point we have obtained five coordination sites for the metal ion. The sixth site is formed by the 

CO molecule as Is demonstrated by the observation of the coupling constant JFtmC (30 Hz) between 

iron-57 and the carbon monoxide carbon atom in the BLM-^Fe-CO complex (vide supra. Fig. 4.10). The 

value of 30 Hz indicates the existence of a σ-bond between iron and the CO molecule3'. With this addi

tional information the distance geometry calculations were repeated. In this case the BLM complex was 

represented by 120 points, i.e. compared to the calculations discussed above the metal ion was included as 

the 120th point The five BLM sites which bind to the iron ion i.e. the secondary amine, the pyrimidine 

Ny the histidinyl amide nitrogen, the imidazole Nx and the carbamoyl nitrogen were constrained between 

0.19 and 0.23 nm from the metal ion (cf. Materials and methods). These constraints were introduced after 

inspection of known iron-nitrogen distances in crystal structures of several iron complexes. The NOE and 

the torsional angle constraints were used in the aforementioned calculations (vide supra). Furthermore, 

the metal ion was constrained in the planes of the pyrimidine and imidazole ring systems. We note explic

itly that the methylvalerate and threonine groups were incorporated in the calculations. This was not the 

case with the bithiazole and aminopropyldimethylsulfonium moieties, which were excluded from the cal

culations since, as mentioned already, the structure of these parts is not well-defined because of their flex

ibility. Also the carbon monoxide was omitted since no information could be obtained as to the position 

of this molecule with respect to the other residues in the complex. Finally, we mention that the primary 

amine of the aminoalanine residue was not incorporated as a metal ion binding site; we will elaborate 

upon this presently. As in the calculations canied out without the metal ion, again for every calculation 

twenty structures were generated of which about ten converged to low error structures which had an rms 

deviation of less than 0.003 nm from the mitial distance constraints. In Fig. 4.13 four of the low error 

conformers resulting from these calculations are presented; they compose a family of conformations rep

resenting the solution structure of the BLM-Fe-CO complex in an aquous environment. The figure has 

been drawn in such a way that the orientation of the methylvalerate-threonine fragment stands out with 
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Figure 4.15. Four conformen of BLM-Fe-CO satisfying all available distance constiainu (including the 

metal ion-nitrogen constiainu). The hydrogen atoms are excluded for clarity. For the same reason the 

radius of the iron Ion Is exaggerated. The arrows Indicate the position of the methylvalerate and threonine 

residues. 

respect to the part of the BLM molecule ligated to the metal ion. Inspection of Fig. 4.13 shows that for 

the different structures the orientation of the methylvalerate and threonine moieties may change signifi

cantly with respect to the core of the molecule, while the conformation of this dipeptide is constrained to 

a smaller space. In Fig. 4.16 the four structures have been drawn in a different orientation while (he 

methylvalerate and the threonine fragments have not been incorporated, so as to provide a clearer picture 

of the metal coordination. For the sake of clarity also the protons have been omitted in the figures and the 

radius of the iron ion was slightly exaggerated. All calculated low error conformen have nns distance 

deviations with respect to each other less than 0.11 nm (this includes the methylvalerate and threonine 

groups). 

It is evident from Fig. 4.16 that introduction of the constraints which keep the chelation sites attached to 

the metal ion causes the aminoalanyl-pyrimidine part of the complex to be confined to a smaller confor

mational space than that shown in Fig. 4.14. The conformation of the hydroxyhislidine-sugar part of the 

complex, including three proposed melai binding sites (imidazole, histidine amide and carbamoyl), is vir

tually the same as that in Fig. 4.14. This means that the distance constraints introduced for the metal-
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nitrogen bonds of the histidme and mannose moieties correspond well with those introduced on the basis 

of the observed NOEs and J-coupIing for this port of the molecule. In other words, the proposed metal 

binding sites are in fact already defined by the NOEs and the fixed torsional angle as we suggested above 

for the histidine amide and the carbamoyl group (vide supra). 

It can be gleaned from Fig. 4.16 that a possible coordination site for the carbon monoxide molecule is 

formed in a position apical to the mannose carbamoyl fuction resulting in a distorted octahedral coordina

tion geometry around the iron ion. 

Figure 4.16. The conformers of BLM-Fe-CO in Fig. 4.15 viewed from a different angle in order to get a 

clearer picture of the metal ion coordination. The hydrogen atoms are excluded for clarity as well as the 

fragments V, T, B, and S. For the same reason the radius of the Iron ion is exaggerated. A possible posi

tion of the CO molecule is indicated with an arrow. The numbered atoms correspond with those in Fig. 

4.1 which are marked with italic numbers. 
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DISCUSSION 

A major part of the structure, derived in this paper for the BLM-Fe(II)-CO complex, has the same confor

mation as that obtained earlier for the BLM-Zn(II) complex17. The main difference between the complex

es is the replacement of the primary amine function of the ß-aminoalanine group, which binds to the met

al ion in BLM-Zn(II), by the carbonmonoxyde in the Fe(II)-CO complex. As a result, a more symmetric 

structure with an octahedral type conformation can be formed. In the BLM-Fe(U)-CO complex the nitro

gen atoms of the secondary amine function, the pyrimidine and imidazole groups and the hislidine amide 

are, roughly speaking, located in a square with the metal ion in the center of the plane, whereas in the zinc 

adduci this situation cannot be obtained because the primary amine group is coordinated to the metal Ion 

and thereby distorts the square plane metal surroundings. 

In this respect we note that also distance geometry calculations were performed in which the metal ion 

was not constrained in the planes of the pyrimidine and imidazole groups. This enlargened the conforma

tional space of the pyrimidine moiety in the sense that the metal Ion does not always remain in the plane 

of this group. Obviously, this is due to the lack of NOE constraints of this group towards the rest of the 

molecule, as already mentioned. These results however do not affect the afforementioned symmetry con

siderations. 

Another difference between the BLM-Fe(II)-CO complex and the BLM-Zn(II) structure should be men

tioned. In the former compound the methylvalerate-threonine part of the BLM seems more structured than 

in the zinc adduct. Moreover, it is not as close to the imidazole group as in the Zn(II)-compIex. At this 

moment, we have no explanation for these observations. 

Comparison with structure proposals from other groups 

We have now come to a point where it is necessary to compare the structure derived in this paper with 

proposals made earlier for the BLM-Fe(n)-X complex (where X - CO, NO, etc.). This is important 

because in most if not all of these proposals the primary amine function of the ß-aminoalanine group is 

binding to the metal ion, while we did not (or to a limited extent) involve this function in metal coordina

tion (vide infra). There is general consensus about the coordination of three sites, namely the secondary 

amine of the ß-aminoalanine group, the Ns atom of the pyrimidine ring, and the imidazole JV, function. 

The coordination of these sites follows from the present experiments as well. The other two BLM coordi

nation sites for the Fe(II) ion that we derived from our results, namely the mannose carbamoyl group and 

the hislidine amide nitrogen, have also been indicated by other investigators. There are, however, two 

schools of thought, one of which has the carbamoyl group attached to the Fe(II) ion and not the hislidine 

amide function but instead the primary amine group of the β aminoalanine fragment13, while the other 

group of investigators include the hislidine amide group in the interaction with the metal ion instead of 

the carbamoyl moiety but also involve the primary amine function in metal chelation 1 3·4 0"4\ The latter 

conclusions were based on ESR experiments on BLM and analogues, including the deglycosylated 
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degfyco-BLM, dep-BLM (lacking the alanine portion) and deamido-ЪЬМ, having the alanine amide 

hydrolyzed. The ESR parameters of the nitrosyl adducts of Fe(lI)-BLM and deglycoBlM-Ft(U) are 

almost identical42 This has been interpreted to indicate that the carbamoyl group plays no role in coordi

nation in contrast to our results and those of the abovementioned other group of investigators: NMR stud

ies by Oppenheimer et al. clearly demonstrated that the geometry in the rfeg/yco-BLM-FeOty-CO com

plex differs substantially from that of the native BLM-Fe(II)-CO complex "-". If these Fe(II)-CO 

complexes are directly Comparable to the corresponding Fe(ll)-NO complexes, as has been assumed, the 

contusions derived from the ESR data do not necessarily hold. The conclusion of Oppenheimer et al. that 

the carbamoyl group binds to the metal ion was based on the large shift observed for the mannose Я, 

resonance occurring upon complexation of BLM with the metal ion. This shift was also observed by us 

and used in support of the binding of the carbamoyl group (which is attached at the 3' position of the 

mannose sugar) to the metal ion. Our main reason to conclude to this binding was, however, based on the 

finding that the sugar-histldine рол of the molecule Is well structured as soon as the Fe(II) ion is bound to 

the molecule. As pointed out above, this can only be rationalized if the carbamoyl group forms a chelation 

site. 

However, in contrast to Oppenheimer et al. we haveithe histidine amide attached to the Fe(II) ion and not 

the primary amine fuction of the ß-aminoalanine group. The Oppenheimer group did not give explicit rea

sons for not involving the histidine amide function other than that of elimination because there were 

already six chelating groups binding to the metal ion. We have very good reasons to involve this group in 

metal binding. Only in this way its orientation can be maintained with respect to the imidazole-sugar part 

of the molecule as it also was in the BLM-Zn(II) complex17 (vide supra). 

At this point we might, by elimination, exclude the primary amine function of the ß-aminoalanine residue 

from metal coordination. This is indeed indicated by the coupling constants measured for the CH-CH1 

moiety of this residue. They increased from 3.8 and 2.0 Hz in the BLM-Zn(II) complex, where they char

acterize a well-defined structure, to 72 and 4.2 Hz in the BLM-Fe(n)-CO complex (ci. Table 4.5). This 

suggests a flexibility of the ß-aminoalanine tail equivalent to that found in the metal free BLM. We disa

gree with Oppenheimer et al. that the latter set of coupling consumís may characterize a well-defined non-

staggered conformation". Modem J-coupling analysis with well-tested Karplus equations, which include 

electronegativity effects of substituenls" show that this is not possible. We cannot dismiss, however, the 

possibility that the primary amine binds transiently to the metal ion as a result of which two different geo

metries of the complex are temporarily formed. The necessary concomitant rearrangement of the other 

ligaling groups is, however, not manifest in the spectra so that we consider this possibility somewhat 

unlikely. 

It has been suggested in the literature'1'46 that also the methylvalerate moiety, in particular the hydroxy! or 

carbonyl group, could be involved in metal coordination. Such conclusions were based on the sensitivity 

of the a-CH resonance position of the methylvalerate residue in the NMR spectrum of the BLM-Zn(Il) 

complex47 and on more spectacular shifts observed in the NMR spectrum of the paramagnetic BLM-
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Ре(П) complex45, where the methylvalerate аСЯ resonance position changes by about 40 ppm as does the 

imidazole HA resonance. This behaviour does not necessarily mean, however, that the valerate fragment 

is coordinated to the metal ion. Analysis of our BLM-Zn(n) structure'7 shows that in a number of our low 

error structures the distance of the valerate aCH proton to the zinc ion is about the same as that of the his

lidine H, proton of the metal ion bound histidine (-0.55 nm). Thus, while the valerate group is not coordi

nated to the metal ion large shifts may still be observed in the NMR spectrum of the BLM-Fe(II) complex 

because of the apparent proximity of this proton to the metal ion. 

It is interesting to add that the shift observed for the mannose M3H resonance of the paramagnetic BLM-

Fe(II) complex is -14.8 ppm41. In the BLM-Zn(II) complex this proton is about 0.43 nm removed from the 

metal ion. Since the largest positive paramagnetic shifts are observed for the P-CH2, His-H4 and 

Val-аСН resonances, the main principal axis of the paramagnetic susceptibility tensor is roughly in the 

direction of the line which can be drawn through the Zn(II) ion and these protons. This axis and the line 

connecting the metal ion and the M3H proton form an angle of about 90°. This very nicely explains the 

negative and smaller paramagnetic shift observed for the resonance of the mannose proton. It is noted in 

passing that in these qualitative considerations we have, for the sake of simplicity, assumed, that we only 

need to deal with pseudocontact interactions. These are proportional to (3 cosî©-l)/r\ where θ is the 

angle between the main principal axis of the paramagnetic susceptibility tensor and the axis connecting 

the metal ion and the proton considered; r is the distance between these two atoms. A further analysis of 

the conformation of BLM-Zn(II) In relation to the paramagnetic BLM-Fe(II) complex is outside the scope 

of Ibis paper and would require more in depth studies of the latter complex. It can be concluded, however, 

on the basis of the presently available data that the structures of the BLM-Zn(II) and BLM-Fe(II) com

plexes are similar as has usually been assumed. 

Biological aspects 

It is generally accepted that cell killing by bleomycin takes place via the DNA degradation of BLM-

Fe(II)-Oj complexes. The earlier research discussed above and the woric carried out on other complexes 

of BLM analogues has suggested that the primary amine of the ß-aminoalanine residue is a determinant in 

this biological activity, while the carbohydrate moiety and its attendant carbamoyl group is not To an 

important extent these notions are based on ESR experiments carried out on different BLM congeners. On 

this basis the BLM-Fe(II)-02 complex (and by inference the BLM-Fe(n)-CO complex) was assigned an 

octahedral coordination geometry with the primary amine function as an axial ligand. The secondary 

amine, the pyrimidine NS, the deprolonated histidine amide and the imidazole N1 form the basal plane of 

the octaeder with a 5-5-6 chelate ring arrangement. The 01 (or CO) is placed in an apical position with 

respect to the primary amine function, thus excluding the mannose carbamoyl group from metal coordina

tion. This representation can be viewed as an extrapolation of the Cu(II)-P-3A complex, an abortive BLM 

congener, which lacks the carbohydraie residues and the bithiazole tail. As has already been indicated in 

the preceding section exclusion of the carbamoyl group as a ligand has been based on the similarity of the 

104 



ESR parameters of different BLM congeners, i.e. metal complexes of BLM, ÍJO-BLM and deglyco-

BLM41. On the other hand, the ESR parameters oidep-BLM are markably différent*5. This BLM congen

er is missing the alanine moiety and therefore its proposed axial ligand, the primary amine. The iron com

plex of a related analogue, the deamido-BLM, exhibits ESR parameters which are pH dependent40, i.e. at 

pH=9 they are close to those of BLM-Fe(II)-NO, which has the same structure as ВІМ-¥е(ІГ)-02, while 

at pH=6 they are similar to those of the dep-BLM complex. The deamido-BLM complex has in its ami-

noolanine tail a carboxyl group replacing the primary amide such that it is thought that at pH=6 the car-

boxyl group is coordinated to the iron ion, while at pH-9 this is the primary amine. At pH=6 the complex 

is not active just as the dep-BLM, but at pH-9 it becomes active suggesting a special role for the primary 

amine in the axial position. 

The inability of the dep-BLM complex and of the deamido-BLM complex (at pki=6) to produce nucleo

tide radicals from intact DNA431* has been explained in terms of a deficient redox capacity of the corre

sponding oxygen adducts. Thus, in the native BLM-Fe(II)-02 complex the proposed axially coordinated 

amine function is thought to play a crucial, if not decisive, role in the generation of the redox capacity and 

exclusion of the primary amine from metal coordination would lead to inactive complexes. Therefore, the 

conformation derived in this paper for the BLM-Fe(II)-CO complex would seem to be at variance with 

these ideas. 

The ESR results need not, however, be explained in these terms. A case in point is the N-acetyl-BLM-

Fe(II) complex, in which the primary amine group is acetylated and for which there are good reasons to 

assume that the primary amine group does not bind to the metal ion". This BLM congener has indeed lost 

ability to cleave DNA, but the reason is its inability to form a complex with oxygen (or CO) ligands. 

Comparison of the NMR spectra of the paramagnetic BLM-Fe(II) and N-acetyI-BLM-¥e(H) complexes 

shows that the coordination geometry of these two congeners is significantly different. Thus the function

al deficiency might well be caused by the abolishment of oxygen affinity in other cases as well, e.g. the 

behaviour of the dep-BLM complex. 

In our opinion it is too early to connect BLM functioning or disfunctioning, i.e. its DNA cleavage activi

ty, with one particular group in the molecule. Scrutiny of the literature shows that modifications of the 

BLM molecule most times, if not always, lead to changes in the coordination geometry of the secondary 

and ternary complexes. In those cases where the ß-aminoalanine portion of the molecule has been modi

fied it follows from ESR as well as NMR experiments that significant changes in coordination geometry 

take place40,49. When modifications of the carbohydrate moiety are effected the ESR parameters are hard

ly influenced4' but NMR experiments show that the coordination geometry has also changed in this 

case44. These changes in structure may influence BLM activity in several ways. As has been indicated, the 

oxygen affinity of the complex may be altered, but also an influence on the redox activity of the metal ion 

may not be ruled out. Furthermore, complex formation with DNA may be affected. 

An example of the altered oxygen affinity has already been mentioned. Deglyco-BLM may perhaps serve 

as an example of the possible influence of modiflcalions on DNA binding. It turns out that the redox 

activity of the degtyco-BLM is reduced, Le. measured through the generation of [3/fJ-lhymine from 
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radiolabeled PM-2 DNA which is reduced to about one half of that obtained by the native BLM com

plex44. In addition to this reduced activity the cleavage specificity of the deglyco-BUA is different from 

the normal BLM50*". Thus, the sugar residues do influence the mechanism of cleavage. The present NMR 

results show that for normal BLM complexes the coordination of the carbamoyl group should be taken 

into account 

It is well known from protein chemistry that in discussions about structure function relationships often the 

question arises whether changes in activity can be assigned to just one residue or to more global proper-

lies of the molecule. With repect to the activity of BLM we face the same problem and therefore detailed 

structural studies, as the one performed in this paper, are necessary for modified BLM complexes. 
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CHAPTER 5 

Some aspects of the metal coordination of the zinc(II) and the 

iron(II)-carbon monoxide complex of bleomycin Aj. 

A nitrogen-15 NMR study. 
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ABSTRACT 

With the aid of two dimensional l,N-H multiple bond correlated spectroscopy and a comparison with "N 

data of model compounds we were able to assign the natural abundance tsN NMR spectra of bleomycin 

and the zlnc(II) and iron(II)-CO complexes thereof. On the basis of the chemical shift behaviour of the 

nitrogen resonances the metal-nitrogen bond character of the BLM-metal complexes is discussed. In par

ticular the chemical shift perturbations of the secondary amine, pyrimidine, histldine amide and imida

zole, caused by the metal ion, are of significance. The metal-nitrogen bonds, concerned, participate in the 

5-5-6 chelate rings arrangement of the basal plane in the octahedral structures. 

INTRODUCTION 

Bleomycin /Ц (BLM, Figure! 5.1), an antitumor metalloglycopeptide was first isolated as a copperOI) 

complex by Umizawa and collaborators (1Д]. The biologically active species, an iron(n)-oxygen adduct 

[3-7], is believed to cause scission of cellular DNA [8]. We have investigated the three dimensional 

structures of BLM and the zinc(II) (BLM-Zn) and iron(II)-CO (BLM-Fe-CO) complexes thereof [9-12]. 

The latter two complexes serve as models for the BLM-Fe and BLM-Fe-02 complexes, respectively, 

which are thought to be important intermediates. For the structure determination we used two dimension

al 'Я and "C NMR methods and distance geometry calculations. A crucial step in this process turned out 

to be the establishment of the metal binding sites in the metal complexes with the concomitant unravell

ing of the metal coordination geometries. Via careful examination of the vicinal Ή J-couplings, chemical 

shift changes and NOE contacts in the NMR spectra we were able to assess the metal binding sites in the 

e-Aalnoal>nln· 
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Figure 5.1. Structure of bleomycin A¿ Fragment abbreviations and numbering are referred to in (he text. 
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bleomycin molecule. Schematic drawings of the complexes, in which the metal coordination is empha

sized, are shown in Figure 5.2. The actual complexes are not as symmetric as suggested by these draw

ings. In the BLM-Fe-CO complex the nitrogen atom of the secondary aminoalanine amine group, the 

pyrimidine N, nitrogen, the imidazole N,, and the histidine amide are, roughly speaking, located in a 

square with the metal ion in the centre of the plane [12], whereas in the zinc adduci this situation cannot 

be obtained because the primary amine is coordinated to the metal ion instead of the CO molecule thereby 

distorting the square metal surroundings [10,11]. 

To gain insight in the oxygen affinity and redox behaviour of the binary (BLM-Fe) and ternary (BLM-Fe-

0 2 ) BLM complexes a detailed understanding of the metal-nitrogen interactions in these complexes is 

mandatory. Towards this end considerable effort has been spent and particularly the application of 

optical-, ESR-, MOssbauer- and CD spectroscopy has provided in valuable contributions to such under

standing ( for an excellent survey the reader is referred to the reviews of Stubbe [13] an Dabrowlak [14]). 

Further progress was, however, hampered by the lack of a detailed model for the metal coordination in the 

complexes. Here, we consider the metal-nitrogen interactions in the BLM-Zn and BLM-Fe-CO adducts as 

monitored by X,N NMR, using information obtained in our earlier NMR studies. 

Figur« 5.2. Artist impressions of the metal coordination In the complexes of bleomycin with tme(U) and 

ігоп(П)-СО as determined in our previous studies [10,12]. No conclusions on the actual symmetry of the 

complexes can be drawn from these figures. 
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Earlier attempts to record and assign the natural abundance N NMR spectrum of the metal-free BLM 

were made by Naganawa et al. in 1979 [IS] and by Sarkar et al. in 1987 [16]. The first group recorded a 

one dimensional lsN NMR spectrum and presented a tentative assignment of the resonances. The latter 

authors were able to assign unambiguously the five secondary amide resonances with the aid of proton 

detected "iV-'tf one bond coherence transfer experiments. However, the resonances of the remaining 

N-H groups in the BLM molecule could not be detected due to excessive exchange of the corresponding 

protons with the solvent (Я20). Here, we exploite the multiple bond "iV-'H correlation technique [17] to 

obtain additional information. In this approach correlations are generated between nitrogens and the non-

exchangeable protons via multiple bond J-couplings. In this way, in principle, also resonances of nitro

gens with no protons directly attached to them can be assigned. A further advantage of this method is that 

one can use D20 as the solvent. It is a prerequisite for the "Ν assignment that the interpretation of the 'Я 

NMR spectra is available but the Ή NMR spectra of BLM and its metal complexes were already com

pletely assigned by us [9-12]. We report the assignment of the UN NMR spectra of BLM, BLM-Zn and 

BLM-Fe-CO at the natural abundance level. 

EXPERIMENTAL 

ID 1SN NMR Samples of BLM, BLM-Zn and BLM-Fe-CO (44 mM in D20, pH 6 J) were prepared as in 

our previous studies [9-12] in 10 mm NMR tubes (Wilmad, 1J ml solution). The ID , JN NMR spectra 

were recorded on a Braker AM 500 NMR spectrometer interfaced to an Aspect 3000 computer. No 

'//-decoupling was used in order to suppress any negative NOE enhancement. The spectra were recorded 

at 298 К with a 60° flip angle (about 11 \is), acquisition time 0.2048 s, spectral width 20 kHz and a relax

ation delay time of 1 s; 180,000 to 280,000 FIDs were accumulated. The final FIDs were subjected to a 

line broadening of 10 Hz prior to Fourier transformation. Formamide (90 % in DMSO-d6) was used as an 

external reference (-267 ppm relative to MeNOJ. 

" N - ' H multiple bond correlated NMR spectroscopy [17] Samples of BLM, BLM-Zn and BLM-Fe-

CO (26 mM in D20, pH 6.5) were prepared as in our previous studies [9-12] in 5 mm NMR tubes (Wil

mad, 0.5 ml solution). The 2D "N-lH correlated spectra were recorded on a Braker AM 600 NMR spec

trometer interfaced to an Aspect 3000 computer. The experiments were performed at 298 К using the 

following pulse sequence: 

Ή: rd - 90° - - -i-/, - 180· - if, - - f2 

,5N: rd - - Δ, - 90е - - 9 0 е -

During the relaxation delay, rd, the solvent was selectively irradiated (25 dB of 0.2 W). The first "N 

pulse creates the multiple bond multiple quantum coherences of interest. The delay, Δ,, between the first 

'Я- and the first 'V-pulse serves as preparation delay which has its optimum for 1/(2 "Jm). The decay of 
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'Я magnetization depends on the transverse relaxation as well as on the transfer amplitude which is pro

portional to cos(nJHj1Al) for each homonuclear coupling of a particular proton. Therefore, in practice, a 

shorter value for Δ, (about 50-80 ms) was found to be optimal; in our experiments we used a delay Δ,-70 

ms. For each value of r,, 144 FIDs were accumulated (2 К datapoints, acquisition time 0.176 s). The val

ue of f, was varied over 0.010-40.970 ms in steps of 40 |is. Prior to Fourier transformation, the FIDs were 

multiplied with a sine bell window function in the CUJ direction and no digital filtering was applied in the 

ω, direction. 

RESULTS 

Assignment of nitrogen resonances in metal free BLM 

The UNIJJMR spectrum of the metal-free BLM recorded at pH 6.5 is shown in Fig. 5.3. The BLM mol

ecule contains seventeen nitrogen atoms, however, in the metal free BLM spectrum only fourteen reso

nances are seen. One reason is that two signals coincide at -263.4 ppm (resonance number 8 in Fig. 5.3), 

the other that the signals of the imidazole group are not observed (vide infra) The ID "Λ/ NMR spectrum 

of metal free BLM dissolved in D20 at pH 4.5 was also recorded (not shown) but no significant differenc

es were observed with respect to the pH 6.5 spectrum. 

BLMZn 

BLM Fe CO 
14 

w^^wu^ 

ιφψΜ Щ^т 

16 8 

•60 -140 -220 
PPM 

•260 •340 -3SO 

Figure SJ. Comparison of the 1 D >SN NMR spectra of bleomycin and ils zinc and iron-СО complexes. 

The additional assignments, not derived from the 2D spectra, were made after a comparison wilh spectra 

of model compounds. Numbers refer to the ones used in the 2D spectra. 
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We start the assignment of the ID "Ν spectrum by considering Fig. 5.4 in which the relevant parts of the 

"ЛГ-'Я multiple bond correlated spectrum are shown obtained for metal-free BLM dissolved in D20 at pH 

6 J. The five secondary amide nitrogens of the residues ß-hydrohis(idine (H), methylvalerate (V), threo

nine (T), bithiazole (B) and Y-aminopropyldimethylsulfonium (S) ( for abbreviations see also Fig. S.l) can 

be readily assigned via the connectivities with their α and β proton resonances or the γ-methyl resonance 

of the methylvalerate amide nitrogen. These connectivities are depicted in Fig. 5.4 (numbers 8,11,12,13 

and 16, respectively). No crosspeaks are observed between the amide nitrogen resonances of fragments V, 

Τ and В and the α protons of the neighboring fragments H, V and T, respectively. Apparendy, the V 

couplings across the carbonyl carbon С-^н-с^аук) а к t 0 0 small to yield detectable crosspeaks. This is 

consistent with the findings of Bystrov for regular oligopeptides [18]. 

In the "Ν high field region one connectivity (number 3) is observed between a nitrogen resonance and the 

α-proton resonances of fragments Ρ and A. This nitrogen resonance is assigned to the aminoalanine sec

ondary N-H function. Crosspeaks arising from V-couplings are not observed for this part of the molecule 

also because these couplings are too small [18]. 

The last correlation (number 14) that can be found in the spectrum in Fig. 5.4 is the one between the 

bithiazole α proton resonance and, what must be, the resonance of the Nr function of this fragment (By). 

At this point, with aid of 2D ΚΝ-Η multiple bond correlation spectroscopy we were able tó assign seven 
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Figur« 5.4. Relevant parts of the N-lH multiple bond correlated spectrum of bleomycin in £>αΟ at pH 

6.3 and 298 K. The "N assigoments are indicated in (he plot 
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resonances in the N NMR spectnim of the metal free BLM. Next, we tried to assign the rest of the ID 

"Ν spectnim of metal free BLM by carefully comparing the remaining resonance positions in this spec

trum with known "Ν data of small model compounds. In this way, we were able to assign six more reso

nances. For instance, three resonances are observed in the low field region which arise from aromatic 

nitrogens and comparison of the observed chemical shifts with the chemical shifts of thiazoles and amino-

substituted pyrimidines [19] allowed the resonance at -84.2 ppm to be assigned to the bithiazole (BN) 

nitrogen and the resonances at -141.7 and -146.4 ppm to the pyrimidine TV, and Nl nitrogens, respectively. 

In particular, in amino substituted pyrimidines a significant chemical shift difference between N, and N, 

was found to exist [19]. In addition, the resonance observed most upfield (-349.3 ppm) in the ID spec

trum can be assigned safely to the primary amine function of fragment A. The resonances not yet 

assigned are those at -269.1, -275 J, -299.3 and -307.4 ppm. Again, after a comparison with "N data of 

amide derivatives [19], the two resonances closest to the secondary amide resonances (-269.1 ppm and 

-275.3 ppm) could be attributed to the free amide groups of fragments Ρ and A. 

Now, thirteen of the seventeen nitrogens of the BLM molecule have been assigned in the "N spectnim. 

At pH 6.5, the two nitrogens of the histidinyl imidazole are expected in the region between -210 and -150 

ppm [20]. The imidazole function of the ß-hydroxyhistidine fragment Is almost totally (>90%) deproto-

nated at this pH since the pKs (in Dfl, uncorrected) of this imidazole is about 5 J [21 ]. However, no reso

nances are observed in this region of the spectrum, probably as a consequence of unfavorable reaction 

rates In the Imidazole tautomer equilibrium (cf. Discussion). Finally, by elimination, the remaining peaks 

at -299.3 and -307.4 ppm are recognized as the pyrimidine amino and the mannose carbamoyl resonances; 

unfonunalely, they could not be individually assigned to one of these nitrogens. 

Assignment of nitrogen resonances in the BLM-metal complexes 

In Fig. S3 the "jV-'H correlated spectrum of the BLM-Zn complex is shown. At -170 and -215 ppm two 

new liN peaks appear in the spectrum as compared with the metal free BLM spectrum (cf. Fig. 53) which 

can be attributed to the imidazole Nl and N3 nitrogens via the connectivities (numbers 9 and 10) with the 

aromatic Нг and Я 4 proton resonances. Moreover, the resonance at -170 ppm can be assigned unambigu

ously to the imidazole JV, nitrogen via an additional crosspeak of this resonance with the histidyl β proton. 

In the rest of the 2D spectrum in Fig. 5.5 the connectivities correspond to those observed in the spectnim 

of the metal free BLM except for the crosspeaks (number 3) from the secondary amine (ANH) ftmction. In 

the BLM-Zn spectnim only one connectivity withii^, (-353.8 ppm) is present, i.e. with the a' proton of 

fragment P. In contrast, in the BLM spectrum the secondary amine resonance (-346.3 ppm) exhibits cros

speaks with all α proton resonances of fragments Ρ and A. 

The x>N-lH correlated spectrum of the BLM-Fe-CO complex (Fig. 5.6) is similar to the spectnim of 

BLM-Zn. For instance, the connectivity patterns of the imidazole group are also found in the spectrum of 

BLM-Fe-CO, although shifted to -209.1 and -211.0 ppm (cf. Fig. 5.3). Following the line of reasoning 
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Figure 5.5. Relevant parts of the N-H multiple bond correlated spectrum of the bleomycin-zinc com

plex In DjO at pH 6.5 and 298 K. The "Ν assignments are Indicated in the plot. 

introduced in the assignment of the nitrogen resonances of the zinc complex, we assign the resonance at 

-209.1 ppm to the imidazole ƒ/, nitrogen. Interestingly, a set of connectivities appear in the "N high field 

region of the spectrum of BLM-Fe-CO in Fig. 5 J not seen in the other spectra (Figs. 5.4 and 5.5). At 

-359.5 ppm, connectivities ( number 2) are observed between the ß proton resonances of fragment A and 

a nitrogen resonance. These connectivities lead to the unambiguous assignment of this resonance to the 

primary amine group (ANn). Note that this assignment is in agreement with the assignments of the ANII1 

resonance in the "N spectra of the metal free BLM and the BLM-Zn complex, the latter being based on 

chemical shift arguments. 

The "//resonance positions of BLM, BLM-Zn and BLM-Fe-CO are listed in Table 5.1. 
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Fragni. Group Chemical shifts 

metal line- iron-

free bound bound 

amide -265.2 -265.0 -265.9 

free amide 

ring Ni 

ring N 

ring amine 

amide 

amide 

ring Nt 

ring N3 

prim, amine 

sec. amine 

free amide 

amide 

ring Ыу 

ring N, 

-269.1/-

-146.4 

-141.7 

275. 

-307.4/-299. 

-249.7 

-263.4 

-349.3 

-346.3 

-275.3/ 

-263.4 

-79.0 

-84.2 

-269 

3 

.3 

.1 

-270.8/-

-148.0 

-175.0 

-307.4/-

-253.0 

-216.2 

-170.0 

-214.2 

-362.0 

-353.8 

-275.0/ 

-263.0 

-79.2 

-84.2 

•275. 

•292. 

-270 

0 

6 

.8 

-270.9/-274.4 

-144.6 

-201.2 

-307.0/-293.1 

-252.5 

-267.3 

-209.1 

-211.0 

-359.5 

-381.8 

-274.4/-270.S 

-263.2 

-79.4 

-84.3 

amide -266.0 -266.0 -265.9 

free amide - 2 9 9 . 3 / - 3 0 7 . 4 - 2 9 2 . 6/-307 . 4 -293 .1/-307 .0 

Table 5.1. "N chemical shifts (relative to MeNOJ of bleomycin and its zinc and iron-CO complexes at 

pH 6.5 'and 298 K. Ambiguous assignments show two chemical shifts. 
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DISCUSSION 

With the aid of 2D ,5JV-W multiple bond spectroscopy we were able ω assign seven resonances in the "W 

spectrum of the metal free BLM. For the "N spectra of the BLM-Zn and the BLM-Fe-CO complexes the 

method worked even better, namely nine and ten resonances could be assigned, respectively. Thus an 

improvement is achieved compared to the "N-'H one bond correlation spectroscopy method. Moreover, 

the multiple bond method used in the present article enabled the assignment of some resonances of nitro

gen atoms with no hydrogen attached to them (for instance the imidazole tf, resonance). Such resonances 

cannot be detected at all with the one bond correlation method. Furthermore, the results of the method 

presently used are not Influenced by the water exchange rate of the amine protons. Indeed, the amine 

nitrogen resonances are seen to have crosspeak patterns in the present 2D spectra. 

In most cases, only two bond couplings are large enough to give rise to crosspeaks in the 2D spectra. 

However, sometimes also crosspeak patterns are seen which arise from three bond couplings, e.g. the 

crosspeak between imidazole Nt and Яр. Here, the size of the three bond N-H coupling is positively influ

enced by the aromatic character of the imidazole C¡-Nl bond. 

Generally, in a study of the influence of a metal ion on the three dimensional structure of a biomolecule, 

in which NMR is used, it is tempting to extract information from a comparison of the ID NMR spectra of 

the appropriate complexes. In previous studies [10-12], we found that in this respect the chemical shifts in 

the 'Я and "C NMR spectra of the bleomycin metal complexes provided limited information. The 'SN 

nucleus seemed a more promising spin-half nucleus for NMR studies since the metal ion coordinates 

directly to nitrogen binding sites in the BLM molecule. 

In Fig. S.3 the l,N NMR spectra of BLM, BLM-Zn and BLM-Fe-CO are shown. When comparing these 

spectra, several differences are observed. Perhaps the most outstanding difference is the appearance of 

two new resonances in the spectra of the metal complexes . These resonances were assigned to the imida

zole nitrogens. The Nl and N) resonances in the ''tf spectrum of BLM-Fe-CO were found to have similar 

chemical shifts (-209.1 and -211.0 ppm, respectively) while (he difference between the resonances of the 

same nitrogens in the BLM-Zn spectrum amounted to 44.2 ppm (-170.0 and -214.2 ppm, respectively). 

An explanation for this behavior can be found in the results of extensive 1>N NMR studies performed for 

imidazole molecules at different conditions [20,22,23]. 

A case in point is A^-methylhistidine. For this compound, at neutral pH, the Ni and N, signals are at 

-128.6 and -212.2 ppm, respectively [23], exhibiting a difference of 83.6 ppm. Protonalion at the Nt posi

tion causes a large upfield shift (69.4 ppm) of the Nl resonance resulting in similar chemical shifts for the 

Л/, and Ny resonances. 

In general, the UN chemical shift is essentially induced by the paramagnetic (anisotropic) contribution 

which in tum depends on the rc-eleclron density and the 2p orbital radius [24]. Witanowski et al. showed 

that in various heterocyclic compounds a linear relationship exists between the nitrogen chemical shift 
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and the π-electron density [25]. In neutral imidazole, there exist two types of nitrogens (a and β, equation 

I). The o-lype nitrogen (N3) provides the two electrons of its lone pair to the aromatic π-system, whereas 

the ß-type nitrogen (TV,) provides only one electron to the π-system. Its lone pair is not involved in the 

π-system and is therefore accessible to processes like protonation and metal binding. The тс-electron den

sity of the Na nitrogen is higher than for the N. nitrogen resulting in a shielding of N^ relative to N.. The 

chemical shift difference between the corresponding nitrogen resonances amounts to about 80 ppm. 

Returning to the /^-methylhistidine, the chemical shift difference between TV, and Nl of 83.6 ppm is an 

indication of the α and β character, respectively, of these nitrogens in the unprotonated imidazole. After 

protonation at W,, the stabilization of the positive charge by delocalization over the ring system induces 

an increase in the π-electron density at Nx which becomes an α-type nitrogen, resulting in a large upfield 

shift. Similar observations have been made for the protonation and deprotonation of ring nitrogens in 

nucleosides [19]. 

Equation I. Equation II. 

The positions and shifts measured in the i3N spectra of BLM metal ion complexes are reminiscent of 

these observations. We first focuss on the imidazole group. The imidazole l 3N resonances of the metal 

free BLM cannot be detected probably as a consequence of the unfavorable reaction rates in the tautomer

ic equilibrium (equation Π) which is present at the experimental conditions. In case of a fast equilibrium 

the observed Nx and N} signals are the average of the corresponding resonances in the uncharged imida

zole states. Slow reaction rates cause the resonances of the individual imidazole tautomers to appear sepa

rately in the spectrum. However, if the exchange proceeds at an intermediate rate (on the NMR time 

scale) exchange broadening occurs and the signals could be lost In the "N NMR spectra of the BLM-Zn 

and BLM-Fe-CO complexes the Ni and N3 resonances appear as narrow lines. Most certainly, the metal 

ion blocks the tautomer equilibrium by capturing one imidazole state. In the spectrum of the iron com

plex the Nl and N3 nitrogens resonate at similar positions in the spectrum i.e. ΛΓ, at -209.1 and Ni at -211.0 

ppm. In the spectrum of the zinc complex the chemical shift difference is larger (44.2 ppm; Nl at -170.0 

and Ni at -214.2 ppm), but significantly smaller than the difference (83.6 ppm) observed for the unproto

nated Λ/,-methyl histidine. The lower field position of the A/, resonance with respect to the N, resonance 

in the spectra of both metal complexes indicates that it is the lone pair of this nitrogen which coordinates 

lo the metal ion. Moreover, the observed large shielding of the Nt resonance in the spectrum of the BLM-

Fe-CO complex (Ni at -209.1 ppm) reflects an increased π-electron density on this nitrogen [22]. On the 

other hand, the smaller shielding of the Nl resonance in the spectrum of the BLM-Zn complex (Nl at 

-170.0 ppm) is indicative of an intermediate situation. 
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A similar reasoning applies for the complexation of the metal ion to the Nj-ring nitrogen of the pyrimi-

dine moiety. Large upfield shifts are observed for the N¡ resonances in the spectra of both metal complex

es. Again, a larger shielding of the N, nitrogen in the BLM-Fe-CO complex [N} at -2012 ppm) is 

observed compared to that of the N) atom in the BLM-Zn complex (N} at -175.0 ppm). 

In (he l,N spectrum of the BLM-Zn complex a large deshielding (Δδ=47.2 ppm) is observed for the histi-

dine amide resonance compared to the spectrum of the metal free BLM. Again, the interactions of the 

metal ion with the histidine amide can be described in terms of changes in the it-electron density. In the 

BLM-metal complexes this amide is found to be deprolonated [10,12,26] in contrast to the metal free 

BLM It can be argued that deprotonating the amide nitrogen leads to a decrease in rc-electron density. To 

this end the resonance structures of the deprolonated amide have to be regarded (equation Ш). The neg

ative charge on the amide is localized on the amide oxygen and nitrogen. Hereby, the nitrogen lone pair 

(responsible for a large contribution to the it-electron density) is delocalized between the corbonyl carbon 

and nitrogen, resulting in α decrease In π-electron density on the nitrogen with the concommittant desh

ielding of the nitrogen. This deshielding effect in the BLM-Zn complex is still present to some extent 

indicating that negative charge is present on this amide nitrogen. In contrast, in the "N spectrum of the 

BLM-Fe-CO complex the histidine amide resonance is only slightly shifted to a more upfield position 

(Δδ=-3.9 ppm), suggesting that there is no negative charge situated on the amide nitrogen. This is consis

tent with a metal coordination in which the metal-nitrogen bond has considerable covalent character. 

_ 
/ o \ /o\ loi 

H 

Equation I I I . 

In the high field region (<-340 ppm) of the "Ν NMR spectra (Fig. 3.6) also marked chemical shift differ

ences are found. The two resonances that reside in this part of the spectrum belong to the secondary (ANH) 

and primary amine (A,^ nitrogens of fragment A. In our previous studies the secondary amine was 

established as a metal coordination site in both the BLM-Zn and the BLM-Fe-CO complexes while the 

primary amine nitrogen is coordinated to the metal ion only in the zinc complex [10-12]. In fact, the dif

ferent crosspeak panems (a result of different J couplings) observed in the high field regions of the l,N 

spectra reflect the conformational differences in the aminoalanine part of these metal complexes of BLM. 

A metal ion coordinates to an amine nitrogen via an interaction with the lone pair of the nitrogen atom. 

Hence, it seems likely that a binding of (he metal ion to the amine results in a significant change in the XSN 

chemical shift (change in anisotropic contribution). In fact, this is the case for the secondary amine in the 

BLM-Fe-CO complex for which a large upfield shift (35 J ppm) is observed in the spectrum relative to 

the position in the spectrum of the metal free BLM. In the spectrum of the BLM-Zn adduct the upfield 
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shifts (about 10 ppm) are smaller for both amine resonances. Interestingly, a similar upfield shift is 

observed for the primary amine resonance in the BLM-Fe-CO complex. As mentioned, this group is not 

coordinated to the iron ion. This effect can be explained by regarding the pKt of (be secondary amine 

(ANH). Metal ion binding to this ANH function, probably, causes a decrease of the рКш of the primary 

amine moiety. Such an effect is observed when the secondary amine is alkylated [27]. Hereby, the pKt 

of the ANm group decreases from 7 5 to 5.7. As a result, the primary amine function in the BLM-Fe-CO is 

deprotonated at pH 6.3. This causes the amine nitrogen to be shielded by a typical amount of 10 ppm 

119]. 

In the ppm region where the mannose carbamoyl and the pyrimidine amine resonances reside, a relatively 

small downfield shift (about 6-7 ppm) is observed for one resonance when BLM binds to the metal ion. 

Unfortunately, the two resonances in this region cannot be assigned individually with the aid of the 2D 

spectra. Therefore, we cannot tell whether it is the carbamoyl resonance that is shifted, although this is 

very likely since it is a metal binding site in the BLM molecule, or the resonance of the pyrimidine amine 

group. 

The largest effects on the chemical shifts, from metal ion binding, are observed for the resonances of the 

secondary amine nitrogen (ANH), the pyrimidine Ν}, the histldine amide and the imidazole W, nitrogen. 

Oftentimes the shifts are larger for the BLM-Fe-CO complex than for the BLM-Zn complex. In the struc

ture of the BLM-Fe-CO complex [12] the nitrogens mentioned above were found to form the basal plane 

of the octahedral environment of the iron ion. Furthermore, this octahedral geometry was established to 

be more regular than in the BLM-Zn complex where a less regular metal surrounding was found. In gen

eral, a more regular geometry results in better overlap between the orbitals of the nitrogen atoms and the 

metal ion, causing a stronger binding. The large perturbations that are observed in the l,N NMR spectrum 

of the BLM-Fe-CO complex could be reminiscent of such a stronger binding. 

The above considerations suggest that the displacement of a BLM ligand ÇANH) for an external ligand 

(CO), along with major structural changes, is accompanied by significant electronic changes through the 

entire structure. However, in ESR studies of ternary complexes of BLM derivatives (rftp-BLM-Fe-X, a 

BLM lacking the α-amino group; tfeam/do-BLM-Fe-X, a BLM with a hydrolyzed alanine residue; 

<feg/yc0-BLM-Fe-X, a BLM missing the sugar fragments [13], Fig. 1.1) the obtained structural informa

tion was extrapolated to the native BLM-Fe-Oj complex. In our study of the BLM-Fe-CO complex we 

already questioned this strategy [12]. The present data show that, indeed, one has to be extremely careful 

with these extrapolations. 
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ABSTRACT 

In the present study the interaction of the bleomycin Ау еіЩ-СО complex (BLM-Fe-CO) with a double 

helical d(CGCGCG) oligonucleotide was studied with 2D NMR techniques. Several binding types were 

observed. Next to an initial fast exchange type of binding a slower exchange type of binding appeared. In 

this binding mode it was found that a form of the BLM-Fe-CO complex intercalated between the C, and 

the G1 nucleotide of the the hexamer. A plausible binding mechanism is presented which fits all the data. 

INTRODUCTION 

The bleomycins are a family of metallo-glycopeptide antitumor antibiotics which find clinical application 

in the treatment of various tumors. Cleavage of cellular DNA is thought to account for the anti-neoplastic 

activity of bleomycin which proceeds via a reaction dependent on metal ions and molecular oxygen [1-6]. 

One of the most important bleomycins is bleomycin A7 (BLM, Fig. 6.1). This bleomycin molecule was 

shown to be composed of three domains. One domain, the bithiazole moiety and perhaps the charged 

Y-aminopropyldimethylsulfonium adjacent to this moiety is believed to be responsible for the binding of 

BLM to DNA. The other domain consisting of the aminoalanine, pyrimidinylpropionamide, hydroxyhis-

tldine and sugar fragments is the actual metal binding site [7-9] which is involved in DNA nicking. A 

third domain, comprised of the residues methylvalerate and threonine links the first two domains together. 

Since their discovery, in 1966, the interaction of metal-bleomycins with DNA has been extensively stud

ied [10-14]. Recently, an excellent review on this suject has been published by Stubbe and Kozarich [10]. 

Despite the vast amount of data generated in these studies the actual binding and cleavage process are 

Figure 6.1. Structure of bleomycin Αγ 
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still a matter of debate. To date, several modes of binding of BLM to DNA have been suggested of which 

intercalation and groove binding by the bithiazole unit seem the most important. For the DNA cleavage 

process, a mechanistic model has been proposed which features hydrogen atom abstraction from the 

deoxyribose C^ carbon to produce a radical carbon atom at that position followed by Cy-Ct. band scission 

[10]. 

Following our earlier structural studies of BLM-Zn and BLM-Fe-CO we investigate here the interaction 

of the BLM-Fe(II)-CO complex with the symmetrical double helix formed by the self complementary 

d(CGCOCO) oligonucleotide. The choice of this piece of DNA was based on the following four consider

ations. 

1) Short oligonucleotides are preferable for binding studies by means of NMR because of the relative low 

molecular weight, resulting in well resolved NMR spectra. 

2) The oligonucleotide should contain the sequence C-G or C-T since this sequence is preferably cleaved 

by BLM [15-17]. 

3) The rates of dissociation and association of the BLM-Fe-CO-DNA complex should permit a proper 

2D NMR analysis thus, these rates should not be intermediate on the NMR time scale; i.e. they should not 

be Jfĉ -IAcùl, where Δω represents the difference in chemical shift between protons of the bound and 

unbound state. 

4) The d(CGCGCG) hexamer is known to be actually cleaved by the ВШ-Ре(ІІ)-02 complex in vitro 

[18]. The Ή NMR spectra of the hexamer and the BLM-Fe-CO complex were already assigned by Chen 

et al. [19] and our group [9], respectively. 

EXPERIMENTAL 

Materials. The BLM-Fe-CO complex was prepared according to the procedures outlined in our study of 

the solution structure of this complex [9]. Typically, a solution of S.7 mg DNA in 0.200 ml of a 10 mM 

solution of phosphate buffer pH 7 in Dfi or ЩО (10 % Dfi) was mixed with 200 μΐ of a 7 J mM solu

tion of BLM-Fe-CO complex in D 2 0 (1 molar equivalent). 

NMR spectra. The ' # NMR spectra were recorded on a Broker AM 600 NMR spectrometer interfaced 

to an Aspect 3000 computer. The decoupling power is referenced in dB attenuation relative to a maxi

mum of 0.2 W. The solvent ifiDO or H-P) signal was used as an internal reference (6=5.02 ppm at 272 

K) in the spectra. The following 2D techniques were employed for the spectral assignments discussed in 

this paper. 

Nuclear Overhauser enhancement spectroscopy (NOESY) in Ο20[2Ο-21]. The experiment was per-

fornied at 272 К on a Dfi solution under non-spinning conditions. Quadrature detection in the 

^-direction was achieved by using the TPPI method [22]. During the relaxation delay period (rd) the 

HDO solvent signal was selectively irradiated (1.0 s; 30 dB): 
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[rd-w-^-w-^-w-g 

The spectra were recorded with a 100 ms mixing time (?„). The value of r, was varied over 0.003-42.500 

ms in steps of 83 цз. For each value of r, 64 FIDs were acquired (2K datapoints, acquisition time 0.176 s). 

Prior to Fourier transformation, the FIDs were multiplied with a Gauss-Lorentz like window function in 

the f2 direction and a squared sine bell (— shifted) window function in the r, direction. Subsequently, 

after Fourier Transformation, the spectrum was subjected to a base plane flattening procedure using the 

baseline correction algorithm of Pearson[23]. 

Nuclear Overhauser enhancement spectroscopy in Η20(ΝΟΕ5Υ). The experiment was performed at 

272 К in Н.р under non-spinning conditions. In order to suppress the НгО solvent signal a time shared 

long (TSL) observation pulse was used in combination with a data shift accumulation (DSA-4)[24-25), 

resulting in the following pulse sequence: 

[Γ -̂Μ'-ί/Ι-ί,-Μ'-̂ -ΤΑί, pu/íí-g 

Quadrature detection ω, direction was obtained by using the TPPI method [22]. A relaxation delay (rd) of 

1.0 s was used. A mixing time (/m) of 100 ms was applied. The TSL pulse consisted of ten 9° pulses with 

intermittent delays of 15 ya. The value of i, was varied between 0.003 and 42.500 ms in steps of 83 \is. 

For each value of f,, 64 FIDs were accumulated (4 К datapoints, acquisition time 0.176 s). Prior to Fouri

er transformation, the FIDs were multiplied with Gauss-Lorentz like window functions in both directions. 

Subsequently, the spectrum was submitted to a base-plane flattening procedure using the baseline correc

tion algorithm of Pearson [23]. 

RESULTS 

ID spectra 

As an introduction to the analysis of the 2D NMR experiments, first, the changes in the ID NMR spectra 

were examined. In Fig. 6.2, NMR spectra are depicted recorded for BLM-Fe-CO-DNA mixtures dis

solved in D 20. The situation obtained immediately after the addition of 0.5 equivalent BLM-Fe-CO to a 

buffered solution of the ¿(CGCGCG^ oligomer is represented in Fig. 6.2c. The spectrum in Fig. 6.2d 

represents the situation for the same solution after staying for two weeks at room temperature. For refer

ence purposes, in Fig. 6.2a and 6.2b, spectra of the free BLM-Fe-CO and the ¿(CGCGCG^ double helix 

are outlined. The spectrum of the DNA oligomer can be divided in several distinct parts. In the 7-8 ppm 
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Figure бЛ. Comparison of the ID NMR spectra of the BLM-Fe-CO-DNA (1:2) complex shortly after 

preparation and after two weeks. The spectra were recorded at 272 K. For reference purposes, the spectra 

of the unbound BLM-Fe-CO and DNA are also presented, a) spectrum of BLM-Fe-CO. b) spectnim of 

d(CGCGCG), c) spectrum of the freshly prepared drug-DNA complex, d) spectnim of the drug-DNA 

complex after two weeks of standing at room temperature. Differences between the spectra of the two 

drug-DNA complexe are outlined in the figure. Peaks marked with о aie new peaks appearing in the spec

trum after two weeks while peaks marked with · dissappeared during this period. 
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region the resonances of the aromatic protons (GHt,CH¿) reside. The remaining aromatic protons (СЯ3) 

together with the sugar W, protons resonate near 3.5-6.0 ppm. The other sugar proton resonances: Н'г at 

4 J-5.0 ppm, W4/rj//"j at 3.5-4.5 ppm, and H'2JH"i at 2-3 ppm have also typical positions. 

Immediately after adding 0 J equivalents of BLM-Fe-CO to a buffered DNA solution at 272 K, the Ή 

NMR spectrum of DNA changes. Some peaks which correspond to DNA resonances are shifted (Fig. 

6.2c). In this spectrum, these peaks are recognized as DNA peaks via their intensity (DNAJBLM S 2:1). 

Also the resonances of the BLM-Fe-CO complex have different chemical shifts when compared to the 

unbound state (Fig. 6.2a). The spectral changes in the spectrum in Fig. 6.2c reflect all the features of a 

fast exchange equilibrium between BLM-Fe-CO and the DNA. Surprisingly, when measuring (he same 

solution after two weeks it turned out the spectrum had changed totally. New peaks appeared (marked о 

in Fig. 6.2d) while most of the BLM-Fe-CO peaks (marked · in Fig. 6.2c) disappeared. Furthermore, the 

DNA peaks that were recognized in Fig. 6.2c shifted back to their free (Fig. 6.2b) position in the spec

trum. On the basis of temperature dependent measurements (not shown) it could be concluded that the 

spectrum in Fig. 6.2d represents a slow exchange equilibrium. The temperature at which coalescence of 

the peaks was observed was found to be around 303 K. Above this temperature the resonance lines in the 

spectrum sharpened markedly to a fast exchange spectrum. 

Repetition of the procedure described above but now with concentrations of BLM-Fe-CO approaching 

one equivalent of DNA caused the new peaks in the spectrum to increase in intensity while the free DNA 

peaks decreased. In case an excess of BLM-Fe-CO was added a severe line broadening in the spectrum 

occurred while no significant intensity changes of the DNA peaks were observed. In Fig. 6.3a< the effect 

of increasing amounts of BLM-Fe-CO on the spectrum is shown. The spectra were all recorded about two 

weeks after the addition of the BLM-Fe-CO complex to the DNA solution. 

On the basis of these results it was decided to use solutions with equimolar amounts of BLM-Fe-CO and 

DNA for the 2D NMR analysis. The spectra used for the 2D NMR analysis were recorded two weeks 

after preparation. In these spectra still traceable amounts of 'free' DNA and BLM-Fe-CO were observed 

which were used as internal references for the assignment of the resonances of the bound forms. The 

spectra were all recorded at 272 К in order to decrease the exchange rates. 

Assignment of the DNA spectrum 

In Fig. 6.4 the NOES Y spectrum of the 1:1 solution of BLM-Fe-CO and ¿(CGCGCC^ double helix in 

DjO is shown. In this spectrum cross-peaks are observed around the diagonal which could be character

ized as exchange peaks in a ROESY experiment [26] (not shown). Upon closer examination, these cros-

speaks connect resonances of DNA protons representative of the free symmetrical state (Fig. 6.2b) with 

resonances of the same DNA protons in a different state. Apparently, two distinct states of DNA are 

present in the solution, i.e. a form which we shall designate the 'free' DNA and another one. Some reso

nances of the 'free' DNA are connected to two resonances of the DNA in the other state. This means these 

DNA protons in the second state are magnetically inequivalent, i.e. the second DNA state is asymmetri

cal. 
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Figure б J . Influence of increasing BLM-Fe-CO concentrations on the NMR spectnim of the DNA BLM 

complex mixture. The spectra were recorded about two weeks after preparation, a) spectnim of the drug-

DNA complex (1:2 equivalent), b) spectrum of the dnig-DNA complex (1:1 equivalent), c) spectrum of 

the drug-DNA complex (2:1 equivalent). Peaks marked with χ are due to contaminations. 
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Figure ί.4. NOESY spectrum of the (1:1) BLM-Fe-CO-DNA complex in £>,<?. In the spectrum the 

assignments of the bound BLM-Fe-CO resonances are outlined along with the NOEs between the drug 

and the DNA duplex. The notations a, b, ƒ correspond to protons In strand a and b In DNA and the 'free' 

forms of DNA and BLM-Fe-CO, respectively. The spectrum was recorded at 272 К two weeks after 

preparation. 
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For α clear understanding of the exchange crosspeak patterns, first three possibilities are considered. 

a) The 'free' DNA resonance is connected with two resonances of asymmetrical DNA. It must be recalled 

thai any 'free' DNA resonance of symmetrical double helical DNA consists of the sum of the resonances 

of the two symmetry related protons (or proton groups), i.e. one in each strand. In the situation described 

above the two, formerly symmetry related, protons have both obtained a unique, different chemical shift 

in the second state. 

b) The 'free' DNA resonance is connected with one asymmetrical DNA resonance. In this case only one 

proton resonance of the symmetry related pair has changed its position, the other has the same chemical 

shift as. in free DNA. A second possibility is that both symmetry related protons have acquired an identi

cal chemical shift in the second state but different from 'free' DNA. 

c) The 'free' DNA resonance is not connected with any resonance of the asymmetrical DNA. This will 

occur if the symmetry related proton resonances are not influenced. 

For a better understanding of the following assignment a numbering scheme of the double helical oligo

nucleotide is presented. 

г < С2-с,-о4.с,.сб

 r 

Normally, the assignment procedure in NOESY spectra of DNA double helices starts with the Ht or Я, 

resonances of the S'-end nucleotide. Since these protons are in close proximity to the Intra-residue sugar 

/T,//^ and Н"г protons, the resonances of the latter protons can be assigned subsequently. In regular 

B-DNA these sugar protons are, in tum, in close proximity to the He or Ht proton of the adjacent nucleo

tide, hence this aromatic proton can be assigned. This procedure can be continued through the entire sin

gle strand of a DNA В helix using the socalled connectivity walk [27-29].For instance in the case of 

d(CGCGCG)2, the assignment starts with the cytosine Hf aromatic proton at the 5'-end and is extended 

via the cytosine Н'^Д'г and Н"г to the adjacent guanine H, aromatic proton and so forth in the 3' direc

tion. The remaining resonances of the sugar protons ¿T,, / f 4, H'i and H", can then be located via cros-

speaks to the Wa, Н"г resonances of the same residu. However, in the 2D spectrum of the BLM-Fe-CO-

DNA complex in Fig. 6.4 the region where the normal connectivity walk would be started is very poorly 

resolved due to peak broadening. Hence this normal procedure cannot be followed. Since (he 'free' DNA 

spectrum is already assigned [19], the spectrum of the asymmetrical DNA form can be analyzed via the 

exchange crosspeak patterns. Since the NOEs and exchange peaks between the W2 and Н"г resonances 

are very strong, the assignment procedure was started here. The lfJlÏ\ region is outlined in Fig. 6.5. 
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Figure бJS. Part of the spectrum in Fig. 6.4 showing the crosspok patteras between the Hr and the Яу. 

protons of the DNA. As an example the assignment of the G, resonances are illustrated. The strand selec

tive assignments of C, and G( are arbitrarily chosen. The notations a, b, f correspond to protons in 

strand a and b In DNA and the free' forms of DNA and BLM-Fe-CO, respectively. 

In spite of the very dense concentration of cross-peaks it is possible that, except for the resonances of the 

guanine G2 and G4 fragments, all Wj resonances can indeed be assigned solely on the basis of the infor

mation in this part of the spectrum. Due to the severe overlap of the resonances between 2.S and 2.75 ppm 

the Gj- and Gt- H'1 resonances could only be identified via crosspeaks with other than if2 protons. For 

instance, the G1-H'i proton resonances were assigned via NOE crosspeaks with the cytosine С,-Я3 reso

nances as will be outlined below (Fig. 6.6). Of the Сд-Н^ resonances of the asymmetric form only one 

resonance could be found on the basis of an NOE with the intraresidue aromatic base proton (vide infra). 

The a and b notation in Fig. 6.5 characterizes the different strands in the asymmetric DNA form. The /T, 

and H"1 resonances in this form could be assigned to a certain strand via NOE crosspeaks to the aromatic 

protons. This will be shown below when the connectivity walks are explained. In addition to the regular 
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Figure б.б. Part of the 2D spectrum in Fig. 6.4 showing the crosspeaks of the Я 7 /Я г protons with the 

H,., Ну and the aromatic protons, H,, Ht and Я,. As an example, the crosspeak patterns with the C, Hr 

proton of strand a are depicted. The strand selective assignments of C, and Gt are arbitrarily chosen. 

The notations a, b, ƒ correspond to protons in strand a and b in DNA and the 'free' forms of DNA and 

BLM-Fe-CO, respectively. 
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NOEs observed between the H'1 and //"2 protons and exchange peaks between the asymmetric and 'free' 

DNA also crosspeaks are observed between resonances of an Wj proton in the 'free' DNA form and reso

nances of the other geminai proton in the asymmetric state. These are socalled exchange mediated NOEs. 

In principle, this is an NOE between the two Л", and if'j protons in the 'free' DNA fonn. Because these 

protons also acquire the typical chemical shift in the asymmetrical DNA during the experiment also cros

speaks are observed with these resonances. As an example, the crosspeak pattern of the Н'г and H"1 reso

nances of the Gj nucleotide is considered. The H'1 protons acquire two new chemical shifts in the bound 

form (3.12 and 2.60 ppm) which can be located via exchange peaks. The Н"г protons in the bound state 

resonate at 2.72 and 2.23 ppm. Via the cross peak pattern outlined in Fig. 6.5 it is shown that the reso

nances at 3.12 and 2.72 ppm belong to one strand (signed α in the figures) while the resonances at 2.60 

and 2.2S ppm belong to the other strand b. NOEs are observed between the geminai protons i.e. the 

i f j Н"г resonances of the free DNA (2.62 and 2.34 ppm) and of both strands in the bound form. Further

more, exchange mediated NOEs are observed, for instance between the /f j resonance in strand a and the 

H"i peak in the 'free' DNA form. 

Now, with the aid of the H'JH'\ assignments it is possible to identify the other resonances of the asym

metrical DNA form as well. For instance, the aromatic cytosine Ht and guanine H, protons of the asym

metric form can be assigned to a certain nucleotide via the exchange crosspeaks with the aromatic proton 

resonances of the 'free' DNA. Next, they are attributed to a specific strand via crosspeaks to the H'i/H"1 

protons as explained above in the DNA assignment strategy. In B-DNA, the largest NOEs are observed 

between the HJH, protons and the intraresidue Н'г protons and between the Н"г and the aromatic protons 

of the adjacent (in the 3' direction) nucleotide. In Fig. 6.7 the connectivity walks are outlined. Via these 

connectivity walks the proton resonances of the different nucleotides can be connected. So, for instance, it 

was found that for the asymmetrical DNA form it was possible to walk from ClH(i to GJit and then it 

stopped. The strand to which these protons belong is designated strand a. Although there is great deal of 

overlap, especially around 8 ppm, the connectivity walk can be accomplished with the aid of the ¿Γ2 and 

H"j assignments. For instance, the Cj-Wj resonance of strand a shows an NOE with the intraresidue Ht 

resonance (Fig. 6.6). Also, an exchange mediated NOE (marked *) with this H6 resonance in the 'free' 

DNA state is observed. Furthermore, an NOE is present with the Я, resonance of the G, residue. In addi

tion, this H, resonance shows an NOE with an intraresidue ¿Γ, resonance (at 2.55 ppm). In this way the 

Wj resonance of the G4 nucleotide in strand α in the bound state is located. 

On the other hand, the (Γ,Η, resonance of the other strand (strand b) cannot even be connected to the H", 

or Н"г resonances of the same nucleotide. But, since the resonances of strand a can be located up to G4 it 

is possible to assign the Н'г and H"1 resonances of C^G^C, and G4 to the other strand as well. The reso

nances of C, and G, cannot be assigned to a certain strand. The designation a or b in the figures is arbi

trarily chosen for these nucleotides. 

As for the aromatic base protons also the W,, H', and H} resonances could be assigned (Fig. 6.6). In case 
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Figure 6.7. Part of the 2D spectrum in Fig. 6.4 showing the connectivity walks through the aromatic Ht 

and Ht protons and the //r/Hr protons. Connectivity walks leading to the strand selective assignments in 

Figs. 6.4-6 are outlined in the figure. In strand a the walk can proceed up to the G4 nucleotide whereas in 

strand b the walk Is blocked between C, and C3. The solid Une represents the connectivity walk in the 

'free' DNA spectrum. The notations a, b, ƒ correspond to protons In strand a and b in DNA and the 'free' 

forms of DNA and BLM-Fe-CO, respectively. 

of the aromatic base Я, resonances, the assignments could also be established via the strong NOEs to the 

already assigned intraresidue Hf resonances (not shown). In Fig. 6.6 the assignments of the ff,, H'J and 

the ƒƒ, resonances are shown. The resonances of the C, nucleotide in the bound state could not be found in 

these spectral parts via NOEs with the H,JH'\ proton resonances due to the large linewidths of the latter. 

The assignments were confirmed via TOCSY experiments (not shown). The H'i resonance of residue Gt 

in strand a could not be located because no NOEs were observed to the lfjlf\ proton resonances of this 

guanosine fragment. Furthermore, no clear NOEs were observed between the С3 H', and /Г, resonances 

and the intraresidue H'JH"^ resonances in strand b. The positions of the Н'г resonances of residue G, 

were located via crosspeaks with the Я, resonances of the neighbouring nucleotide C,. Since in general 

the largest NOEs are found between the Я"2 resonance and the Hi resonance of the neighbouring cylosine 

residue we can assign both geminai protons. It must be noted however that this assignment is only valid if 

this part of the DNA structure has a regular B-type structure. 
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Finally, the exchangeable protons of the bases were assigned via a NOES Y spectrum of а НгО solution of 

the BLM-Fe-CO-DNA complex. The guanine imino proton resonances are found around 13 ppm. As a 

result of spin-diffusion, in a G-C basepair NOEs can be detected between the guanine imino protons and 

the aromatic tf3 and Ht protons of the cytidine base. The spin-diffusion path comprises the cytidine amino 

protons which reside in the major groove (Fig. 6.8). This spin-diffusion process enables one to assign the 

imino and the major groove amino protons to a certain basepair. As an example such a connectivity path 

(of the CJ-GJ basepair in the 'free' DNA) is outlined in Fig. 6.9. Some of the exchangeable proton signals 

belonging to the Cx-Gt base pair were located via exchange peaks with the solvent (at S ppm). Solvent 

exchange was observed only for this base pair. The resonances of the asymmetrical form could only be 

located via these exchange peaks and not via the spin diffusion path. Therefore, it was not possible to 

make strand specific assignments. For the non Η-bonded amino protons of fragments C, and C, only one 

resonance of the asymmetric form could be located. Furthermore, the guanine amino proton resonances 

could not be detected as a result of solvent exchange. They reside in the minor groove. 

The peak positions of the non-exchangeable and exchangeable protons are listed in Table 6.1 and 6.2, 

respectively. 

Assignments of BLM-Fe-CO 

As already mentioned, most of the resonances of the BLM molecule in the complex are severely broa

dened. In fact, only a few signals of the bound BLM-Fe-CO molecule can be located in the 2D spectra. 

These are the resonances of the aminopropyldimethylsulfonium fragment (DMS) and one proton of the 

bithiazole system (ВГГ). As shown already in Fig. 6.2 the DMS dimethyl signal reflects a slow exchange 

H • H J 

Sugar 

Cytidine 

Guanine 

Figure 6.8. Spin diffusion path in a G-C base pair. 
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Figure 6.9. NOESY spectrum of the BLM-Fe-CO complex with DNA recorded in Hfi at 272 K. As an 

example the connectivity pattern of the C,-G4 bascpair is illustrated. Also the assignment of the DMS (S) 

amide NH of the bound BLM-Fe-CO is described. 
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Fragm. Group Sa 6fr δΟ/Μ. 

»ν 

Η,, 

". 

Η,. 

"г 
"г 
"у 

Η. 

5.61 

1.91 

2.37 

4.67 

5.7Í 

7.se 

S.66 

2.61 

2.52 

4.β5 Δ 

7.90 

3.56 

1.56 

2.17 

4.72 

5.0» 

7.00 

-
2.54 

-
-

7.Θ4 

-
1.72 

2.21 

-
-

7.27 

6.34 

3.12 

2.72 

-
6.46 

5.67 

2.16 

2.58 

4.61 

5.34 

7.51 

5.57 

2.52 

2.59 

-
7.67 

_ 
2.24 

2.72 

5.25 

7.38 

. 

-
-
-
-

-
1.61 

2.29 

-
-
-

5.97 

2.60 

2.25 

4.61 

7.67 

5.70 

1.99 

2.40 

4.6» 

5.63 

7.62 

5.66 

2.69 

2.72 

4.93 

7.97 

5.70 

2.06 

2.42 

4.85 

5.41 

7.36 

5.66 

2.71 

2.65 

4.93 

7.92 

5.70 

1.91 

2.32 

4.60 

3.43 

7.33 

6.11 

2.62 

2.34 

4.65 

7.92 

»У 

И. 

Table 6.1. Chemical shift positions of the non-exchangeable protons of the DNA in the bound and the 

unbound form at 272 K. The bars in the table indicale thai the corresponding resonance could not found 

in the specm. Probably, these resonances have the same chemical shift as the resonances In the 'free' 

DNA. * This resonance could not be assigned to a certain strand. The strand selective assignments of C, 

and G, are arbitrarily chosen. 

141 



Fragm. Group 6 strand 1 δ strand 2 6DNA 

c . 

G. 

c , 

σ4 

C 3 

G « 

™г 
NWj 

NH 

т г 

тг 

NH 

тг 

тг 

т г 

8.58 8.41 θ.30 

7.11 - 7.23 

12.98 12.88 13.18 

8.56 8.43 8.49 

6.47 6.30 6.68 

13.04 12.76 13.14 

8.56 8.03 8.59 

7.00 - 6.81 
13.20 12.74 13.23 

Table 62. Chemical shift positions of the exchangeable protons of the DNA in the bound and the 

unbound form at 272 K. The ban in the table indicate that the corresponding resonance could not found 

In the spectra. Probably, these resonances have the same chemical shift as the resonances In the 'free' 

DNA No strand selective assignments could be made for the exchangeable protons. 

behavior. Within a period of two weeks the original signal at 2.87 ppm (free BLM-Fe-CO) dissappeared 

almost completely while at 2.97 ppm a new signal appeared. Apparently, for the BLM-Fe-CO complex 

also two stales are observed of which one is recognized as the free form. In Fig. 6.4 the connectivity pat

terns of the DMS fragment are outlined. The crosspeaks within the Y-aminopropyldimethylsulfonium sys

tem were recognized as NOEs and not as exchange peaks with the aid of the ROESY technique (not 

shown). The amide proton in this fragment was detected in the spectrum recorded in НгО (Fig. 6.9). 

Interestingly, no exchange is observed between the free form of BLM-Fe-CO and the other state. Fur

thermore, the propyl proton resonances clearly experience a different chemical surrounding in the second 

form in contrast to the free state. 

In Fig. 6.4 the assignment of the BIT Я,, proton (at 7.21 ppm) is presented. Via the ROESY spectrum (not 

shown) this peak was shown to be in exchange with its resonance of the free form at 7.81 ppm. Another 

reasonable candidate for this assignment was the tfj proton of the histidine residue in the BLM-Fe-CO 

molecule. However, this assignment could be rejected because the characteristic NOE crosspeaks of this 

proton with the intraresidue HA and /ƒ„ protons were missing. The BLM-Fe-CO assignments are listed in 

Table 6.3. 
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Fragni. Group ЬВШ^. ЬВШ 

DMS (S) Hj 

Я 

Я, 
^ 

3 . 5 5 

3 . 5 8 

2 . 1 8 

2 . 2 4 

3 . 2 8 

3 . 6 9 

2 . 9 7 

8 . 7 3 

3 . 2 8 Δ 

2 . 0 6 * 

Э . 4 1 Л 

2 . 8 7 

8 . 7 8 

V 

н і 

ΝΗ 

BIT (В) Я, 7.21 7.81 

Table 63. Chemical shift positions of the BIT-DMS part of the BLM-Fe-CO complex in the bound and 

the unbound form at 272 K. 

The interaction of BLM-Fe-CO with DNA 

In Fig. 6.4 NOEs are observed between resonances of the second state of BLM-Fe-CO and the second 

state of DNA. Apparently, these NOEs describe the interaction between the two species. Due to these 

NOEs, the second states of DNA and BLM-Fe-CO can be defined as the bound state of BLM-Fe-CO with 

DNA. NOEs are observed between the γ protons of the DMS residue and the Я, proton of nucleotide C, 

in strand b. Furthermore, the BIT Hy proton exhibits aosspeaks with the Я',, Я'І, Н"2, H'ì and Я, of 

this С, moiety and the base proton Я, of the G1 nucleotide in the same strand. This indicates that the 

BIT-DMS part of the BLM-Fe-CO molecule interacts with the 5'-Cl-G1 end of the DNA oligonucleotide. 

DISCUSSION 

The binding mode 

In order to design a model for the interaction of BLM-Fe-CO with DNA it is useful to summarize the 

most important features of this interaction that have been observed thus far. Shortly after BLM-Fe-CO is 

added to the DNA, the spectrum exhibits the characteristics of a fast exchange equilibrium. This means 

that the participants in the binding equilibrium are short lived species with respect to the NMR time scale. 

In principle it is impossible to tell whether there are one or more binding modes at (his stage of the bind

ing process. It is noted in passing that in earlier binding studies of BLM and BLM-metal complexes to 

polynucleotides [3031]· also a fast exchange type of binding has been observed. Gradually, a new bind

ing type appears in the spectrum. The spectrum corresponding with this situation displays a typically slow 
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exchange equilibrium. Only a few peaks of the BLM-Fe-CO complex are observed at this stage. The new 

DNA peaks in the spectrum appear with the concommitant rise of a new 

Y-aminopropyldimethylsulfonium dimethyl peak. As the new DNA peaks increase in intensity the old 

'fast exchange' peaks move back to their original unbound positions, indicating that the slow binding pro

cess develops at the expense of the fonner binding mode(s). In the 2D spectra slow exchange behaviour is 

observed for all the DNA resonances. This exchange equilibrium involves an asymmetric and a symme

tric DNA duplex the latter corresponding with the 'free' DNA. On account of the resonance intensities of 

the bound and unbound DNA forms it is possible to determine the stochiometry of the complex. To this 

end the ID NMR spectrum in Fig. 6.3b (equimolar amounts of BLM-Fe-CO and DNA) has to be consid

ered, in particular the resonances of the ΰ,-ΖΓ, proton which are well resolved. The middle resonance cor

responds to both Gt-H\ protons of the unbound DNA. The other two resonances belong to the С6-Н\ pro

tons in strand a and b of the bound DNA form. Since the three peaks have a ratio close to 1:1:1 it is 

concluded that in solution about 67% of the DNA is present in the asymmetrie form. This corresponds to 

a 1:1 stochiometry of the BLM-Fe-CO-DNA complex. A 2:1 stochiometry (BLM-Fe-CO to DNA) would 

lead to a minimal amount of 50% 'free' DNA. The binding is desciibable by a simple model in which the 

asymmetric BLM-Fe-CO molecule binds to the DNA and comes off again, and so on, at a slow exchange 

rote. This model seems confirmed by NOESY experiments performed at a slightly elevated temperature 

(283 K) than the experiments used for the assignments. In Fig. 6.10 part of this spectrum is presented. In 

this spectrum new exchange peaks appear, namely between the two symmetry related protons in both 

strands. For Instance, new crosspeaks are observed between the G6-H'i in strand a and the symmetry relat

ed proton in strand b. These exchange peaks may reflect a process in which the BLM-Fe-CO molecule 

flips between two positions on the DNA molecule which are symmetry related. Since it has been shown 

(Results) that the BLM-Fe-CO molecule is bound at Ihe Сі-Сг side of the DNA oligonucleotide this flip 

process would imply a transfer of BLM-Fe-CO from one end of the hexamer to the other end. Similar 

flip mechanisms have been proposed in studies of minor groove binding drugs with DNA oligonucleo

tides [3233]. In order to account for such a flip process the BLM-Fe-CO molecule almost certainly has 

to come off of the DNA molecule. However, there are two observations that seem to contradict the pro

posed binding model. First, the time needed for a full development of the slower type of binding at the 

expense of the faster one is quite considerable. Only after days the definite spectrum is established. Such 

behaviour could be connected with the formation of covalent linkages but, a reaction of (hat type could be 

disproved by the observation that the complex dissociates under high salt conditions (not shown). The 

second observation that seems to falsify the proposed binding mode is the apparent non-exchange behav

iour of the bound and the free form of BLM-Fe-CO i.e. in the spectra no exchange peaks are observed 

between the peaks of bound BLM-Fe-CO and the unbound form. 
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Figure 6.10. Part of the NOESY spectrum of the dmg-DNA complex (1:1) In ПгО recorded at 283 K. 

The exchange panems of the G, Hv and the С, H, protons are depicted. The notations о, b, ƒ corre

spond to protons in strand a and Ь in DNA and the 'free' forms of DNA and BLM-Fe-CO, respectively. 

Perhaps the most puzzling observation is the dissappearance of most of the BLM-Fe-CO signals in the 

spectrum of the slow binding type. Disappearance of signals almost always is a result of line broadening. 

There are two major causes for line broadening. First, line broadening can be due to intermediate 

exchange between different states. This is not the case since it is established that the DNA forms are in 

slow exchange with each other and thus the BLM-Fe-CO complex should have the same exchange behav

iour. 

Secondly, line broadening can be due to the formation of paramagnetic species. This is an interesting pos

sibility, because some BLM-Fe complexes are known to be paramagnetic [10]. For instance, the species 

generated after the DNA knicking reaction, BLM-Fe(III), is paramagnetic. Also, the binary BLM-Fe(Il) 

complex is a paramagnetic molecule. The paramagnetic Fe centre would cause severe broadening of the 

signals of the protons in the BLM molecule which are near this centre and structural studies of the BLM-

Fe-CO [9] and the BLM-Fe(II) complex [34] show that almost all of the protons of the BLM molecule 

(except the bithiazole-Y-aminopropyldimethylsulfonium part) are close enough to the metal centre to be 

severely broadened or shifted. 

No paramagnetic shifts are observed in the spectra although this does not disprove the presence of param

agnetic species. The observation that such shifts are not present in the spectra merely indicates that it is 

not (he BLM-Fe(II) molecule that is formed since the NMR spectrum of this molecule displays clear par-
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amagnetically shifted resonances [34]. The formation of a paramagnetic BLM-Fe(III) complex could not 

be ruled out at this stage although simple air oxidation could be neglected due to the absolutely anaerobic 

conditions during preparation of the complexes. Therefore any paramagnetic BLM molecule would have 

been the result of the interaction with DNA. Solutions of BLM-Fe(II)-CO without DNA were stable for 

several months. 

We will now consider the implications of the BLM compi« being paramagnetic. If the iron centre is 

close to the DNA molecule this would also result in severe line broadening in the DNA spectrum. Inter

estingly, such line broadening is observed indeed. For the nucleotides G4 and C} in the b strand nearly all 

resonances cannot be found in the spectra. Given that the interaction site of the 

bithiazole-y-aminopropyldimeihylsulfonium is the Cl-G1 part of the a strand, this seems a plausible site 

for the interaction with the iron centre. In the literature, such an interaction site has been proposed in rela

tion to the actual strand knicking process [10]. 

BLM-Fe-CO + DNA ч ^ [BLM-Fe-CO-DNA] d I a (l) 

[BLM-Fe-CO-DNA]dIa - ΐ ^ [BLM-Fe-DNA] ^ ( | | ) 

* ν * 

[BLM-Fe-DNA] ^ [BLM-Fe] + DNA 
1 J pare >• para 

Figure 6.11. Possible binding scheme of the interaction of BLM-Fe-CO with DNA. The complex desig

nated with * may or may not have retained CO. 

On the basis of the assumption that a paramagnetic BLM complex exists, it is possible to construct a plau

sible binding mechanism for the complex formation of BLM-Fe-CO with the d(CGCGCG)1 hexamer. 

This model is based on α central transition of the diamagnetic BLM-Fe-CO into a paramagnetic form of 

this complex which may or may not retain CO (Fig. 6.11). Once DNA is added to the solution, the diam

agnetic BLM-Fe-CO binds to the DNA in a fast exchange equilibrium resulting in the diamagnetic BLM-

Fe-CO-DNA complex (complex I). The following transition into the paramagnetic form of the 

BLM-DNA complex (complex II) is induced by the DNA and is very slow. This transition causes the 

very slow development of the spectrum in Fig. 6.2d. Consequently, the paramagnetic form II is in slow 

equilibrium with free DNA and the free form of the paramagnetic BLM complex. Formation of a param

agnetic iron centre in the BLM complex is possible via rearrangement of metal binding sites or oxidation 

to Fe(in). The induction of such a BLM rearrangement by DNA has been suggested earlier [35]. The oxi

dation of the metal centre seems less probable because of the lack of an appropriate electron acceptor 

(after preparation of this manuscript, ESR measurements showed clearly the presence of a paramagnetic 

Fe(III)-BLM complex). 
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In the end, there are only two forms of BLM present in the solution. These are the paramagnetic form 

bound to the DNA and the unbound paramagnetic molecule. This accounts for the observation that only 

two forms of the γ-aminopropyldimethylsulfonium group are observed in the spectra. At this stage, we 

have no explanation for the absence of any observable exchange between the BLM forms present. 

The interaction 

The connectivity walks (Fig. 6.7) indicated that the conformation of the DNA hexamer largely is of the 

B-type. However, at the Ci-G1 end of strand b a few distortions are noticed. For Instance, the intraresiduel 

NOE between Ο,-Η,. and the Hs base proton is very small while the corresponding NOE to Η2. is miss

ing. On the other hand, a relatively strong NOE is observed between С{-Н6 and the intraresidue Hr proton 

(not shown). These findings suggest that at least a certain amount of the C, sugars have an N pucker con

formation instead of the S pucker normally found in B-DNA [36]. N pucker sugar conformations are 

encountered in A DNA. In case the C, sugar has an N pucker a large NOE should occur between the 

С, Я,, proton and Oj H,. However, this NOE is absent in the spectra which could point at an increase in 

rise between these bases as will occur upon intercalation. Also the chemical shift changes of the base pro

tons are consistent with intercalation. The largest changes are observed for the chemical shifts of the base 

protons of the Ο,-ΰ, base pair. In particular the upfìeld chemical shift changes of the imino protons are a 

strong indication for intercalation [37] For the. BIT H, proton also an upfield shift is observed (0.6 ppm). 

In addition, it is known that in nucleotides next to an intercalation site (in the 5' direction) the sugar N 

pucker is favored [3839]. 

The largest NOEs between the BLM-Fe-CO complex and the DNA hexamer are observed between ΒΓΓ 

H} and C}-Hr and the Ну proton of the same nucleotide. The smaller NOEs to the Я,. and Hr protons of 

C, are likely to be due to spin diffusion. Also small NOEs are seen between the BIT H, proton and the 

Ct-Ht and Cj-H, protons. Furthermore, the DMS γ protons show NOEs to the H, protons of C,. The posi

tively charged S-Me1 group has no significant interaction with the DNA since this group can rotate freely 

giving rise to a single methyl resonance. Furthermore, no NOEs are Observed between this group and the 

DNA. Also, the amide function of the DMS fragment seems not to be Η-bonded in the complex in view 

of the minor difference in chemical shift between the bound and the unbound form (Fig. 6.9). The drug-

DNA NOEs allow two possibilities for the interaction, namely, the DMS-BIT moiety is bonded in the 

major groove at the C,-G2 end of the DNA hexamer, since all interaction NOEs are major groove direct

ed. The second possibility is intercalation. We regard intercalation as the most likely interaction as has 

been pointed out above. A bindmg model which is consistent with the NOEs observed in strand b of the 

DNA has (he BIT unit intercalated between the C, and G1 bases with the DMS part sticking out in the 

major groove. Model studies have shown the intercalating properties of the bithiazole group [40-42]. In 

addition, the partial intercalation described above has also been suggested [43,44]. Base stacking interac

tions in the intercalated state provide enough energy to account for the slow exchange behaviour in the 

spectra. In order to reach the favorable intercalated state, the DNA end has to be elongated followed by 
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the penetration of the positively charged DMS fragment. It is reasonable that this intercalation takes place 

preferentially at the end of the DNA where chain elongation is facilitated. The intercalation implies that 

the BLM-Fe-CO complex approaches the DNA from the minor groove side. As has been pointed out by 

Pullman and coworkers, a drug composed of coupled live membered heterocycles with one charged end 

should have an enhanced affinity for the minor groove of G-C sequences [45,46]. 

Finally, the proposed binding modes raise some questions as to their biological implications. Obviously, 

the intercalation mode as described above needs a chain elongation in the DNA duplex. In this respect it 

is interesting that enhanced DNA cleavage by BLM is observed opposite charged single strand nicks [11]. 

Furthermore, the slow appearance of the slow exchange binding type is an intruiging observation with 

respect to long term effects in patients. 
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SUMMARY 

The present study describes an attempt to establish the three-dimensional solution structure of some 

bleomycin-a2 complexes with the aid of two-dimensonal NMR methods. Not only is bleomycin·^ (BLM) 

an important anti-tumor drug but also it can serve as a relatively simple model structure with which 

protein-DNA interactions can be simulated. Before this study, which started in 1985, and is laid down in 

this thesis, for some years already preliminary NMR Investigations had been carried out in our laborato

ry. These investigations were focussed on the elucidation of the solution structure of BLM and eventually 

led to the conclusion that the uncomplexed BLM has no distinct structural features. However, the experi

ence gained with the application of2D-NMR methods to the BLM molecule showed to be a firm base of 

the work described in this thesis. 

In chapter 1, a short review is presented of the current literature on BLM structural studies. It is shown 

that, despite the vast amount of studies on BLM structure and activity, the actual structure of BLM-metal 

complexes remained disputed. Furthermore, at present there is no clear understanding of the mechanism 

of the binding of the BLM(-metal) complex to double helical DNA and the subsequent expression of BLM 

activity i.e. its ability to cleave DNA. 

The first logical step in the present study is the structure determination of the binary BLM-metal complex. 

Unfortunately, the paramagnetic properties of the biologically active BLM-iron(II) complex impair a high 

resolution NMR study. Therefore, a model compound, the diamagnetic BLM-zinc (BLM-Zn) was chosen 

and with the aid of 2D-NMR techniques and Distance Geometry calculations the solution structure of 

BLM-Zn determined. These investigations are described in chapter 2. Chemical shifts, vicinal proton-

proton coupling constants andNOEs enabled six coordination sites for the гіпс(ІІ) ion to be established. 

These are the $-aminoalanine primary and secondary amines, the pyrimidine and histidine amide nitro

gens, the imidazole imine and the mannose carbamyl group. The histidine amide amide was found to 

deprotonated. As a result of the zinc(il) coordination the BLM molecule is folded. Of the structural infor

mation put forth by the six coordination sites together with the NOE data (an observed NOE was translat

ed Into a 024-0'J nm distance between the interacting nuclei) a typical distance map was constructed of 

the BLM-Zn molecule. The distance map was translated into a set of structures covering the conforma

tional space spanned by the structural information gained by the NMR experiments. Surprisingly, this 

conformational space was rather small. In fact, only one structure, comprising the $-aminoalanine· 

pyrimidinylpropionamide-$-hydroxyhistidine-gulose-mannose part of the molecule, fitted the conforma

tional space. The rest of the molecule appeared to have no typical three-dimensional structure although 

the methylvalerate fragment seemed close to the imidazole group. The coordination geometry around the 

zinc ion, although not very regular, was between an octahedral and trigonal prismatic symmetry. 
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In a parallel experiment, the "C NMR spectra of BLM and BLM-Zn were assigned. These assignments 

are outlined in chapter 3. It was found that the nC NMR chemical shift changes upon zinc(II) complexa-

tion were well in agreement with the structure proposed in chapter 2. 

The next chapter deals with the structure determination of the ternary BLM-iron(II)'Carbonmonoxide 

(BLM-Fe-CO) in solution. This is a model for the active but short-lived species BLM-iron(II)-oxygen. In 

this study, Ή- as well as l3C-NMR experiments are performed. Again, the structural information enclosed 

In the NMR data Is converted by Distance Geometry calculations to the possible BLM-Fe-CO structures. 

Five coordination sites for the iron(II) ion were determined in the BLM molecule. These are the secon

dary aminoalanine amine, the pyrimidinylpropionamide and the histidine amide nitrogens, the imidazole 

group and the mannose carbamoyl function. The binding of CO to the BLM-Fe complex was proved by 

the observation of a carbon-iron coupling constant in an enriched BLM-^Fe-CO complex. Again, the his

tidine amide was found to be deprotonated. The structure derived from the structural information (iron 

binding sites, NOE data) is largely the same as for the BLM-Zn complex. However, one significant differ

ence is found, of course, in the metal surrounding, since the CO molecule acts as an external binding site. 

In contrast to the BLM-Zn molecule the metal cordination geometry is more regular. The nitrogen atoms 

of the secondary amine, the pyrimidine, the histidine and the imidazole form the basal plane of an octahe

dron with the mannose carbamoyl group and the CO as axial ligands. 

In an attempt to verify the determined coordination geometries in the BLM-Zn and the BLM-Fe-CO com

plexes, liN-NMR spectra of these complexes and metal free BLM were recorded and assigned. These 

investigations are laid down in chapter 5. When the ' N-NMR spectra of these complexes are compared, 

the largest differences in chemical shift are observed for the resonances cfthe secondary amine, the pyri

midine nitrogen, the histidine amide and the imidazole /mine. In general, the shifts are larger for the 

BLM-Fe-CO complex than for the zinc(II) complex. 

Finally, in the last chapter, the binding of the BLM-Fe-CO complex to the double helical hexamer 

diÇGCGCG^ Is studied. Time dependent processes were observed. Instantly, after mixing the DNA with 

the BLM-Fe-CO complex, a NMR spectrum appeared with the typical features afa fast exchange binding 

process. Slowly, a different NMR spectrum developed which indicated a slow exchange binding. Unfortu

nately, in this NMR spectrum, nearly all resonances of the bonded BLM complex were severely broa

dened, impairing a detailed structural analysis of this molecule. The only resonances of the BLM mol

ecule which could be observed in the DNA adduci were those of the 

bithiazole-aminopropyldimethylsulfonium part. This posirively charged tail was found to be intercalated 

between the C, and G1 nucleotide of the hexamer. Interestingly, in the intercalated state no interaction 

was observed between the positive sulfonium group and the DNA double helix. The apparent line broa

dening cfthe BLM resonances and some of the DNA resonances was explained in terms of a paramagnet

ic BLM complex which binds rather strongly to the DNA. This would imply that the diamagnetic BLM-Fe-

CO complex converts to a paramagnetic species induced by DNA. 
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It is evident that the work presented in this thesis is merely a start in the field of structural analysis of 

BLM(-metal)-DNA complexes. Modern NMR techniques together with the use of short DNA oligonucleo

tides should be able to attribute significantly to a detailed understanding of the BLM-DNA interaction. 

Such understanding will eventually lead to more insight in BLM structure-activity relationships. 
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SAMENVATTING 

In dit proefschrift wordt een poging beschreven tot de ruimtelijke structuurbepaling van enkele 

bleomycine-Aj complexen met behulp van twee dimensionale NMR technieken. Niet alleen is 

bleomycine-Ai (BLM) een belangrijke anti-tumor drug, het dient ook als een relatief simpele model ver

binding waannee eiwit-DNA interacties gesimuleerd kunnen worden. Voordat deze studie gestart werd, in 

1985, waren er al enkele inleidende onderzoeken uitgevoerd in ons laboratorium. Deze studies waren 

gericht op de ruimtelijke structuur bepaling van BLM. Uiteindelijk kwam men tot de conclusie dat BLM in 

oplossing geen duidelijke structuur bezit. De ervaring opgedaan met 2D-NMR methodes aan het BLM 

molecule bleken een hechte basis voor het werk dat in dit proefschrift gepresenteerd wordt. 

In hoofdstuk 1 wordt een korte samenvatting gegeven van de huidige literatuur over BLM structuur 

onderzoeken. Het wordt duidelijk dat, ondanks de grote hoeveelheid van structuur en activiteits studies 

aan BLM, de precieze structuur van de BLM-metaal complexen onopgehelderd blijven. Daarnaast ís er 

op dit moment ook geen duidelijk beeld omtrent het mechanisme van de binding van deze complexen aan 

dubbel-strengs DNA en de daaropvolgende DNA splitsing. 

De eerste stap in dit onderzoek is de structuur oplteldering van het BLM-metaal complex. Jammer genoeg 

zorgen de paramagnetische eigenschappen van het actieve BLM-Fe(II) complex ervoor dat geen hoge 

resolutie NMR uitgevoerd kan worden. Daarom werd een model verbinding gekozen, het BLM-zink(II) 

(BLM-Zn) complex. Hiervan werd, met behulp van twee-dimensionale NMR methoden en distance geom

etry berekeningen, de structuur in oplossing bepaald, hetgeen beschreven staat in hoofdstuk!. 

Met behulp van chemical shifts, vicinale proton-proton koppelingsconstanten en NOEs werden zes coör

dinatie plaatsen voor het zink ion bepaald. Dit zijn de P-aminoalanine primaire en sekundaire amines, de 

pyrimidine en histidine amide stikstoffen, de imidazol Imine en de mannose carbamoyl groep. Het bleek 

dat de histidine amide gedeprotoneerd was. Als een gevolg van de zink coördinatie is het BLM molecule 

opgevouwen. Van de structurele informatie (NMR data en coördinatie plaatsen) werd een afstanden tabel 

geconstrueerd. Deze tabel werd getransleerd in een set van mogelijke drie-dimensionale structuren. In 

feite spannen deze structuren de conformatie ruimte op. Deze conformatie ruimte bleek vrij klein. Grof

weg voldeed maar een conformatie van het fy-aminoalanine-pyrimidinylpropionamide-

$-hydroxyhistidine-gulose-mannose gedeelte van het molecule. De rest van het BLM molecule had geen 

duidelijke 3D structuur hoewel het methylvaleraat fragment en de imidazol groep dicht bij elkaar waren. 

De coördinatie geometrie rond het zink ion, hoewel niet erg regelmatig, was tussen een octaedrische en 

trigonaal prismatische symmetrie. 

In een parallel experiment werden de "C NMR spectra van BLM en BLM-Zn toegekend. Deze toekennin

gen worden toegelicht in hoofdstuk 3. De "C NMR chemical shift veranderingen, als gevolg van zink 

complexering, waren goed in overeenstemming met de structuren die in hoofdstuk! voorgesteld worden. 
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Het volgende hoofdstuk gaat over de structuur bepaling van het BLM-ijier(li)-koolmonoxide complex 

(BLM-Fe-CO) in oplossing. Dit is een modelverbinding voor het actieve, maar zeer kort levende, BLM· 

ijzer(Il)-zuurstof molecule. In deze studie werden zowel Ή- als "C-NMR experimenten uitgevoerd. Op 

analoge wijze als in hoofdstuk 2 werden een aantal structuren berekend op grond van de NMR informa

tie. Vijf coördinatie plaatsen voor het ijzer ion in het BLM molecule werden bepaald. Deze zijn het sekun

daire amine van $-aminoalanine, de pyrimidine en histidine amide stikstoffen, de imidazol groep en de 

mannose carbamoyl functie. Binding van CO aan het ijzer ¡on werd vastgesteld via een waargenomen 

koolstof-ijzer koppelings constante in het "C NMR spectrum van een verrijkt BLM-*'Fe-CO complex. Ook 

hier was de histidine amide gedeprotoneerd. 

De structuren die via de distance geometry berekeningen ontstonden waren grotendeels hetzelfde als voor 

het BLM-Zn complex. Uiteraard was er een significant verschil In de metaal omringing aangezien het CO 

molecule een bindingsplaats inneemt. 

In tegenstelling tot het BLM-Zn molecule was de metaal omringing regelmatiger. De stikstof atomen van 

de sekundaire amine, de pyrimidine, de histidine en de imidazol vormden het basale vlak van een octae-

der met de mannose carbamoyl en het CO molecule als axiale liganden. 

In een poging de waargenomen metaal omringingen in de hoofstukken 2 en 4 te verifiëren werden isN 

NMR spectra van de complexen opgenomen en toegekend. Dit wordt beschreven In hoofdstuk 5. Als de 
t3N NMR spectra van deze complexen en het metaal-vrije BLM werden vergeleken bleken de grootste ver

schillen te bestaan voor de resonanties van de sekundaire amine, de pyrimidine en histidine amide stikstof 

en de imidazol imine. Over het algemeen waren de verschillen met het spectrum van BLM groter voor 

BLM-Fe-CO dan voor BLM-Zn. 

Tot slot, in het laatste hoofdstuk, wordt de binding bestudeerd van het BLM-Fe-CO complex aan het dub-

belstrengs hexameer diCGCGCG^. Tijdsafhankelijke processen werden waargenomen. Direct na het 

mengen van het BLM-Fe-CO complex met het DNA werden de typische kenmerken waargenomen van een 

fast exchange' bindingsproces. Echter, geleidelijk ontwikkelde zich een ander NMR spectrum welke 

duidde op een slow exchange bindingsproces. Jammer genoeg waren bijna alle resonanties van het BLM 

complex sterk verbreed waardoor geen goede structuur analyse gedaan kon worden. De enige resonan

ties van BLM welke goed waargenomen konden worden waren die van het bithiazol-

aminopropyldimethylsulfonium gedeelte. Deze postief geladen staart bleek geintercaleerd tussen de C, in 

G1 nucleotide van het hexameer. Geen interactie werd geobserveerd tussen de postieve dimethylsulfonium 

groep en de DNA dubbel helix. De lijnverbreding van de BLM en sommige van de DNA resonanties kon 

verklaard worden via de introductie van een paramagnetisch BLM complex welke sterk bindt aan het 

DNA. Dit impliceert dat het diamagnetische BLM-Fe-CO molecule overgaat in een paramagnetische ver

binding in de aanwezigheid van DNA. 

Het zal duidelijk zijn dat het werk, beschreven in dit proefschrift, een start is op het gebied van de struct

uur analyse van de BLM-(metaal)-DNA complexen met behulp van 2D-NMR. Moderne NMR technieken 

gecombineerd met het gebruik van DNA oligonucleotiden zouden in staat moeten zijn tot een zeer 
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waardevolle bijdrage aan een gedetailleerd begrip van de bleomycine-DNA interactie. Zo'n begrip zal 

uiteindelijk leiden tot een groter inzicht in de bleomycine structuur-activiteits relaties. 
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