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When Watson anil Crick discovered the double helics! s'.ruciure of DNA. ;ix>

enthusiastically claimed to have found the Secret of Life. Although this was vrsnjcv-h.;-

evaporated, milecd the discovery of the double helix and the basepairing mechanism par. mijMi

insight how molecular genetics works. Worldwide much research in the field of DNA is pnttz

on. varying from the single nucleotides, which can serve as a drug, to ihe prcsugiou* and

ambitious project of sequencing the complete human genome.

It is desirable to know the structure of biomolecules at the atomic level in order to

understand their functioning. During its biological action DNA interacts with a number of

different ligands. such as proteins, antibiotics and metai ions. This interaction is often specific,

in particular when proteins are involved. A specific interaction requires an unambiguous

recognition between the participating species. The three dimensional structure of ihe nraciaim

determines at least part of the efficiency of the recognition.

A very imponant tool when studying structural aspects of bionioleeules is X-ray

crystallography. Thanks to the crystallographers a lot is known aboul biological molecules, their

structure and function. The technique, however, has two major disadvantages. First, one has to

have single crystals of the molecule of interest. Second, crystal packing forces may play an

imponant role when solving the structure in the crystal. This is most pronounced for long linear

molecules like DNA. Another technique which is now commonly used for structure

determination of biomolecules up to a molecular weight of about 15,000 D is NMR

spectroscopy. Although problems are encountered here as well, NMR has been successful in

elucidating the three dimensional structure of a number of proteins and oligonucleotides.

The subject of this thesis is the structure determination of DNA molecules in solution with

the use of NMR. For this purpose a new relaxation matrix approach is introduced. The

emphasis is on the interpretation of NOEs in terms of proton-proton distances and related three

dimensional structures. The DNA molecules studied are oligonucleotides, either unmodified or

modified by UV irradiation.

The next part of the introduction will be used for the explanation of some concepts. First

the structural aspects of DNA will be discussed and the parameters which determine ihe

structure will be introduced. Second, the NMR techniques used will be explained. The

emphasis is on the 2D NOE experiment, which is the most important experiment when studying

oligonucleotides. The use of relaxation matrix methods for interpretation of the NOE intensities

will be described and the dynamical processes which play a role in biomolecules discussed.

Furthermore, the methods of structure refinement will be presented briefly. The last section

gives a short introduction on the effect of UV irradiation on DNA structure.

DNA STRUCTURE

The DNA molecule consists of three distinct pans, i.e. phosphate backbone, deoxyribose
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adenine

Fig. I Structural formula of a DNA strand containing the four bases thymine. guanine,

cytosine and adenine. The numbering of the carbon skeleton is indicated as well as the torsion

angles, which describe the conformation of the sugar-phosphate backbone and the N-

glycosidic linkage. (From ref.(34))

rings and bases which are coupled via the phosphate backbone. A schematic representation is

given in Figure 1. There are four bases, adenine (A), guanine (G), thymine (T) and cytosine

(C;. The first two are the so called purines and the last two are the pyrimidines. In 1952 it was

found that the ratio of A vs. T and G vs. C was always the same i.e. one (/). This together with

the X-ray fibre diffraction data of Gosling and Franklin (2) led Watson and Crick to the idea of

the double helical model with basepairing between A and T and between G and C in the middle

of the helix (3). In this right handed double helix, called B-DNA, the bases are 3.4 A apart and

the twist of the helix is 36°, which results in ten base pairs per turn. The fibre diffraction data

also revealed the existence of another class of DNA, the A-DNA (4). The differences between

the two forms are in the sugar geometry and in the position of the basepair relative to the helix

axis. Model built structures on the basis of these fibre diffraction data have served for a long

time as the atomic model for DNA molecules (5,6).
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\U\m-Ahiic X-r.is ikttcsJUun studies v.tth a h.^htt fci:!iK.i»»;i «;v.i<:i£:;d, •v.^.rJr KVA

ituuiclcotuUrs at so sh imed [he double heisc.t! pattern tti ira- e n si.:! <7 Xy I; -AJIV stwl win'si! ;"->K;

that :hc first b.iyh resolution X-ray structure u[ a UNA sra^nttnt <as:irj;Tm:Hi: itzc w.wpte'x i'srsi

<A,'.S ••uUcii. Tilts structure, most often called the Dickerson duiftxjimiT. rirvristfjicd ifer JiiWr

diffraction studies but also displayed sonn: significant differences compared la the itKwfii feiia

structures (9).

Right now -i large number of structures of oligodeoxynucleoudes have been joked u-varug

X-ray crystallography (10.11). Some appeared in the B-DNA form bus quite a vjrpnunf

number adopted the A-DNA conformation. Although the simcturt's were cither A- or B-DNA.

when kx>king at the overall features, local deviations from the idea! models were obstned Ths«.

structural variation was believed to be sequence dependent and on the basis of the X-ray

structures available in 1982 Calladine proposed a set of rules which would predict the vequsnee

dependent variation of some structural parameters in the DNA {12,13). The Calladinc rules have

not been applicable to all of the DNA fragments for which the structure has been solved a! the

atomic level. However, the underlying principles of sequence dependent conformauonal

changes have been widely accepted and they are believed to play a role in the interaction of DNA

with other molecules.

In 1979 another type of DNA was already crystallized. The hexamer d(CGCGCG)

adopted a Z-DNA structure (14). The Z-DNA structure can be discriminated from the other two

types in the sense that it has a left handed helix. The biological function of this DNA form.

which occurs in the high salt form and in the presence of ethanol, is not completely clear but it is

hypothesized that it plays a role in the regulation of transcription and replication. Another group

of unusual DNA structures, occurring under low salt conditions and low DNA concentration.

are the hairpins. They have been studied extensively both with X-ray and NMR (15,16). Very

recently, a new phenomenon has been discovered. The DNA can not only form double helices

but also triple stranded helices can be formed (17-19). The bases, mostly pyrimidine-purine-

pyrimidine sequences, now interact in triplets with Watson-Crick basepairing between the

purine and one pyrimidine strand, whereas the basepairs between the purine and the other

pynmidine strand occur as Hoogsteen basepairs. The triple stranded helices are at the moment a

fashionable research subject (20-22). Furthermore, a large variety of structural studies of

modified DNA fragments or complexes of DNA with different types of adducts have emerged

during the last few years.

The question arises in which way the obtained DNA structural models should be analyzed

best. In Figure 1 where the schematic structure of DNA is given also the torsion angles are

indicated. The torsion angles a to £ determine the backbone conformation and the torsion angle

X determines the sugar to base link. This angle x can either be ANTI, i.e. the bulk of the base

ring is pointing away from the sugar ring, or SYN, the bulk of the base is above or toward the

sugar ring. This is shown in Figure 2. In the regular A- and B-DNA structure an ANTI

glycosidic angle is found, whereas in Z-DNA an alternating ANTI-SYN pattern is observed. All

13
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/•'iff. 2 (ilvcosidic conformations and sugar puckers The Sut» iiruclufti sfe«5 sh<c

conformations found most commonly in olignnucleotides siruclurei an has u Sf\

conformation about the glycosidic bond and a fE (CJ'-endo) sugar pucker, and hi ik» -am

AMI glycosidic conformation anda~E id'endo) sugar pucker

torsion angles are correlated with :ach other, even the glycosidic angle. When this aragk change*.

this is compensated by changes in the backbone, especially in the value of the torsion angle <5

(10,23). This latter torsion angle also serves as a monitor for the sugar conformation. The masi

commonly found sugar puckers are C3"-endo, called N-type conformer, and C2"-emdo. called

S-type conformer (see also Fig. 2). !n many cases an equilibrium between these two

conformers is observed. In September 1988 at a workshop in Cambridge (UK) conventions fox

analysis of helicoidal parameters of DNA were formulated by a large number of workers in tJhe

field, ranging from X-ray crystallographers to the more theoretical simulators of the molecule.

in the hope that a set of conventions would facilitate the communication between ihe scientist*;.

Twenty helicoidal parameters were involved and the definition of these parameters can be found

in a recent paper by Dickerson (24). In this thesis the structural analysis is carried out with the

program "Curves" (25) which also makes use of this convention.

NMR SPECTROSCOPY OF OLIGODEOXYNUCLEOTIDES

Since the first NMR studies on a DNA molecule in 196! (26) there has been a drastic

increase in the application of NMR spectroscopy as a tool to obtain structural information abom

DNA molecules (for reviews, see 15,16,27-30). This growth can be ascribed to a number of

different factors i) the development of 2D NMR, //) the relative ease of the synthesis of DNA

oligomers, Hi) the availability of stable high field magnets and iv) the results of the high

resolution X-ray diffraction studies of oligodeoxynucleotides.

The results of the first NMR studies were mainly based on chemical shift arguments,

which are nowadays considered as being not very reliable. Another parameter which is often

14



•'.••̂ •..••.••.>.i.:-r.J: v.ilh h^A re va lue r . ) ; ! li.r> V i j f i «.v: w. srA 2 l J i t ' O V n ' i-,fiic c •;.";!-: .rimirrr!': ' * : C f !<V;::.c; :.'

ihc ' i u ^ . t r f : t t i4 t h e c u ' u j t h t i i g ' ) foe I! w r e s t t h e piRfCcs-n.'; . e r r li."„«•..•'< Ju M K C ̂ .iHi ' i ^L ' . u ih i i - r *i:. r

;r^-uj.i..irtf:.t.i:tsii.'tji ph - tv* ddd ihf jenpUti^lc «* ike VA^ZS ^m.kci-m^ xid ^ J ; . I > ih.1 idb'ij '^oTi '::•:.' 3i!;ir

N S cifinUbnurn using the Mollys os z% ptapassd by Alutna <:JJ /•»;. On t'fcsr fc',3';.«-; «Ĵ  :i:r

it.r.iphftsj's bctuccct the tl5'/H5" and H-»" ;iinif briwccn tfir U? &n& irir !'; 3s the oujelu-nrcjit^-s J.=3

[Itir bjirtibuKti; ^Eigtc .̂ |i. yan.il f cam for drccrnitfini s.i-»,/5)i l"ia««> appjerwh t\ 2ppk::jiMt i&r ̂ rr*

>([ult t»tfi;(.iiift»\ynuciot)Eitfir%. However, when longer fegtttrBfiK snr ^istiimd! ts^ririlap am ofer JS-3

.Ktd ! {>•/! 15" region ob*cuires ntosi of the couplings even in the 2D % eff̂ tom^ «if iBte c%prinjtnrariiii

The ret we the nuHiIy used paranteter for D \ A siimicture nirii'situsiniaJKi'iD 1% n'fcr ntiiitrllriJT

tHertuiuTier effect (NOH). "HID*, effect arises due u> dtpoktr rebiamoJi brtween piujifU'-v 'Aitiitrfa sic

CIOM* mm space. As a consequence direct spawsl mforownnn c.sn be obiadttrd Of»J7$ Tki

effect is mostly nieasmred in a 21) NOH c\peri»nen( US-Wi Stnce in all jhfee sSsMrwc

!)NA panicular differences \n short distances C< -SA) occur. ;s qujck gbni'e an the

pjiion for the non-exchangeable protons can tell whether we are dealieg with B-DNA. wfenda

ES tlie nujor form of DNA in solution, A-DNA or Z-DNA (41-4H}. The -rsigmintcm of list"

peaks is done by linking the typical intraresidue base to sugar cross peaks to ".He

cross peaks in a sequential way. This is the so called sequential assignment procedure {44.49-

53). The exchangeable protons can also be used to obtain structural informaiioJi aitd a scqu«rraiia!l

assignnieni procedure for 2D NOE spectra in H2O of these pronons has been developed as well

154).

Another aspect which is already clear after the first glance at the spectrum is the piescjjce

of sequence dependent variation of the structure. In several regions a distinct variation in cross-

peak intensity for peaks between equivalent protons (for instance between H6/H8 and HI"

protons in different nucleotide units) is obsen'ed which would be absent if the structure was

standard B-DNA (55-61). However, when one wants to trace the real sequence dependent

variation only a qualitative analysis of the cross peaks is not sufficient. A more quanmative

analysis of the intensities in terms of distances is required. The first analysis of NOE cross peak

intensities used initial rate analysis of the NOE buildup (62,62a). This can only be done when

the two spin approximation is valid. For the longer DNA fragments this approximation is noi

correct, since there is a considerable amount of indirect magnetization transfer, i.e. spin

diffusion (63), already for short mixing times. The effect of spin diffusion was clearly

demonstrated in a 3D NOE-NOE experiment of a 22 basepair DNA fragment, where also ihe

paths of spin diffusion could be traced (64) (see also Rgure 3).

To tackle the problem of indirect magnetization transfer full relaxation matrix approaches

have been proposed (65-68). One method which has been suggested was to calculate the NOE

intensities on basis of a model and then compare the calculated intensities with the experimental

ones. If the comparison was not satisfactorily, the model was changed in some way or another.

This method has been applied to biomolecules by several research groups (56.58.69-7/1 The
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Fig. 3 The cO/Io^ cross section from the 500 MHz 3D NOE-NOE spectrum of a 22-bp

symmetric lac operator fragment in 2H2O taken at the co3 frequency of a G H8 proton. The

peak x demonstrates the indirect magnetization transfer from the G HI' via the G H2' to the G

H8 which is also indicated by the arrows. Taken from ref. (64).

best approach would be to transfer a measured NOE intensity matrix directly back to a cross-

relaxation rate matrix and then to proton-proton distances (72). This has been described for a

small peptide, but tor larger biomolecules the mathematics do not allow this calculation for the

then incomplete NOE matrix. Recently, an iterative method (73,74) has been proposed where

the model based theoretical intensities are used to fill the empty spots in the experimental matrix

after which the new hybrid NOE matrix can be transformed back to distances. These proton-

proton distances are used to define a new structure and the cycle can be repeated until theory and

experiment match. In this way more accurate distances can be determined compared to initial

rate analysis.

When considering linear double helical DNA fragments the highest accuracy in distances

is required, since only distances from one basepair to the next can be observed. If the distances

are not accurately determined the propagation of errors will be serious. For proteins this

problem is less severe since a few long-range NOEs already can fold the protein roughly into its

three dimensional structure.
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DYNAMIC PROCESSES IN BIOMOLKCULES

In solution molecules are free to undergo all types of dynamical processes. Solution NMR

is a very suitable technique to obtain information about these processes. On the other hand the

interpretation of NMR parameters is more difficult because of these dynamics. The types of

dynamical processes can be discriminated on various grounds.

The first class of motions are slow compared to the characteristic NMR resonance

frequency. These can be chemical exchange or physical dynamical processes. The appearance of

the resulting NMR spectra is determined by the rate of the process compared to the chemical

shift difference of the signals. If the rate at which exchange occurs is less than about 10 s ', the

NMR spectrum is a superposition of the spectra of the exchanging conformations. If the

exchange is faster than the chemical shift difference one single resonance line is observed for the

exchanging sites. The exchange rate of the process can be measured with various NMR

techniques (38,40,75). Very elegant work in this respect was performed by Gueron and

coworkers who determined the basepair opening rate in DNA duplexes via 'H exchange

measurements of the imino protons (76,77).

One type of motion frequently encountered in proteins is the ring flip of aromatic side

chains of tyrosine and phenylalanine. In a large number of proteins this is a fast exchange

process compared with the chemical shift difference and the resonance lines of the two 5 and the

two e protons coincide. The flipping rate of these rings in BPTI has been determined by

Wiithrich and Wagner at several temperatures (78). Another type of motional averaging which

occurs, in this case in nucleic acids, is averaging of spin-spin couplings in the deoxyribose

rings. Due to the equilibrium between N- and S-type conformers the measured J-couplings are

averages. An extensive list of coupling constants vs. equilibrium distribution is given in the

literature (79).

Next we consider motions which are very fast, even faster than the rate of overall

tumbling of the biomolecules, which is typically in the nanosecond range. Motions like these are

methyl group rotations (HO) and other fast intramolecular motions. Measurement of 13C or 31P

relaxation times, which are dominated by the dipolar interactions of the fluctuating nuclei, can

provide insight about the rate and amplitude of these motions (HI-84). A large number of

models has been proposed for the interpretation of these relaxation data ranging from elaborate

models (85-87), such as diffusion in a cone (86), to a model free description in terms of only

the rate and the amplitude of the motions (87). Since the nuclear Overhauser effects also depend

on dipolar interactions, they are sensitive to these fast internal dynamic processes as well. NOEs

can therefore be used to get information about the motion (88), but this motion should also be

taken into account in the interpretation of the NOE intensities (89).
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STRUCTURE REFINEMENT

Two different types of structure refinement methods using distances determined with

NMR are commonly used. The first, Distance Geometry (90-95), is only using distance

information, whereas in the restrained Molecular Dynamics simulations (96-99) a foice field is

used to which the distance constraints are added as a pseudopotential.

In the Distance Geometry approach upper and lower bounds distance matrices are created

on the basis of the covalent structure, Van der Waals radii and other distances, such as NMR

constraints. A structure is generated by randomly choosing distances between the bounds and

converting these chosen distances to a three dimensional structure, i.e. embedding the structure

in three dimensions (100). The structures are then optimized against a penalty function

containing again the distances but no force field terms. The procedure can be repeated a number

of times and a set of structures belonging to the distance matrix can be obtained. The root mean

square deviation between the structures reflects which part of the conformational space is

allowed (707).

It has been shown that sampling of the whole space was not optimal in this procedure

(101-103). Therefore new algorithms have been introduced. The Distance bound Driven

Dynamics (DDD) (704) technique resembles the Molecular Dynamics simulations in the sense

that Newton's equation of motion is solved during the optimization of a starting structure. The

potential energy function consists of distance information only. A similar method is the

dynamical simulated annealing (105). In this case the nonbonded interactions in the energy

function are replaced by a simple Van der Waals repulsion term. In both methods the kinetic

energy of the system allows the structures to cross energy barriers and therefore the sampling of

the allowed conformational space is improved.

During Molecular Dynamics simulations the potential energy function has a more elaborate

form (106-108):

~ ' b o n d ^bond angles+ ^dihedrals + improper dihedrals + electrostatic+ VanderWaals I J

The first four terms are the bonded terms, defining bond lengths, bond angles, dihedral angles

or rotations and chirality of atoms plus planarity of conjugated systems. The next two terms

describe the non-bonded interactions in the molecule.

When the force field has sufficiently been developed Molecular Dynamics can be used in a

predictive manner, for instance the dynamical behavior of a molecule (89,109-110) or at a more

sophisticated level the changes in the Gibbs free energy of a changing system can be determined

(111-113). Very recently hybrid calculations of quantum mechanics with Molecular Dynamics

have been proposed (114,115).

The NMR spectroscopist uses the Molecular Dynamics simulation for another purpose.

18



An extra harmonic pseudo potential energy term is added to the potential energy function of Hq.

111 describing ihe distance constraints (96-99). The goal is to obtain structures with a reasonable

potential energy which fulfil the NOE constraints. This method is now widely used.

As far as the NMR structure refinement of DNA is concerned opinions differ. Some

groups prefer the Distance Geometry method (15,29,61,116-118), where structures are

generated only on the basis of the covalent structure and the NOE distance constraints. This

approach has the advantage that no other information can determine the structure, although

recent studies have shown that it is not possible to uniquely define the conformation of DNA

oligomers from the type of distance data available from NMR (16,119). Furthermore, the

Distance Geometry algorithms used thusfar have a preference for extended structures (120),

which means ladder-like structures in DNA. Therefore other groups prefer restrained Molecular

Dynamics for structure refinement, where the nonbonded interactions help to fold the backbone.

The disadvantage of this method is that one has to use an initial model, which can give rise to a

biased structure.

PHOTODIMERS

When living material is exposed to UV light this mainly affects the hereditary material, the

DNA (121). In DNA the heterocyclic bases can easily absorb UV light in the range of 230-290

nm (122,123). This can lead to a variety of chemical reactions within the DNA but also with

other UV absorbing material. Modifications can occur which can lead to genetic mutations.

Although the cells have a good machinery to correct for the the damage induced by UV

irradiation (124-127), still some severe diseases are known to be caused by photo-induced

damages in the DNA. In the two volumes of "Photochemistry and Photobiology of nucleic

acids" (128) an excellent overview of the chemical information and biological implications of

photolesions is given. Other reviews on the latest developments in the photochemistry of DNA

have appeared more recently (129,130).

There are different kinds of chemical modifications in nucleic acids when exposed to UV

light (128,131-134). The predominant products found in DNA are the cyclobutane dimers,

formed when two adjacent pyrimidines are covalently linked after absorbing UV light (135).

From the four possibilities dTpdT, dTpdC, dCpdT and dCpdC, the cyclobutanedithymidine

(dTplldT) is formed in the highest amounts and therefore has been studied most extensively

(136-146). The dTp[]dC cyclobutane photodimers have also been isolated and characterized

(147). The formation of purine-pyrimidine photoadduct in the deoxynucleoside monophosphate

dTpdA in both native and denatured DNA has been described by Bose et a). (148,149). The

suggestion is that adenine and thymine are also linked by a cyclobutane ring.

The cyclobutane photoproduct in dinucleotides or DNA can be classified in two groups:
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cis-syn (ANTI-ANTI)

X

(H)N

cis-syn (SYN-SYN)

X

trans-syn (ANTI-SYN) trans-syn (SYN-ANTI)

Fig.4 The four possible cyclobutane dimers in a bipyrimidine dinucleotide. For the cis-syn

conformation ANTI-ANTI or SYN-SYN glycosidic conformations are expected. For the two

trans-syn structures the cyclobutane rings are different and the glycosidic angles can be in the

ANTI-SYN or SYN-ANTI conformation.

two types of cis-syn and two types of trans-syn dimers. The four possible cyclobutane dimers

are shown in Figure 4. The first cis-syn form ( with ANTI-ANTI glycosidic angles) is the most

predominant form and can be characterized easily both for dTpdT, dTpdC and UpU

(136,138,147,150). The presence of trans-syn forms has also been observed with the use of ID

and 2D NMR spectroscopy, where the glycosidic angles are mostly SYN-ANTI but also the

presence of the ANTI-SYN form seems likely (136,138,150).

Up till now, only few NMR studies of an oligodeoxynucleotide containing a thymine

photodimer have been presented (151,152). The NMR data showed the existence of a cis-syn

cyclobutane photoproduct in a DNA octamer. Only close to the modified site changes in
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chemical shift and NOL-'s were observed indicating that only local changes occurred upon

thymine dinicr formation. Theoretical studies partly agreed with these findings (153,154).

OUTLINE OF THE THESIS

Two major subjects which are intimately linked with each other are described in this

thesis, i.e. relaxation matrix analysis of NOE intensities and structure determination of DNA

molecules in solution.

In chapter 2 the iterative relaxation matrix approach (IRMA) for structure determination of

biomolecules in solution is presented. Tests with theoretical and experimental data sets for the

DNA octamer. d(GCGTTGCG).d(CGCAACGC), are described.

In chapter 3 methods for the inclusion of internal motions in the relaxation matrix

approach are discussed. The effect of the 180° ring flips of aromatic amino acids and methyl

group rotation on the NOE intensities and derived proton-proton distances is shown.

In chapter 4 the fast local mobility of interproton vectors is included in the relaxation

matrix approach by using generalized order parameters. It is shown for the same DNA octamer

of chapter 2 that this improves the IRMA procedure. The structures obtained with the improved

method are discussed in more detail.

In chapter 5 the improved IRMA procedure is applied to two other DNA octamers. The

first is the cis-syn thymine dimer containing octamer d(GCGT[]TGCG).d(CGCAACGC), the

second is the selfcomplementary d(GCGATCGC). The obtained structures will be discussed

and compared with the structure for the octamer obtained in chapter 4.

Chapter 6 describes the conformational analysis of the dideoxynucleotide dTp[)dA. This

photoproduct is shown to form a trans-syn cyclobutane linkage.

Finally, in chapter 7 NMR studies of the cyclobutane dimers of the dideoxynucleotide

dCpdT are presented. The results for both cis-syn and trans-syn forms are compared with

results for the cyclobutane photodimers of dTpdT and dTpdC.

This thesis is concluded with summaries in English and in Dutch.
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Chapter 2

IRMA: an Iterative Relaxation Matrix Approach for
Structure Determination of Biomolecules from Proton-

Proton NOEs

This chapter is based on the articles:

R. Boelens, T.M.G. Koning and R. Kaptein,/. Mol. Struc. 173, 299 (1988)

R. Boelens, T.M.G. Koning, G.A. van der Marel, J.H. van Boom and R. Kaptein, J. Magn.
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MISTKAt I

A method is proposed, called iterative relaxation tn.it.nx jpptmctii UKMA;:. i•'.•;•: fe

strucuire determination of biomolccules in solution based on 2D .\OH data. Vnnnn-pzu'Aa

distances .ire determined in a way in which indirect magneti/ation translcr (spin diU'cnnnj v\

taken fully inio account. In this method experimental SOF.s are "ombined with calculated NGEi

based on a molecular model. Back transformation of this mixed \OF- matrix gives a rebxaimm

matrix which provides a better estimation of the cross-relaxation rates itian can be oblainrtl

directly from the NOf: cross peaks. From the cross-relaxation rates distance camininis ca?s for

derived, which are used in restrained molecular dynamics calculations to obtain an improved

molecular model. The iteration cycle can be repeated until all experimental NOEs arc

satisfactorily explained. The method was tested with a DNA octamer, d(GCGTTGCG)

ikCGCAACGC).

INTRODUCTION

One of the most useful NMR parameters for structure determination of biomolecules is the

proton-proton NOE (/). It is most conveniently measured by 2D NOE speetroscopy, where a

large number of NOEs between protons are obtained as cross peaks in one 2D experiment (2.3).

Since the NOE is due to a magnetic dipole-dipole interaction between the proton nuclear spins.

the observation oi such NOE cross peaks indicates the proximity of the two protons involved.

The intensity of the NOE depends on the rate of cross-relaxation of the protons, which in turn

depends on fluctuations in the orientation and length of the interproton vectors (4,5). In the case

of small rigid molecules, in which all vectors are assumed to move isotropically, the

measurements of intensities of NOEs between proton pairs leads in a direct way lo relative

distances, which can be calibrated using a known distance (5).

However, in the case of large molecules there is no direct relation between the cross peak

intensity and cross-relaxation rate of the two protons, since indirect magnetisation transfer via

other protons (so called "spin diffusion") could contribute as well (6). This, together with

uncertainties in the motional behaviour of a biomolecule, led to the use of the NOE only to derive

approximate ranges of proton-proton distances. Nevertheless, the presence of large numbers of

such distance constraints allowed structure determination of various proteins and some DNA

fragments in solution with reasonable precision (1,7-14).

If spin diffusion could be taken into account properly, this could lead to more accurate

distance constraints. Furthermore, since longer distances are affected more than shoner ones, the

distance range could be extended and therefore the number of distance constraints obtainable

from 2D NOE spectra. Especially in the case of DNA fragments this could be very important,
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Fig. I Flow diagram for the iterative relaxation matrix approach (IRMA) for structure

determination of biomolecules from proton-proton NOEs. Details of the procedure are discussed

in the text.

since the propagation of distance errors is more serious in a linear molecule such as a double

stranded oligonucleotide then in a globular polypeptide. Also, in order to determine sequence

specific structure variations in oligonucleotides (15) a higher precision of the distance constraints

seems to be desirable.

One method to eliminate the effect of "spin diffusion" would be the measurement of initial

rates of NOE buildup in 2D experiments with a series of short mixing times (16,17). A

disadvantage of this method is the low sensitivity and the possible interference with zero

quantum (ZQ) coherences for cross peaks of J-coupled protons (18). Another approach is the

calculation of NOE cross-peak intensities by diagonalization of the complete relaxation matrix for
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a given structural model and comparison with the experimental 2D NOE spectrum (19). This

method has so far been used to discriminate between various model structures of

oligonucleotides in solution {20,21). Recently a similar method has been proposed in which the

NOE intensities were calculated by stepwise integration of the coupled differential equations

which determiiie the NOE intensity (22,23). Finally, an approach originally suggested for

exchange spectroscopy (24,25) and further elaborated for NOEs by Olejniczak el al. (26), is

based on the back transformation of the matrix of NOE intensities (NOE matrix) to obtain the

relaxation matrix and, hence, the cross relaxation rates. This requires diagonalization of the NOE

matrix, which is possible for small molecules but presents a problem in the case of larger

biomolecules, since the NOE matrices are then usually incomplete.

We propose an iterative procedure for structure determination of biomolecules from

proton-proton NOEs, in which spin diffusion is fully taken into account. This procedure will be

referred to as IRMA (iterative relaxation matrix approach). It is summarized as a flow diagram in

Figure 1. The procedure starts with an initial structural model, possibly obtained from a set

approximate distance constraints. For this starting structure and a choice for the motional

behaviour of the molecule the relaxation matrix is set up and the NOE matrix is calculated. The

off-diagonal elements of this matrix for which experimental NOEs are available, are then

replaced by the measured ones. The combined NOE matrix is diagonalized to obtain a relaxation

matrix with cross-relaxation elements now including the effect of spin diffusion. After averaging

a set of matrices for a series of mixing times this then leads to an improved set of distance

constraints, from which a better structural model can be obtained using distance geometry (9-

11,27,28) or restraned molecular dynamics methods (7,8,12-14). The procedure can be

repeated until all exper rental NOEs are satisfactorily explained.

Some features of the method were tested with theoretical calculations on a model structure

of the DNA octamer d(GCGTTGCG).d(CGCAACGC). The distances which could be obtained

from initial rate analysis were compared with the actual model distances and several experimental

conditions have been simulated. Furthermore, proton-proton distances were determined from

experimental 2D NOE spectra of the same octamer and were used in a restrained molecular

dynamics refinement. In a future study we will compare the structure obtained with that of the

same fragment in which the TT dinucleotide has reacted to a photodimer. !H NMR spectra of the

DNA fragments have been discussed by us recently and a complete assignment was given (29).

THEORY

Multispin relaxation in a biomolecule in solution can be approximately described by the

generalized Bloch equations. The evolution of the longitudinal magnetization components is

described by the following set of differential equations (4):
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dAM(t)
dt

= - R A M (t)

The vector AM(t) comprises the deviations from thermal equilibrium for all spins i:

[21

where Mo is the equilibrium magnetization. The cross-relaxation matrix R is given by:

R =

P °"
3
2n

on1 On2 '

[3]

where p ; is the diagonal relaxation rate for proton i according to (4,5):

N ( 1 V
p. = K > I r 6 6 J2(co) + 3 J^co) + J0(co) + R leak [4]

The first term describes the dipolar relaxation rate, while all other sources of relaxation are taken

together in the second term, Rieak. The off-diagonal elements of R contain the cross-relaxation

rates, aiJ? between protons i and j given by:

1
6J2(co)-Jo(co) [5]

In Eq. [4] and f5] TVj is the distance between the proton i and j and K=0.1 74n2((j.0/4rt)2. For

isotropic tumbling of the molecule with a correlation time xc the spectral densities Jn(co) take the

simple form:

f6]
n2co2 x c

2

where co is the Larmor frequency of the protons. The solution of Eq. [1 ] is:

AM(t)= e"R t AM 0

Thus, if only spin j is perturbed initially the magnetization of spin i is given by:

18]
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Macura and Ernst UO) have shown that analogous to Eq. |8 | the integrated intensities in a 2D

NOH spectrum recorded with a mixing time Tm are given by:

>ijCxm) = e"Rtn> i j M j 0 = a i j (x m )M j 0 |9 |

This defines the exponential matrix of normalized NOE intensities

A = exp -Rtm 1101

Therefore, the matrix A will be referred to as the "NOE" matrix.
The exponential matrix exp[-Rtm | can be expanded in a power series

exp - R t m = l - R T m + 0.5R2Tm2 + [11|

For sufficiently short mixing times only the first two terms in Eq. 111 ] contribute appreciably

and the NOE intensity a;: becomes 0J: • Tm and builds up linearly with the mixing time.

Alternatively, the matrix equations can be solved as

A = Xexp - A t m X 1 112|

where A is the diagonal eigenvalue matrix obtained after diagonalization of R

X " ' R X = A 113|

Therefore, given a molecular model the NOE matrix can be calculated from the relaxation matrix

for each mixing time Tm of a 2D NOE experiment and the buildup of NOE intensities in a time

series can be obtained.

The reverse procedure is also possible (24-26). When the complete NOE matrix A is

known, the relaxation matrix R can be obtained after diagonalization of the NOE matrix

X-' A X = D =exp -Axm |14]

Thus, theoretically the matrix R can be obtained from one 2D NOE experiment taken at a suitably

chosen mixing time or more accurately by averaging over a series of Tm values. In practice for

biomolecules this cannot be done directly because the NOE matrix is not completely known due

to incomplete assignments and peak overlap. However, the diagonalization of Eq. |14] can still

be carried out for suitable combinations of experimental and theoretical NOE matrices. This
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forms the basis of the IRMA procedure as discussed below.

METHODS

Experimental. The complementary strands d(GCGTTGCG) and d(CGCAAGCG) were

synthesized via a phosphotriester approach (31,32) and mixed in a 1:1 ratio to obtain the DNA

octamer. Solutions were 70 mg/ml duplex in 50 mM KPi, 0.2% NaN3, pH 6.5 (meter reading)

in 2H2O. Spectra were recorded at 300 K.

2D NOE spectra were recorded at 500 MHz with a Bruker WM 500 spectrometer,

equipped with an Aspect 2000 computer. Phase cycling with 32 different phase combinations of

the three pulses of a 2D NOE experiment, as described by States et al. (33), was used to obtain

phase-sensitive spectra. Since the carrier frequency was positioned at one side of the spectrum,

quadrature detection in the C0| domain was not necessary. Mixing times were 6.6, 10.5, 16.7,

26.8, 42.9, 68.7, 110 and 176 ms.

The spectra were Fourier transformed on a DEC (J.VAX II with the "2D NMR" software

library, written in Fortran 77. All spectra from a mixing time series were processed with the

same parameters. A baseline correction was applied to all spectra in the 0)j domain (34).

Cross-peak integration. The NOEs are integrated by simple summation of intensity in an

area around the centre of the cross peak. It has been pointed out that peak integration gives less

accurate values for the intensity than curve fitting, when the peaks are represented by a limited

number of points (35). Generally however, the lineshape of a cross peak in a 2D NOE spectrum

is not known a priori, due to fine structure of unknown J-couplings and varying linewidths.

Therefore, 2D summation seems a more simple and direct procedure. The summation has the

further advantage that ZQ coherences are averaged out (2,18), at least when the integration limits

are chosen large enough in at least one of the frequency domains and the ZQ peaks are not too

strong. The integration is performed in the same way for all spectra of the time series after

defining the area of the cross peak.

Initial rate analysis. For initial rate analysis the integrated NOE intensities from the 2D

NOE time series are drawn on a graphic screen. The initial value yi; which might be unequal to

zero due to baseline distortions, and the final value yf can be estimated. The NOE buildup is

fitted to an exponential function, which approximates the multi-exponential buildup of Eq. [ 10]:

-kt ] [16]

The initial buildup rate is then given by

v = k [ y f - y i ] [17]

For buildup curves, which do not satisfy a single-exponential approximation (due to spin
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diffusion or relaxation leakage), the NOEs obtained from the longest mixing times can be

excluded from the fitting procedure. The rates are averaged for cross peaks on both side of the

diagonal. With a rigid molecule assumption these initial buildup rates are proportional to the

dipolar cross-relaxation rates, v = M0O", where Mo is the equilibrium magnetization.

Approximate distances can be calculated by comparing the buildup rates with a rate vc at a cross

peak or a set of cross peaks between protons with a known distance rc

1/6

'•[*]
Diagonalization of NOE matrices and determination of the cross-relaxation rates. Based on

a starting structure the corresponding relaxation matrix is set up (Eq. [3]) for the 182 protons of

the DNA octamer. For this, isotropic motion of a rigid molecule is assumed with a correlation

time TC of 1 x 109 s. It should be noted that the actual value of tc is not important in the case of

the slow tumbling limit, since it appears as a constant scaling factor and the distance constraints

are calculated from ratio's of cross-relaxation rates as pointed out below. Diagonalization of the

relaxation matrix yields the NOE matrices (Eq. [13]) for various tm. In these theoretical NOE

matrices A^model) those off diagonal elements, for which experimental data are available, are

then replaced by the measured NOE intensities. In this way, the diagonal intensities in the mixed

NOE matrix are those of the theoretical one. The mixed NOE matrix contained 167

experimentally measured NOEs for each mixing time.

In order to scale the experimental NOEs in the NOE matrix the intensities at nca] calibration

cross peaks in the calculated, a^c), and experimental, a^e), matrices are averaged for all xm

values and a single scaling factor is determined as follows for each iteration:

[19]

'cal

Back transformation of the combined NOE matrix is carried out for each mixing time. The

relaxation matrix elements are weighted for all 2D spectra to obtain an average value

[20]
2 , W'J

where the weighting function for each spectrum with mixing time xm was the experimental NOE
intensity
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Those relaxation matrix elements which deviated more than the standard deviation from

the average, were excluded and a new average and standard deviation was calculated. This

reduced the effects of strong artefacts at short mixing times due to ZQ coherences. All

diagonalizations, both for calculating the NOE matrix and for the back transformation, were

carried out with a Givens algorithm from the EISPACK library.

Determination of upper and lower distance constraints. The distance constraints are

calculated as
1/6

[22]
= r

r u " = r

1/6

where r+
{j and r"^ are upper and lower limits of the distances between protons i and j

respectively, r5 is a calibration distance, o° is the calculated cross-relaxation rate at the calibration

distance r° and e^ is the standard deviation. With the factor a the upper and lower limits can be

chosen according to the experimental accuracy. We have chosen a= 1.

Further correction terms, Ar, were added or subtracted from these upper and lower

distance limits in the first molecular dynamics steps, to allow for other sources of errors in the

distance determination, such as those due to local mobility:

ru
ij = r + i j ( l+ A) |23]

r'jj = r-y (1 - A)

where ru-^ and r jj are the upper and lower distance constraints. No correction due to the absence

of stereospecific assignment is necessary, since the used distances involved stereospecifically

assigned protons only (29).

Restrained Molecular Dynamics. The restrained molecular dynamics calculations on the

DNA fragment were performed with the GROMOS program as described previously (7,8). To

the potential energy function used in conventional molecular dynamics (MD) calculations the

following distance constraint function was added:

1 u j ; , [ r.. _ jJ.. i2 0 < r < r̂ ij
Vdc = { 0 r1^ < r j j <ru

ij |24I
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where r is the actual distance between atoms i and j in a structural model and where ru
n and r^

are the upper and lower bound distance constraints between atoms i and j .

For the starting structures AO and BO, energy minimized canonical A- and B-DNA

structures (3ft) were used. The first cycle of 1RMA starting with structure AO led to the improved

structure Al (cf. Figure 1), a second cycle to A2 and so on. For each of the starting structures,

three cycles of IRMA were carried out. Each MD calculation started with 100-300 steps of

steepest descent restrained energy minimization on the model structures. The MD calculations

were performed with the charges on the phosphate backbone neutralized and without solvent

molecules, but with added restraints on the Watson-Crick hydrogen bonds. Further

computational conditions were: temperature, 300 K; time step, O.(X)2 ps. The distance constraint

force constant was 4000 kJ moH nnr2, which yields an energy contribution of '/2kT at an

excess distance of 0.025 nm. Each MD-run covered a time span of 40 ps of which the last 30 ps

were used for averaging. The averaged MD structure was energy minimized again and the

resulting structure was used as a new model structure for the relaxation matrix calculation.

During the first two cycles the A (Eq. |23]) was set to 0.1 for both calculations starting with A-

and B-DNA. In the third cycle A was set to 0, so that the upper and lower bounds were taken as

r11^ = r+jj and r^ = r"-. The final structures, B3 after three cycles starting from B-DNA and A3

obtained in the same way starting from A-DNA, are analyzed and compared with the

experimental data. For structural analysis of the DNA models the programs AHELIX (written by

J.Rosenberg), BROLL and CYLIN (written by R.E. Dickerson) were used.

Apart from the MD refinement step one cycle of IRMA for one mixing time took about

30 min CPU time while the simulation of 1 ps of a single DNA molecule took about 85 min

CPU time , both on a |^VAX II.

RESULTS

Initial rate analysis of simulated 2D NOE spectra. To test the accuracy of inital rate

analysis in the case of 2D NOE spectra of biomolecules the spectra of the DNA octamer

d(GCGTTGCG).d(CGCAACGC) have been calculated for the complete mixing time series (as

also used in the experiment) assuming a rigid isotropic molecule in a standard B-DNA

conformation (36) with a correlation time of 109 s. The NOE buildup curves thus obtained were

fitted in the same way as in the experimental spectra using the initial rate analysis. The errors in

these initial rate distances are shown in Figure 2. Compared to those of the B-DNA model they

clearly showed a tendency to become to short at long distances and too long at short distances.

As pointed out by Clore and Gronenborn (37), the reason must be that the initial rates of the

cross peaks belonging to long distances are mainly determined by the NOEs at longer mixing

times, where spin diffusion becomes already appreciable. For second order magnetization

transfer the weak NOEs (long distances) are then systematically too short, while for distances
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Fig. 2 The errors on the distances obtained by initial rate analysis. The relative error is

calculated as the difference between the distance, rm, in the B-DNA octamer and the distance,

rs, obtained by initial rate analysis of 167 selected NOEs in simulated 2D NOE spectra of the

same model, e = (rm- rs) I rm. The errors of the distances, which are within a range of 0.05 nm,

are averaged and displayed as one bar at the middle distance.

shoner than the calibration distance longer values would be found. Use of mixing times shorter

than 10 ms is normally impractical for experimental spectra, since the NOEs are then too weak to

be observable or they may be too much affected by ZQ coherences.

This compression of distance space restricts the direct use of initial buildup rate

measurements for obtaining accurate distance constraints for structure determination. The

alternative is then estimation of the spin diffusion contribution on weak cross peaks at short

mixing times.

Accuracy of diagonalization of NOE matrices in the presence of noise. The back

transformation of the mixed NOE matrices to cross-relaxation rate matrices and from these to

proton-proton distances is an important step in the IRMA procedure. Therefore the accuracy of

the diagonalization was tested. A major source for errors on the proton-proton distances and for

mathematical instabilities in the diagonalization step is experimental noise. The accuracy of the

procedure in the presence of experimental noise can be estimated by adding random numbers to a

calculated NOE matrix of the B-DNA octamer model. Figure 3 shows the errors on the distances

with different intensities of "noise levels". It is clear that low experimental signal-to-noise ratios

will never provide accurate long distances, but no problems in the diagonalization of these

matrices have been encountered. In practice in the experimental spectra for the DNA octamer the

noise level corresponds to a distance of about 0.55 nm at long mixing times. Therefore, a

diagonalization method will certainly be useful to obtain a better accuracy for distances up to ca
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Fig. 3 The accuracy of back transformation of NOE matrices for distance determination in the

presence of "noise". The errors are calculated as the difference between the distance, rm, in the

B-DNA octamer and the distance, rs, obtained after back transformation of a simulated 2D NOE

spectrum (xm = 176 s) of the same model, to which "noise" has been added, e = (rm - rs) I rm.

The "noise" matrix contains gaussian distributed random numbers, with a standard deviation of

1. The different "noise" intensities are obtained by multiplying this matrix with a scaling factor

which is equal to the NOE intensity corresponding to the indicated distance at this mixing time.

Further details as in Fig. 2.

0.45 nm.

Model dependence of the procedure. The experimental NOE matrices are incomplete due

to overlap of diagonal peaks, overlap of cross peaks and incomplete assignments of the protons.

For example, in the experimental spectra of the DNA octamer containing 182 protons, we

identified 167 non-overlapping NOE cross peaks suitable for integration. Thus the NOE matrix

will contain only 167 elements in a 182x(182+l)/2 tridiagonal matrix.

Taking this into account the question arises to what extent does the model chosen as

starting structure determine the outcome of the procedure. Therefore the effects of completing the

sparse NOE matrix with calculated NOEs from a model have been tested. The NOE matrix for

41



0 10

0 05 •

0 00

-0.05 -

•0.10

0.20 0 30 0.40

distance (nm)

0 50

Fi^.4 The model dependence of distances determined from a mixed NOE matrix with

experimental and calculated elements. The errors are calculated as the difference between the

distance, ro, in the B-DNA octamer and the distance, ra. obtained after back transformation of a

mixed NOE matrix which contained 167 selected elements of the NOE matrix of a B-DS'A

octamer and all other elements from an A-DNA octamer, e = (rb - ra) t rb. Furtfier details as in

- 2.

the DNA octamer with 167 NOEs from a B-DNA model (those elements that correspond with the

experimentally measured ones) was supplemented with calculated NOEs from an A-DNA model.

Figure 4 shows the errors introduced on the 167 NOEs by a wrong choice of model. The error

introduced by diagonalization with an inaccurate model still gives lower errors on the cross -

relaxation rates than using the initial rate analysis (cf. Figure 2).

Experimental NOE intensities. The first step in the IRMA procedure is the determination

of the approximate cross-relaxation rates from initial buildup rates. As mentioned above we

measured the buildup of NOE intensity of 167 cross peaks in the series of eight 2D NOE spectra.

Figure 5 shows stacked plots of a part of the 2D spectrum of the d(GCGTTGCG).

d(CGCAACGC) octamer, which can be used for such initial rate analysis. Figure 6 shows the

NOE buildup of the cross peaks between the aromatic H5 and H6 protons of the six cytosines in

the d(GCGTTGCG).d(CGCAACGC) octamer, which corresponds to a fixed distance of 0.245

nm. These NOEs, which are very similar for all cytosines at corresponding mixing times, were

used as the calibration cross peaks both in the initial rate analysis of all NOEs and in the

relaxation matrix approach. The contribution of the ZQ coherences, as observed in the strong

CH5-CH6 cross peak in Figure 5 at the shortest mixing times, is averaged out close to zero, as

observed in the buildup curves of Figure 6. The approximate distances obtained from the initial

rate analysis are shown in Table 1 for all identified NOEs. In general, for biomolecules of
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Fig. 5 Stacked plots of parts of the 2D NOE spectra of the DNA octamer at various mixing

times. The strong peak belongs to the H5-H6 cross peak ofcytidine C9.

unknown structure, one could use these distances to obtain starting structures with methods such

as distance geometry (9-11.27,28). However, in the case of DNA oligonucleotides we started

directly with the canonical A- and B-DNA structures.

Distance determination with IRMA. The initial rate analysis of NOE buildup curves results

in a compression of the measured distances around the calibration distance (c.f. Figure 2). In a

relaxation matrix procedure this compression, which is due to spin diffusion, is corrected for.

Following the procedure outlined in Figure 1 we supplemented the experimental NOE matrices

with the theoretical ones obtained from A- and B-DNA models, after appropriate scaling. Then a

back transformation of the mixed NOE matrices was carried out. The relaxation matrices

obtained after diagonalization of the NOE-matrices were translated into distance
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Fig. 6 The buildup of experimental NOE intensities of the cross peaks between the H> and

H6 protons of the cytidines. The relative NOE intensity (arbitrary units) is displayed as a

function of the mixing lime (s). The measured NOE intensities are connected by straight lines.

constraints, which were used in the restrained molecular dynamics simulations completing the

iteration cycle. After three cycles convergence was obtained both for the A- and B-DNA starting

models, as will be discussed below. The distances obtained after three cycles of IRMA are also

listed in Table 1.

Correspondence of experimental buildup curves with model. As a check whether the final

models could explain the experimentally observed NOE buildup curves, we calculated the

relaxation matrix for these models. From this matrix the NOEs corresponding to the measured

ones were calculated. These NOEs now include the effects of spin diffusion and relaxation.

Figure 7 shows the experimental NOE intensities for some selected cross peaks, together with

i) the curves obtained by fitting the buildup to the exponential function (Eq. [ 16]), which is used

for initial rate analysis, ii) the NOE buildup curves calculated with the relaxation matrix approach

using structure B3 and Hi) the buildup curves as would be calculated for an isolated two spin

system using the distance obtained from IRMA. For distances up to 0.3 nm all the curves

virtually coincide. When the distances are larger and the amount of spin diffusion increases, the

two spin approximation deviates clearly from the measured points and therefore the single-

exponential fit gives rise to significant errors in the initial rate analysis. The curve calculated with

the full matrix approach, however, fits well with the experiment for longer distances, too. The

example of Figure 7F clearly shows the dilemma: in order to measure the correct cross-relaxation

rates by initial rate analysis one would have to go to unpractically short mixing times, where the

signal to noise is very poor.
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Table 1. Distances (tun) from NOE data for the DNA octamer d(GCGTTCCG).d(CGCAACGCf

Intranucleotide base-sugar distances

base-Hl' base-H2' base-H2" base-H3' base-H5

I II I II 1 II I II I II

Gl 0.37 0.38 0.32 0.42
C2 0.35 0.38 0.21 0.23 0.29 0.33 0.34 0.35 0.24 0 24
G3 0.35 0.37 0.29 0.33
T4 0.30 0.34 0.23 0.25 0.28 0.35
T5 0.30 0.37 0.21 0.23 0.28 0.33 0.34 0.38
G6 0.32 0.36 0.39 0.39
Cl 0.34 0.36 0.22 0.24 0.37 0.34 0.24 0.24
G8 0.34 0.35 0.31 0.30

C9 0.31 0.31 0.25 0.26 0.32 0.34 0.34 0.38 0.24 0 24
G10 0.34 0.35 0.36 0.37
CI1 0.22 0.24 0.26 0.29 0.24 0.25
A12 0.34 0.35 0.23 0.25 0.29 0.30 0.38 0.38
A13 0.33 0.35 0.23 0.25 0.28 0.29
C14 0.35 0.37 0.24 0.25 0.32 0.36 0.42 0.44 0.25 0.25
G15 0.35 0.37 0.23 0.24 0.29 0.33 0.38 0.38
C16 0.32 0.34 0.24 0.24



Table 1.

Gl
C2
G3
T4
T5
G6
C7
G8

C9
G10
Cll
A12
A13
C14
G15
C16

continued

base-Hl

I

0.29
0.32

0.30
0.35
0.31
0.32
0.35
0.32

X3')

II

0.30
0.33

0.30
0.36
0.33
0.33
0.36
0.33

Internucleotide base-sugar and base-base distances

base-H2'(3)

I

0.30

0.31

0.29

0.33

0.29
0.30

II

0.32

0.33

0.29

0.35

0.30
0.30

base-H2

I

0.26
0.27
0.28

0.30

0.27
0.27
0.31
0.28
0.27
0.29
0.29

"(31)

II

0.28
0.27
0.30

0.30

0.38
0.29
0.32
0.30
0.30
0.31
0.31

base-base(5')

I

0.39

0.40

0.38
0.40
0.38

II

0.43

0.46

0.42
0.44
0.42

base-H5(5')

I

0.39

0.35

0.34

0.34

0.34

11

0.40

0.36

0.35

0.35

0.34



Table

Gl
C2
G3
T4
T5
G6
C7
G8

C9
G;O
Cll
A12
A13
C14
G15
C16

1. continued

H1-H2

I

0.29
0.27
0.28
0.29

0.29
0.28

0.30

0.30

0.30
0.26

•

0.30
0.34
0.29
0.34

0.31
0.30

0.34

0.32

0.32
0.30

HI

I

0.24
0.23
0.23

0.23
0.24

0.24

0.23
0.25
0.24
0.24
0.23

•-H2"

II

0.25
0.23
0.25

0.25
0.25

0.25

0.24
0.27
0.25
0.25
0.25

HI'

I

0.34
0.36

0.32
0.34
0.31

0.30

0.35
0.33
0.27

0.34

0.31
0.35

Intranucleotide sugar-sugar distances

-H3'

II

0.43
0.37

0.37
0.36
0.36

0.38

0.37
0.37
0.33

0.35

0.36
0.37

HT-H4'

I

0.30
0.28
0.33
0.29
0.27
0.33
0.27
0.31

0.31
0.29
0.28
0.35
0.32
0.28
0.31
0.28

II

0.37
0.32
0.35
0.31
0.29
0.33
0.29
0.38

0.34
0.32
0.31
0.36
0.34
0.31
0.34
0.31

H31-

I

0.24
0.23

0.25

0.28

0.25
0.26
0.29
0.27
0.26

H2'

II

0.27
0.26

0.28

0.30

0.29
0.31
0.30
0.31
0.30

H3'-

I

0.29
0.26

0.27
0.30

0.30

0.27
0.27
0.26
0.34

H2"

II

0.31
0.28

0.33
0.32

0.31

0.31
0.30
0.29
0.36

H3

I

0.27
0.26
0.27
0.28
0.26
0.26
0.29

0.28
0.32
0.26
0.27
0.32
0.28

"-H41

II

0.29
0.29
0.27
0.26
0.29
0.27
0.31

0.28
0.30
0.28
0.29
0.35
0.30

a) I: obtained from initial rate analysis. II: corrected for spin diffusion using model B3



*. (mixing lime) T (mixing time)

• 7 NOE buildup curves for selected cross peaks.

The experimental points (A) are shown, together with an exponential fit (....), the result of a

correct IRMA fit < ) and the theoretical curve calculated for two spins at the distance

indicated using the two spin approach (- - •). The distances obtained with IRMA are indicated.

The different curves correspond to the contacts Cll H5 to Cll H6 (A), CII H6 to CI1 H2"

(B), G/0 H4' to GW HI' (C), C9 H6 to C9 H2" (D), GW H8 to C9 H2" (E) and Gl H8 to

Gl H2"(F).

Convergence of the procedure. Two criteria for convergence can be distinguished: convergence

of the experimentally determined distances corrected for spin diffusion and that of the structural

models. Concerning the distance convergence we have listed the distances fora few
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Table 2. Distances (nm) from NOEs in the various cycles of tfie IRMA procedure

for some selected proton pairs.

contact d(AO) d(Al)d(A2) d(A3)d(BO)d(Bl)d(B2) d(B3) AO BO a

1H8 - 1H2" O.327O.372 0.368 0.410 0.340 0.353 0.411 0.420 0.470 0.365

3H2" -4H6 O.357O.298O.3O4O.3OOO.31OO.3O5O.3O2O.3O1O.3O5 0.241

10H2"- 11H6 0.341 0.297 0.298 0.297 0.296 0.298 0.297 0.297 0.307 0.242

12H2"- 13H8 0.346 0.292 0.297 0.295 0.295 0.297 0.296 0.296 0.323 0.234

13H21'- 14H6 0.353 0.296 0.297 0.296 0.297 0.296 0.296 0.296 0.306 0.241

a AO and BO denote the energy minimized canonical A- and B-DNA structures;
d(A0) indicates distances obtained from back transformed NOE matrices based on
structure A0. Structures A1-A3 are obtained after one to three cycles of structure
refinement by IRMA.( similar for the structures B0-B3)

characteristic proton pairs during the three cycles in Table 2. It is apparent from the table that

these distances change after each cycle of the relaxation matrix treatment, but tend to converge

after 3 cycles. This can be seen most pronounced for the distances d(A0) to d(A3), but also for

the B-DNA derived distances d(B0) to d(B3). This change in distance is due to a changing local

environment of a proton pair and therefore also a changing contribution to spin diffusion from

one cycle to the next. A rapid convergence of the distances after a few cycles of IRMA is

observed, not only within runs starting with A- and B-DNA structures, but also between these

runs.

The second criterium for convergence of the method is the rms difference in the atom

Table 3. Root mean square differences of atomic coordinates (nm)

for structures after various cycles of the IRMA procedure.

A0 Al A2 A3 B0 Bl B2 B3

A0 - 0.57

Al

A2

A3

B0

Bl

B2

B3

0.66
0.17
-

-

-

-

0.66
0.19
0.06
-

-

-

0.42
0.21
0.31
0.32
-

-
_

0.39
0.26
0.37
0.38
0.17
-
_

0.50
0.16
0.27
0.28
0.16
0.19

0.59
0.16
0.20
0.20
0.24
0.30
0.20
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Fig. 8 Sum of the violations of the distance restraints for structures BO, AO, B3 and A3.

The violations are defined as:

for rij>ru
ij and

j j for r^Kr1^

where r"iy and r i ; are the distance constraints obtained from structure B3. The sum is calculated

by summation for intervals of 0.05 nm.

coordinates between the structures. The rms differences of the structures obtained after each

refinement step are listed in Table 3. The rms differences of the A- and B-DNA starting

structures are large (0.42 nm). When the structures start to improve in terms of violations of the

NOE constraints, the rms differences gradually become smaller resulting in a final rms difference

of 0.2 nm between the structures A3 and B3. The final structures differ significantly from the A-

DNA starting structure and resemble more a B-DNA structure. It is interesting to note, that the

convergence of the structure is slower than that of the distances (cf. Table 2). Apparently, the

local proton environment, that determines the spin diffusion correction, converges more rapidly

than the global structure.

The local conformation is better determined than the overall structures. Superposition of

two base pairs at a time and calculation of the rms difference the structures A3 and B3 resulted in

differences of 0.14 nm on the average. This value is slightly larger than the overall root mean
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square positional fluctuation of the atoms during the molecular dynamics runs (0.1 nm).

Violation of tlie NOE constraints. The starting structures A and B-DNA (A0 and BO) have

a distance restraint energy term of 1407 kJ/mole and 557 kJ/mole, respectively (corresponding to

an average size of the violations of 0.062 nm and 0.039 nm), comparing them with the final set

of constraints. This indicates that the B-DNA structure already was in reasonable agreement with

the observed NOEs. Some improvement was observed for the final structure derived from B-

DNA (B3), 280 Id/mole (average violation of 0.028 nm). The final structure based on A-DNA

(A3) showed a large improvement of the distance restraint energy going to 309 kJ/mole (average

violation of 0.029 nm). So both final structures fulfil the NOE constraints to the same extent.

The improvement in distance constraints is shown in Figure 8. The sum of the violations per

distance interval is shown for initial and final structures in the A- and B-DNA family. For B-

DNA the sum of the violations decreases slightly while for A-DNA a drastic improvement can be

observed. A more detailed investigation of the violations, discriminating between upper and

lower bounds, revealed that for proton-proton NOEs within the deoxyribose units mainly lower-

bound violations occurred. This might imply that the assumption of a rigid and an isotropically

rotating molecule is incorrect. Most likely the sugar rings of DNA show a higher mobility than

the bases (3HJ9). This would lead to an overestimation of the distances for the protons within

the sugar ring.

One of the finally obtained structures (B3) is presented in Figure 9. What strikes at first

sight is the bend in the helix axis. Calculation of the helix axis per two base pairs revealed that

Fig 9 Stereo pair of the structure obtained after three cycles of IRMA starting from B -DNA

<B3).
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the major break of the helix occurred between base pairs 4 and 5. This might be due to the small

AA region in the middle of the molecule. All the sugar ring conformations are in the Cl'-exo-

C2'-endo region of the pseudorotation circle {40).

CONCLUSIONS

It is shown that the proposed iterative relaxation matrix approach yields a more reliable set

of distance constraints than can be obtained by the conventional initial rate analysis. Starting with

an appropriate model the correction for spin diffusion improves concomittantly with

improvements in the structure. The effect of spin-diffusion can be taken into account in an

accurate way by back transformation of the NOE matrix. A very good agreement between

calculated and measured NOE intensities can be achieved once the structure has converged. The

method has several advantages above other methods. Longer mixing times can be used giving

rise to a better determination of the NOE intensities, because of a better signal to noise ratio.

Furthermore, longer distances can also be determined. Finally the effect of zero quantum

coherences, which affect especially the calibration peaks at short mixing times, is also smaller,

which results in a higher precision in all distances.

In previous methods used for determination of oligonucleotide structure based on distance

geometry (10,11) or restrained molecular dynamics (7,8,12-14), the process of distance

measurement from NOEs and that of structure refinement based on those NOEs are normally

separated. In contrast in the present method these steps are combined and both distances and

structures improve during the iterations. For the DNA octamer the method showed rapid

convergence, both for the NOE derived distances and for the conformation of the biomolecule.

Presently we used restrained molecular dynamics in the refinement step of IRMA. However,

other methods for structure refinement could be used as well. In the case of proteins the starting

structure used for the first cycle could be obtained from distance geometry on basis of a set of

approximate distances.

In the case of the DNA octamer the spread in conformational space for structures which

fulfil the set of NOE constraints, expressed in rms difference, was about 0.2 nm . Additional

insight in the conformational space occupied by structures which fulfil the distance constraints

might be obtained with distance geometry (9-11,27,28), restrained molecular dynamics at high

temperatures, simulated annealing (41) or distance bound driven dynamics (42).
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ABSTRACT

Methods for calculation of NOE intensities of proton pairs in molecules where internal

motion occurs are discussed in the framework of the full relaxation matrix approach. Model

systems mimicking 180° flips of aromatic rings and methyl group rotation are considered. The

simultaneous effect of these dynamic processes and that of spin diffusion can be described in

two ways: the first is to add a kinetic matrix to the relaxation matrix and the second involves a

weighted average of the relaxation matrix elements. For motions that are fast compared to the

correlation time for molecular tumbling such as methyl group rotation the individual proton-

proton vectors are averaged as <r3> and the appropriate spectral density functions need to be

used.

The effect of motion on the back transformation from NOE intensities to proton-proton

distances has also been examined for these model systems. Since inclusion of motion results in

averaging of intensities pseudoatom corrections on the determined distances are usually needed.

It is shown that in the case of the rotating methyl group <r3> averaging leads to a pseudoatom

correction of only 0.3 A rather than the often used 1.0 A.

INTRODUCTION

The three dimensional structure determination of biomolecules in solution with NMR is

mainly based on the nuclear Overhauser effect (NOE). With the use of distance information

from NOEs and computational methods, such as distance geometry or restrained molecular

dynamics, three dimensional structures for several proteins and oligonucleotides have been

obtained (/ -6).

The conversion from NOEs to proton-proton distances is by no means trivial. Even when

a biomolecule is assumed to undergo only isotropic overall reorientarion, there are still problems

in obtaining precise distances. The most important of these, especially for the larger

biomolecules, is that of indirect magnetization transfer, i.e. spin diffusion (7). This problem can

be solved by using full relaxation matrix approaches (8-13). On the basis of a structural model

the set of generalized Bloch equations can be solved using a cross-relaxation rate matrix in order

to calculate the NOE intensities. In some approaches the experimental and calculated intensities

were compared and the model is modified to minimize the difference between the two (9,10).

Recently, an iterative relaxation matrix approach (IRMA) (12,13) was presented which made

use of the back-transformation of an NOE matrix into the relaxation matrix. Since this back-

transformation can usually not be accomplished for experimental NOE matrices of

biomolecules, it is carried out on experimental data supplemented with theoretical NOE

intensities derived from a structural model. The new set of distances obtained from the
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relaxation matrix is now corrected for spin diffusion and serves to refine the structural model. It

was shown that the IRMA needs only a few cycles to converge.

Apart from dealing with the spin diffusion problem relaxation matrix approaches offer the

advantage that dynamic processes can be included easily in the calculation. In this paper we will

describe a way to include the effect of simple internal motions in biomolecules, such as the 180°

aromatic ring flip (14) and the rotation of methyl groups. If the appropriate models are used for

the various dynamic processes, the intensities of NOE cross peaks between proton pairs where

at least one is involved in such a process can be calculated more accurately. Conversely these

NOE intensities can be translated into distances more precisely.

The types of motion described here are fast compared to the chemical shift differences. So

that single resonance lines are observed for the protons involved. Furthermore, a discrimination

between processes which occur either slow or fast relative to the overall molecular tumbling has

to be made. Throughout the paper they will be referred to as slow or fast motion according to

this criterium. Motions which have a correlation time smaller than the correlation time xc for

overall tumbling, like methyl group rotation, require a different treatment compared to the

slower processes, such as aromatic ring flip (75). The dynamic processes, which occur at a rate

slower or equal to the overall motion of the molecule can be incorporated in the calculation of

NOE intensities in two different ways. The first is by addition of a kinetic matrix which

describes the internal motion to the calculated relaxation matrix. This resembles the way in

which chemical exchange is usually treated (16). The second method is based on an approach

recently proposed by Landy and Rao (17). The approximation here is that the relaxation matrix

is a weighted average of the relaxation matrices of the various exchanging conformations.

When dealing with the other types of motion which are much faster, some additional

aspects have to be taken into account. The spectral density function is no longer the same for all

proton pairs, as it is when isotropic motion is assumed, but it changes according to the type of

motion of the proton pairs (18,19).

Two model systems will be considered. One for the aromatic ring flip and one for a

rotating methyl group. For both models the NOE intensity buildup curves are calculated in a

number of different ways. For the slow motion limit these are the two spin approach and the

full relaxation matrix treatment with and without motion. For the methyl group model system

also the fast motion limit is considered and the NOE intensities for both fast and slow motion

are compared. In addition the effect of local geometry will be discussed for both systems.

Finally the effect of kinetic averaging on the back transformation from NOE intensities via

cross-relaxation rates to proton-proton distances will be discussed, since this is one of the steps

in the IRMA procedure (12,13). The inclusion of the correct motional model for the methyl

group rotation results in a more precise determination of distances to the geometric average of

the methyl group protons. It will be shown that the pseudoatom correction for NOE distance

constraints involving methyl groups is only 0.3 A rather than 1.0 A as hitherto used (1,20).
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THEORY

The time development of the matrix of normalized NOE cross-peak intensities A in a 2D

NOE spectrum can be described by the set of coupled differential equations (12):

dA
dt

= - R A

where R is the cross relaxation matrix. The elements of the matrix R are (21,22):

[1]

[21

and

(3)

For a rigid molecule undergoing isotropic tumbling with correlation time tc, the spectral density

functions have the form:

1J } [4]

where to is the Larmor frequency of the protons and r^ is the distance between proton i and j .

Eq. [ 1J can be solved for a mixing time xm as:

A = exp [ - Rxm ] [5]

This can be accomplished by diagonalization of the cross-relaxation matrix R (8). To

incorporate the effect of slow internal motion, two different approaches can be followed, as

mentioned above. In the first approach a kinetic matrix describing the motion is defined. For

example, for motion where two sites are mutually exchanging positions, the matrix has the

dimensions of the relaxation matrix and has the form:

K =

0 . . 0

. k -k .

. -k k .

0 . . 0

[6]

where k is the exchange rate between the two different sites. This matrix is the same as a matrix
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describing chemical exchange between two sites (16). This kinetic matrix is added to the

relaxation matrix and the set of equations becomes:

dA
dt

= - | R + K l A 17)

The solution of this equation can now be obtained by diagonalization of the matrix [R+K] and

the buildup curve of the NOE intensities as the function of the mixing time can be calculated

with the kinetic behavior included.

In the second approach the effect of internal motion is treated by averaging the cross-

relaxation matrices of the interconvening conformations. Considering a system with N multiple

exchanging sites, the probability for each conformation is p; and its NOE matrix A; is

determined by the cross-relaxation rate matrix Rr Provided that the exchange is faster than the

cross-relaxation rate the following relations hold:

the set of differential equations has the form:

dA _ i=i

N

dt dt

The summations run from 1 to N, the number of exchanging sites. For each conformation

involved in the exchange process the relaxation matrix R; is calculated and the probability p; of

the occurrence of this conformation serves as a weighting factor. The solution of Eq. [8] is:

[9]

This method corresponds with <r6> averaging over the different allowed conformations and

will be referred to as <r6> averaging method. It should be noted that in the case of symmetrical

exchange it is not necessary to calculate separate relaxation matrices. The average relaxation
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matrix can also be obtained by averaging the values of the cross relaxation rates in the matrix

belonging to one conformation. For instance, for two proton exxhange the calculation then runs

as follows: in each row and column i the values at the positions j,j+l, belonging to two

exchanging protons are averaged. This method saves computing time, since only one relaxation

matrix has to be calculated.

For a rotating methyl group usually the correlation time for the overall tumbling is much

slower than the correlation time for the rotation. Therefore the spectral density functions change

and <r6> averaging is not correct. Assuming a three site jump model the spectral density

functions take the form (19):

J . . n ( < a ) = l [11]

where 9'mol and <{>i
mo] are the polar angles in the molecular frame of the internuclear vector of

length rSj between a proton j and each of the methyl protons. Using these spectral density

functions in Eq. |3] and [4] the cross-relaxation rates and the NOE intensities can be calculated

and this method will be referred to as <r~3> averaging.

The intramethyl relaxation depends on the correlation time for the fast motion Xj and is

described by the spectral density functions (18):

jn ( (0) = _ J — ^-(3cos2A- lh—-*—— + l(sin22A+sin4A) ~ 4 — - [12]
; 47ir i j

6L 4 l+n2co2xc
2 4 l+n2(o2xcl

2j l ^ J

where A is the angle between the rotation axis and the interproton vector and with

1 1 1

These spectral density functions have been used to calculate the extra diagonal relaxation

contribution of the methyl spin interaction, using the following equation:

12J2(co)i

The methyl protons were considered as one entry in the relaxation matrix with intensity 3

and the transformations to symmetrize the matrices suggested by Olejniczak (23) were applied.
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Fig. I Model system for the aromatic ring flip. Exchange of spins 2 and 3 mimic the 180°

flip of ryrosine or phenylalanine rings, a) Linear arrangement of spins, b) Different geometrie:

by varying angle 6.

RESULTS AND DISCUSSION

The effect of internal motion on the NOE intensity will be assessed in two model systems,

the first one mimicking an aromatic ring flip and the second one a rotating methyl group.

Model for aromatic ring flip. First we consider four protons in a row as shown in Figure

la. The interchange of position of protons 2 and 3 corresponds to the 180°ring flip of aromatic

protons such as the ortho and meta protons of phenylalanine and tyrosine. Oa the basis of the

interproton distances, the buildup of NOE intensities is calculated with an overall correlation

time of 1 ns in four different ways.

1) Two spin approximation without exchange (static model)

2) Full relaxation matrix calculation without exchange (static model with spin diffusion)

3) Dynamic model calculated by addition of kinetic and relaxation matrices (rate constant
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Fig. 2 NOE intensities far the aromatic ring flip model, a) The buildup curve for the cross

peak between proton 1 and the two protons (2+3) at the aromatic ring, b) The buildup for the

cross peak between I and 4. c) Expanded region for the cross peak between I and 4. NOEs

were calculated with two spin approach a; static approach «, kinetic matrix addition a; weighted

average method (<r6>) • .

chosen to be 1000 s"1)

4) Dynamic model calculated by weighted averaging of the relaxation matrix

The NOE buildup curves calculated for these models are shown in Figure 2. Calculated are

intensities for the cross peaks between proton 1 and the aromatic protons (2+3) (Fig. 2a) and

between protons 1 and 4 (Fig. 2b and 2c). In Figure 2a all curves coincide. In the static

situation the two spin approach and the full relaxation matrix calculation give the same results

because spin 3 is too far away to contribute to the NOE intensity. Also, the effect of the

exchange of spins 2 and 3 merely distributes the NOE intensity, but the sum of (1-2) and (1-3)

is still the same as in the static model.

By contrast, the NOE intensity between spins 1 and 4 is extremely sensitive to exchange

of 2 and 3. In the case of a static aromatic ring the cross peak between 1 and 4 would not be

observable (Fig. 2c) not even when spin diffusion is taken into account. However, when

motion is included magnetization can be transferred more easily over the large distance of 8.2 A

and the NOE intensity is much larger. The buildup corresponds to an approximate distance of 4

to 5 A.

From Figure 2 it is clear that both treatments of the exchange, the kinetic matrix addition

and the weighted averaging, give the same results. Therefore both methods can be used
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Fig. 3 The NOE intensities for the aromatic ring flip model at mixing time Tm= 250 ms

dependent on the geometry of the system (angle 6) (c.f. Fig. 1b). The two different curves are

calulaied with the static approach 9and the weighted average method (<r6>)«

interchangeably, although the method of weighted averaging is somewhat more elegant, since

no assumptions about the rate of the process need to be made. It should be noted that the precise

choice of the rate constant is not very critical, except that it should be fast compared to the

cross-relaxation rates.

Next we consider the effect of local geometry of protons near an aromatic ring, as shown

in Fig. lb. Proton 1 is kept at a fixed position while proton 4 varies with the angle 0. For all

geometries the NOE intensities for a mixing time xm= 250 ms have been calculated with and

without exchange of protons 2 and 3. In Figure 3 the calculated NOE intensity for the cross

peak between proton 1 and 4 is shown for different angles 6. At the angle 8 = 0° the 1 to 4

distance is shortest, 4.2A, and a cross peak between these two protons may be just observable.

When the aromatic ring is allowed to flip the intensity increases drastically, about a factor of 2

for 9 = 0°. For the other geometries the absolute change in NOE intensities after inclusion of

motion is comparable to the increase at 8 = 0°, but the relative change is much larger. Changing

the angle 8 from 0°to 180° the NOE intensities calculated with the kinetic approach level off to a

value (0.2%), which is the same as was observed for the linear system in Figure la for this

mixing time. The NOE effect is then almost completely determined by the relay effect of proton

2 and 3.

Model for methyl group rotation. Since the spectral density functions for fast anisotropic

motion also include the angular part of the spherical harmonics not only the distances but also

the actual geometry is important for the relaxation matrix calculation. First the situation drawn

in Figure 4a will be discussed. The buildup curves between the proton 1 and the methyl group
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Model system for rotation of methyl groups, a) Planar geometry, b) Different

geometries by varying angle 9

(2+3+4) and between 1 and 5 will be calculated with the following approximations:

1) Full relaxation matrix treatment but without methyl group rotation (static model)

2) Rotating methyl group ( weighted <r6> average method)

^) Rotating methyl group (<r3> average according to Eq. 111 ])

4) Rotating methyl group ( <r> average)

For case 2 the calculations were performed both with matrix addition and with averaging of the

relaxation matrices. The kinetic matrix is now a five dimensional matrix:

K =

0 0 0 0 0

0 k -k/2 -k/2 0

0 -k/2 k -k/2 0

0 -k/2 -k/2 k 0

0 0 0 0 0

[14]
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where the rate constant k is taken to be 1000 s1 . In fact, this matrix describes random jumps of

the three protons of the methyl group and does not properly reflect the correlated motion.

However, since the results did not differ from those of the <r6> averaging method, only the

latter will be presented.

The proper equation for the fast motion in case 3 is Eq. [ 11J. This corresponds to a <r3>

averaging and is also used to calculate the buildup curves. The intramethyl spectral density

functions (Eq. [12]) are used to calculate the extra leakage on the methyl diagonal peaks due to

the fast methyl group rotation. The correlation time for the rotation is taken to be 100 ps.

In Figure 5a the buildup curves for the cross peak between proton 1 and the methyl group

are shown. As expected the buildup curves are the same for the static and <r6> averaging

method, because in the latter case the intensity is the sum of three identical contributions. The

<r3> averaging builds up more slowly, because now the effective average distance is longer

than in the case of the <r6> averaging (less dominated by the shortest distance). The curve

calculated on the basis of the geometric mean position of the three methyl group protons builds

up even slower, but is now based on incorrect averaging. These results correspond with the

findings of Tropp (19) for a similar system.

In Figure 5b the intensities for the pair 1-5 are shown. Since virtually all methyl group

rotations in biomolecules are in the fast motion limit, it is clear that the <r6> averaging

overestimates the spin diffusion effect, because of incorrect averaging of the methyl protons.

With the <r3> averaging method a buildup curve was calculated which is, accidentally, only

slightly different from the static approach. Again the <r> averaging gives rise to too low

intensities.
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Fig. 5 NOE intensities for the model for the methyl group rotation, a) The buildup curve for

the cross peak between proton I and the methyl group, b) The buildup for the cross peak

between I and 5. The four types of calculations are static approach * ; weighted average

method (<r6>)* ; <r3> averaging with spectral density functions for fast motion o ;<r>

averaging *
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Fig. 6 The NOE intensities at mixing time zm=160 ms for methyl group rotation dependent

on the geometry of the system ( the angle 6). a) The cross peak between proton 1 and the

methyl group, b) For the cross peak between proton 1 and 5. The four curves are calculated

with static approach • ; weighted average method (<r6>)« ; <r-?> averaging with spectral

density functions for fast motion o ; <r> averaging A

In order to investigate the effects of the actual geometry for this system again one proton,

number 1, is allowed to occupy different positions as is shown in Figure 4b. In the starting

geometry this proton is at an angle 6=90° with respect to an axis perpendicular to the plane of

the methyl group. The distance between proton 1 and the center of mass of the three protons is

kept fixed (3.2 A), but the angle 6 is allowed to vary from 90° to 0°. The NOE intensities have

been calculated for a mixing time tm= 160 ms at different angles 0, see Figure 6. From Figure

6a, where the NOE intensities for the cross peak between proton 1 and the methyl group are

shown, it is clear that the values reach a minimum at 9=0°. In this situation all the distances are

the same and the way in which the averaging is performed is no longer critical. The planar

geometry, 0=90", actually gives the largest differences in intensities, because the difference in

the three distances is relatively large here.

For the NOE intensities for the cross peak between 1 and 5, Figure 6b, the same

convergence can be observed when going from 90° to 0°. However, there is a minimum in the

NOE intensity at about 0=40". This can be explained as follows: when the system is in the

planar geometry the effect of spin diffusion through the rotating methyl group is large and

therefore more sensitive to the way of averaging. For smaller angles 0 this effect decreases. On

the other hand, the actual distance between proton 1 and 5 becomes smaller and therefore the

direct NOE will become larger. At a certain angle the effect of the smaller distance is more

important than the decreasing spin diffusion effect. Therefore, the NOE intensity will be larger

again.

Back transformation. An important step in the IRMA procedure is the back transformation
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Fig. 7 The effect of the geometry on the back transformation from NOEs to distances for the

proton 1 to methyl cross peak. The derived distance is shown as a function of the angle 6 for

weighted average method (<r6>) • and the <r3> averagingo • The solid horizontal line is the

actual distance between proton 1 and the center of mass of the three methyl protons (3.2 A).

from NOE intensities to a cross-relaxation rate matrix (12,13). If assumptions about the spectral

density functions are made distance constraints can be extracted from this matrix. We have seen

that by appropriate averaging exchange processes can be included in the calculation of NOEs

concerning protons which are involved in motion. Since in these cases the experimentally

observed NOEs are averages the individual contributions cannot easily be obtained. Therefore,

with the transformation from rates to distances one can only obtain an average values for the

proton-proton distances.

For NOEs to aromatic ring protons the back transformation will be completely determined

by the shortest distance, the 1 to 2 distance in our model. Since we cannot discriminate between

proton 2 and 3 any longer, a conservative approach is to add a correction factor and refer the

constraint to a pseudoatom position at the geometric mean or at the y and £ carbons. This

pseudoatom correction in the case of an aromatic ring is about 2.1 A (20).

Since the three protons of a methyl group are much closer together the effect of averaging

is less dramatic. This can be seen in Figure 7. The NOE intensity from the proton to the methyl

peak is calculated either with <r6> or <r 3> averaging for the various geometries (c.f.

Fig.4b). After this the back transformation is performed and the distance is calculated with

r = kl '/6, where I is the NOE intensity. As could be expected the planar configuration will give

rise to the largest differences, because here the difference in distances is largest. It is also clear
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that <r3> averaging is closer to the geometric average than <r6> averaging, which is more

heavily weighted by the shortest distance. When proton 1 is on the axis perpendicular to the

plane through the center of mass of the methyl protons we will find the average distance from

this proton to the methyl protons and not to the geometric mean, so that the derived distance is

now too large. When the constraint is referred to the center of mass the error in the constraint

will be at maximum 10% at a distance of 3.2 A when calculated with the more realistic <r3>

averaging. For the longer distances the absolute error is even smaller than 0.3 A. This implies

that the pseudoatom correction for a methyl group need to be only 0.3 A, rather than 1 A (20).

CONCLUSIONS

We have shown that simple internal motions of biomolecules, such as methyl group

rotation and aromatic ring flips, can be treated in the framework of the relaxation matrix

approach for the calculation of NOE intensities. Neglecting this effect when the NOEs are

interpreted and converted into distance constraints can lead to serious errors. Thus, the relay

effect of a flipping aromatic ring can lead to NOEs corresponding to distances of 4 to 5 A for

protons that are actually 8.2 A apart.

We have shown that for the 180° ring flip of aromatic amino acids two different methods

can be applied to deal with this motion. The first method, averaging of the relaxation matrices

belonging to the possible conformations using a weighting factor, gives the same results as the

exact theoretical method, where a kinetic matrix is added to the relaxation matrix of one of the

conformations. So both methods can be applied equally well and the approximations made by

Landy and Rao (17) are also valid in these calculations.

For the calculation of NOE intensities where a rotating methyl group plays a role, the best

method to include the anisotropic motion is to use the appropriate spectral density functions.

These functions now depend on the <r3> and the results are different from the methods

mentioned above (<r 6> averaging).

These methods are not only useful for the calculation of NOE intensities from proton-

proton distances but also for the back transformation from NOE intensities via cross relaxation

rates to average proton-proton distances. The measured NOE intensities can now be converted

to distances including the effect of motion. However, for the distances to the protons involved

in motion there is still the need to add a correction factor. For the aromatic ring system this is

2.1 A, but for the methyl group this is only 0.3 A. With the smaller pseudotatom correction

more restrictive distance constraints can be determined for NOEs where methyl groups are

involved. This results in a better structure determination especially for proteins where many

NOE cross peaks to methyl groups can be observed.

Finally we should note that although here we have discussed only symmetric local

motions, the same methods can be used to treat more general internal motions in biomolecules,
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provided the interchanging conformations can be modelled.
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ABSTRACT

The effect of fast internal motions of the interproton vectors in the context of the relaxation

matrix approach for structure determination of biomolecules was investigated. From molecular

dynamics simulations generalized order parameters were calculated for the DNA octamer

d(GCGTTGCG).d(CGCAACGC) and these were used in the calculation of NOE intensities.

The magnitudes of the order parameters showed some variation for the different types of

interproton vectors. The lowest values were observed for the interresidue base H6/H8 to H2"

protons vectors (S2 = 0.60), while the cytosine H5 to H6 interproton vectors were among the

most motionally restricted (S2 = 0.92). Inclusion of the motion of the interproton vectors

resulted in a much better agreement between theoretically calculated NOE spectra and the

experimental ones measured by 2D NOE spectroscopy. The interproton distances changed only

slightly, maximum 10%, nevertheless the changes were significant and resulted in constraints

that were better satisfied. The structure of the DNA octamer was determined using restrained

molecular dynamics simulations with H2O as a solvent, with and without the inclusion of local

internal motions. Starting from A- or B-DNA the structures showed a high local convergence

(0.86 A) while the global convergence for the octamer was ca 2.6 A.

INTRODUCTION

A variety of three dimensional structures for biomolecules in solution has been determined

during the last decade. Since these structures are primarily based on distance information from

nuclear Overhauser spectroscopy {1-4), a lot of attention has been focussed on improving the

interpretation of NOE intensities. Several approaches based on the full relaxation matrix {5-12)

have been suggested in order to compensate for spin diffusion effects, which form a serious

source of errors in the distance determination for larger biomolecules. AH methods have in

common that a cross-relaxation rate matrix R is calculated on the basis of a starting structure

after which the familiar set of generalized Bloch equations is solved.

This set of coupled differential equations can be solved either by diagonalization of the

matrix R {6,10,11) or by stepwise integration {8,9). The calculated NOE intensities can be

compared with the experimental ones and the structure can be varied until the correspondence

between the two sets is satisfactory. Boelens et al {10,11) have proposed an iterative procedure

in which the variation of the structural models is based on the distance constraints obtained after

a back transformation of a mixed NOE matrix. The mixed matrix consists of both theoretical and

experimental NOE intensities. It was demonstrated for a DNA octamer that both the distance

determination and the structure determination improved compared to a two spin analysis of the

available NOE data. This approach was shown to be successful for structure determination of

DNA fragments {11,13) and also for proteins {14).
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In the calculation of the cross-relaxation matrix the molecules have been treated so far as

rigid bodies undergoing only overall motion with a single correlation time t(). However, internal

motion can affect the correlation times locally, especially in mobile parts of larger molecules.

This change in x() due to motion will result in changes in 13C relaxation parameters (15) or with

respect to the 'H NOEs in changes in the cross relaxation rates. This was shown for lysozyme

(16) where the NOE data for a number of protons, even of burried residues in the protein, did

not fit the rigid model assumption. A much better fit was obtained when a molecular dynamics

simulation was used to predict the motional behavior.

In DNA, where the bases are known to have correlation times different from the sugar, the

same problems may be expected. Several methods have been suggested to incorporate the effect

of local motion in the interpretation of the NOE intensities. One of the approaches was to choose

three different correlation times i) one for all the sugar-sugar and sugar-base cross peaks not

involving H2' and H2" or methyl groups, calibrated using the cytosine H5-H6 contact, ii) one

for all the cross peaks where H2' and H2" were involved, calibrated with the H2'-H2" contacts

and iii) one for all the cross peaks where methyl groups play a role, calibrated with thymine H6-

Me (17). Another approach consisted of using different overall correlation times in the

calculation of NOE intensities using a full relaxation matrix approach (18,19). A better fit of the

NOE data was obtained when small variations in the overall correlation time were allowed.

Recently Lancelot et al. (20) also observed a better correspondence between experimental and

calculated intensities when for the interproton vectors to the H2' and H2" extra effective

correlation times were added in the Woessner equation (21).

Here we present an approach to include the effect of fast internal motion in the

interpretation of the NOE intensities for DNA in the framework of the iterative relaxation matrix

approach (IRMA). A long molecular dynamics (MD) simulation of the DNA molecule in water

and in the presence of counterions was used to extract the generalized order parameters which

reflect the local changes in correlation time. These generalized order parameters were used both

in the calculation of the theoretical NOE intensities and in the back transformation to proton-

proton distances, which are in turn used for structure refinement. Previously, similar MD

simulations were used to calculate 13C relaxation times (15) and 'H NOEs in lysozyme (16).

The procedure will be applied to the DNA octamer d(GCGTTGCG). d(CGCAACGC), which

has served previously as a test case for the IRMA procedure (//). The numbering of the residue

is shown in Scheme 1. The 2D NOE spectrum of this octamer has been assigned by Kemmink

et al. (22).

1 8

5 GCGTTGCG 3
3 CGCAACGC 5

16 9

Scheme 1
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The effect of inclusion of fast internal motion on the correspondence between theoretical

and experimental NOEs will be expressed in terms of R-factors (23). Inclusion of the local

mobility in the calculations is shown to improve the R-factors and it also affects the NOE

derived proton-proton distances and the structures determined with these distances.

Finally, a protocol for the incorporation of this type of fast internal motion in conjunction

with IRMA is proposed for the structure refinement of biomolecules. In this method a full

relaxation matrix calculation is combined with free MD simulations and restrained MD (24-26).

THEORY

In this section the theory which allows us to describe the effect of picosecond internal

motion on the cross-relaxation rates will be described. Furthermore, the extraction of

information about fast local motion from a molecular dynamics trajectory is discussed. Macura

and Ernst (27) have shown that the normalized intensities of a 2D NOE spectrum recorded with

a mixing time Tm are given by the elements of an exponential matrix:

f 1J T 1
I = ie m ! n i
' c |1J

. = R.. = ̂ . j ^ l > T [jijO(CO) + 3 JijUco) + 6 J^CO) ] + R

where R is a relaxation matrix with diagonal (lements:

'leak I21

the off-diagonal elements of R contain the cross-relaxation rate, c^:

Ojj = Rjj = ^ 7 ^ 2 J6 j j ^ ^ ) . j - . o ^ ) ] [3]

where y is the proton gyromagnetic ratio and co is the 'H Larmor frequency. When all the

interproton vectors are assumed to be rigid and to move isotropically the spectral density

functions take the form (28):

i f To 1
J i j n ( < B ) = !—r —^ -r- [4]

1J 4nr ; j
6 [1 +(ncoxo)2 J

where To is the overall rotation correlation time and where r^ is the distance between proton i and

proton j . When anisotropic fast internal motions are taken into account the spectral density

functions change. To describe systems where overall and fast internal motions occur, the model

free approach proposed by Lipari & Szabo (29) can be used. The model free approach describes
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systems in terms of the rate of overall and internal motions ( correlation time Tp) and a

generalized order parameter S2. S2 varies between 0 and 1, the former corresponding to

completely isotropic motion the latter to the absence of local motion (rigid model). The

generalized order parameter can be determined from the time correlation function of the

interproton vector. The time correlation function is described by:

C(t)=

where A(t)=Yn
2 ( ^ ^ ( t ) ) is the second order spherical harmonics and the *I>labCt) specifies the

orientation of the interproton vector relative to an external magnetic field. The general form of

such a time correlation function is shown in Figure 1. After a rapid initial decay which is due to

the fast internal morion a plateau value is reached in a time "L, in the order of a few picoseconds.

On a much longer time scale (nanosecond range) the function decays to zero due to overall

motions of the molecule. It is the plateau value of the normalized correlation function to which

the generalized order parameter is related in the following way:

for t > Tr [6]

A

<
V

rapid atomic fluctuations

"complicated" dynamics

/ / overall tumbling

0 5 10 500 1000 1500

time (picoseconds)

Fig. I Idealized description of the time course of the correlation function for internal

motions.
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The time correlation function can now be rewritten in another form:

C(t) = — [ s 2 <r,.-6> + (1 -S 2 )< r i : - 6 >exp( - t /x_

where the first pan describes the plateau and the second part describes the decay with the

correlation time Xp to the plateau value S2 <r;j
 6>. When in addition overall isotropic motion

with a correlation time x0 occurs the correlation function has the form:

[ s 2 <rij"
6> exp (-t / 1 0 ) + ( l-S2)<r j J-

6>exp(-t/xc)

where xc
] = x0"' + T-'1.

The spectral density functions, being the cosine Fourier transforms of the time correlation

functions, are:

S2<T;,J," (O)) = - T - l + ( n a ) t 0 ) 2 v ' lJ l + ( n w t c ) 2 [9]

If now the internal motions are in the motional narrowing limit (cox c«l) the spectral density

functions are:

J S2<V6> ^ j + ( 1 - S2) <ri;
6> xc]

J 1 + (ncm0 )2 J J
[10]

Furthermore, when the internal motions are very fast compared to the overall motion (Tp« XQ)

the second term of Eq. [10] can be neglected and the spectra] density functions are uniformly

reduced to:

Hi ]f
4n<r u

6 > L 1 +(ncoxo)
2

Eq. [11] can be used in Eq. [2] and [3] to calculate the relaxation rates and the NOE intensities.

METHODS

Experimental. The complementary strands d(GCGTTGCG).d(CGCAACGC) were

synthesized via a phosphotriester approach (30,31) and mixed in a 1:1 ratio to form the duplex.

Solutions were 70 mg/ml duplex in 50 mM KPj, 0.2 % NaN3, pH 6.5 (meter reading), in
2H2O. Spectra were recorded at 300 K.

Eight 2D NOE spectra were recorded at 500 MHz with a Bruker WM 500 spectrometer,
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equipped with an Aspect 2000 computer. Phase-sensitive spectra were obtained by using phase-

cycling as described by States et al. (32). Mixing times were 6.6, 10.5, 16.7, 26.8, 42.9, 68.7,

110 and 176 ms. The spectra were Fourier transformed on a DEC|iVAX II with the "2D NMR"

software library, written in Fortran 77. The same parameters were used for all mixing times and

a baseline correction was applied in the co, domain. The cross peaks in all the 2D NOE spectra

of the time series were integrated by summation of the intensity in an area around the cross

peak.

Free MD simulation. All the energy minimization and molecular dynamics simulations

were performed using the GROMOS force field and programs (33). In this force fie d only polar

protons were treated explicitly. The other protons were incorporated using the united atom

technique.

For the free MD simulation an energy minimized canonical B-DNA structure for the DNA

octamer was put in a rectangular box containing 1241 water molecules and 14 sodium ions

which compensated the negative charges on the phosphate backbone. The whole system was

subjected to an energy minimization to remove the unfavourable electrostatic interactions

introduced by adding water and ions. For the atoms in this system initial velocities for the MD

run were taken from a Maxwellian distribution at 300 K. The system was simulated for 200 ps.

The time step was 2 fs, the time constant for coupling to a thermal bath of 300 K was 10 fs

during the first 10 ps equilibration period and 100 fs for the rest of the run. Periodic boundary

conditions were applied and a cut-off of 8 A was used, the non- bonded pair list was updated

every 10 steps. The coordinates of the DNA were saved every 25 steps starting at 20 ps and

these trajectories were used for analysis.

The root mean square atom positional fluctuations were calculated for the whole 180 ps

trajectory and for nine subsets of 20 ps each. For this calculation the coordinates of each time

frame were superimposed on the first by a translational and rotational least squares fit for all the

16 Cl' atoms.

The time correlation functions C(t), Eq. |5] , for all the proton-proton vectors shorter than

5 A were calculated using a Fast Fourier Transform algorithm. Since not all the protons were

simulated, they were generated for each configuration in a standard way. The three methyl

protons were treated as a pseudo atom at the centre of mass position of the three protons. The

plateau values of the time correlation functions were determined by averaging the value of the

functions C(t) ignoring the first decay and the last part where Fourier transform artifacts play a

role. Three different sets of generalized order parameters were calculated. The first set was

based on the plateau values of the time correlation functions calculated for the trajectory from 20

to 200 ps. The second set was calculated for the trajectory from 20 to 40 ps and the third set of

order parameters was calculated by averaging the S2 values which were derived from the nine

trajectories of 20 ps.

IRMA calculations. The IRMA procedure has been described in detail previously {10,11).

The new element is the effect of inclusion of fast local motion. Here only a brief description of
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the procedure will be given. For the IRMA calculations an energy minimized B-DNA structure

was used as starting structure. On the basis of the interproton distances the spectral density

functions were calculated either with Eq. | 4 | for the rigid molecule assumption or with Eq. [11]

which includes the effect of picosecond motions. The correlation time for the overall tumbling

was taken to be 3 ns and the diagonal leakage rate was 1 s'1. It should be noted that Eq 1111

contains the average proton-proton distance to ihe sixth power. In these calculations the sixth

power of the actual distance is used. For the methyl groups fast rotation was taken into account

by using a <r ?> averaging for the three methyl proton positions. Furthermore an extra diagonal

leakage rate, arising due to the fast rotation, was added (34). The cross-relaxation matrix

elements were calculated, c.f. Eq. [3], and from these eight NOE intensity matrices with the

same mixing times as those of the experiment (see above) were obtained. These theoretical NOE

matrices were used both in a comparison between theory and experiment and they were used to

supplement the experimental NOE matrices in order to allow a back transformation to the

relaxation matrices from which proton-proton '.stances were then derived. The eight obtained

cross-relaxation rate matrices were averaged and the standard deviation was used in the

calculation of upper and lower bound distance constraints. Distances from the relaxation

matrices were obtained either using Eq. [4] or Eq. |11]. The upper and lower bounds for the

190 distance constraints were based on the experimental errors only (/ /) and were directly used

in a restrained molecular dynamics structure refinement calculation. No additional correction

factors were added. In the restrained MD calculations the distances were entered via an extra

harmonic pseudo potential defined in the following way (24):

1/2 KJ. ( r - r! )2 0 < r < r1

where r(J is the actual distance between atoms i and j in a structural model and where r"j and r1,

are the upper and lower bound constraints between atom i and j . When the distance is either too

short or too long compared to the constraint this gives rise to extra potential energy (distance

restraint energy, E^) and a force will be exerted on the proton pair. The force constant for the

distance constraints ( K .̂) was 4000 kJ.mole '.nm 2. The restrained MD simulations were done

in vaciu> and the charges of the phosphates were neutralized. The other conditions were similar

to the free MD run described above.

A protocol for structure refinement. A protocol for structure refinement of biomolecules

that lakes into account the effect of fast local motions is shown in Figure 2. A starting model

which can be i) an X-ray structure, it) a structure obtained, for instance, with distance geometry

and crude NOE constraints or Hi) a linear polypeptide chain serves as input for a first IRMA

cycle without inclusion of fast internal motion. The structure obtained is then used in a

refinement step consisting of either restrained MD or a combination of distance geometry and

79



experimental NOEs
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rigid molecule assumption
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structure refinement
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inclusion of motion

I
order parameters

structure refinement

converged structure

Fig. 2 Scheme for the protocol for structure determination of biomolecules taking into

account the effect of fast local mobility.

restrained MD. The structure obtained in this way is first used in a free MD simulation for

calculation of the order parameters and then in a new IRMA calculation with inclusion of fast

motions through the order parameters. Structure refinement is done again and these last two

steps can be repeated until a converged structure is obtained.

In our case an energy minimized B-DNA structure was used as starting structure for the

conventional' IRMA cycle, with only one overall correlation time of 3 ns. The derived distance

constraints were used in a short restrained MD simulation of 15 ps. The average of the last 10 ps

of this run was used as starting structure for the next IRMA cycle. In this cycle, however,

generalized order parameters are taken into account. These order parameters were obtained from

a free MD simulation of 42.5 ps where the structure obtained from the first short MD run serves

as starting point. The first 2.5 ps of this run were used for equilibration while the time

correlation functions were calculated for the two 20 ps trajectories and the obtained plateau

values were averaged. In the newly derived set of distance constraints both the effects of spin
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diffusion and of picosecond internal motions are taken into account. These constraints are then

used in a 15 ps restrained MD run. The average of the last 10 ps was used as starting structure

for a final IRMA cycle where again the order parameters obtained as described above were used

in the calculation of the distances and 15 ps restrained MD was performed for a final structure

refinement. F;or all the MD simulations during this procedure the DNA molecules were put in a

box containing ca 13(X) water and counterions. The same procedure was repeated with a

canonical A-DNA model.

R-factor calculation. A good way to judge the quality of the results is a direct comparison

of the theoretically calculated , A l h
i r and the experimental, A ^ P ^ , NOE intensities. This can be

done using the R-factor defined by Gonzalez et al. (23):

R= ' J " ^ [13]

' •' '
A e x p (T )

where the summation runs overall measured intensities (i,j) and all eight mixing times.

Simulation of the spectra. Another way of comparing the theoretically calculated intensities

is by simulation of the spectrum and visual inspection of both simulated and experimental

spectra. For the simulation of the spectra intensities were taken from the calculated NOE matrix.

The linewidths were taken to be 15 Hz for the methyl proton lines and 30 Hz for all the others.

For the chemical shift positions the assignments according to Kemmink et al (22) were used. All

the lines were assumed to have a pure Lorentzian form. The spectra were stored in such a way

that programs from the "2D NMR" software library could be used to display and plot the

spectra.

Analysis of the structures. For the analysis of the obtained DNA structures the program

(T;RVHS(35) was used.

RESULTS AND DISCUSSION
/) Free Molecular Dynamics simulation

A free molecular dynamics simulation was performed in order to gain insight about the

local mobility in the DNA molecule. Some parameters related to this mobility will be analyzed.

Atom positional fluctuations. Figure 3 shows plots of root mean square (rms) atomic

fluctuations for some different atom types obtained from the MD simulation from the 180 ps

trajectory and by averaging over 20 ps intervals. It is clear from this figure that for the 180 ps

trajectory the magnitudes of the fluctuations are larger than for the 20 ps intervals, although the

overall appearance of the curves does not change. This was also observed by Tidor et al. (36) in

both a molecular and harmonic dynamics simulation of a DNA hexamer. The explanation of
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Fig. 3 The root mean square atom positional fluctuations (A). The fluctuations for different

types of atoms in each residue for the 180 ps time span {open circles) and for a 20 ps time span

(filled circles) are shown, a) Cl' sugar atoms, b) C2' sugar atoms, c) base Nl (purine) and N3

(pyrimidine) atoms and d) P backbone atoms.

this phenomenon is that in the DNA two types of motion are superimposed, short time locai

fluctuations and longer time motions affecting a larger part or the whole molecule.

Various types of atoms were chosen in order to investigate the mobility in the backbone,

sugar and base regions of the DNA. The phosphate atoms showed the largest fluctuations both

short and long range (c.f. Figure 3d) reflecting a large degree of motional freedom of the

backbone. For the other atom types the base atoms, N3 for pyrimidine and Nl for purine,

showed slightly less motion than the sugar when calculated over the whole 180 ps trajectory,

but no difference can be observed when the 20 ps subsets were averaged. Both sugar atoms,

CY and C2', displayed about the same size of fluctuations, with the C2' slightly more mobile

than the C1*. This picture of different degrees of motion for the different parts of the molecule is

consistent with the results of an earlier MD simulation of this octamer in water (37) and with X-

ray studies for the Dickerson dodecamer (38,39). In the crystal, however, the difference in B-

factors for the sugar and the base atoms is larger than the spread in fluctuations of this

simulation.
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Another interesting feature is the overall form of the curves. For all the atoms in the

second strand the 5'-end showed much more flexibility than the 3'-end and there is a drastic

change when going down along the chain. This was also observed for the fluctuation on the 20

ps timescales. In the first strand six bases in the middie showed the same rigidity and only the

two bases at the end were more flexible. This may reflect a sequence dependent variation in

mobility. The large fluctuation at the end can be explained by fraying effects at the ends.

Generalized order parameters S2 The correlation functions for internal motions of the

proton-proton vectors were calculated from the free dynamics simulation. Correlation functions

over ISO ps are shown in Figure 4. Both curves show an initial rapid decay followed by a

plateau region, although in Figure 4a there appears to be a further loss of correlation on a longer

time scale. Since fast picosecond motions are generally separated from slower dynamic

processes, the correlation functions were also calculated for the last nine 20 ps trajectories of the

200 ps dynamics run. Figures 5a to 3d show some interproton internal correlation functions for

the time span from 20 to 40 ps. The initial rapid decay is again observed. Furthermore, the

plateau value for the correlation function can now be determined better since the slower motions

do not play an important role on this time scale.

The first correlation function is for the interproton vector HI' to H4' for the first residue

of the second strand. In this case loss of correlation seems to occur on a time scale of 5 to 10 ps

and a plateau value is not well defined, but was estimated to be about 0.46. For all the

interproton vectors of this residue the same type of curves as in Figure 5a were observed, giving

rise to a low value for the generalized order parameters S2 which is likely to be caused by the

effect of fraying at the end.

The other parts of Figure 5 show correlation functions for interproton vectors of C14, a

more rigid part of the DN A. In Figure 5b the correlation function for one of the calibration cross

peaks, cytosine H5-H6 is shown. It is not surprising that a very high value of S2 is observed.

14 H6 14 H5 14H2--15H8

<

60 120
tirne (ps)

180 60 120
time (PG)

Fig. 4 Decay of the internal motion correlation function over the I HO ps time span, a) For the

fixed distance CMfff) to CI4H5 interproton vector, h) For the interresidue C14H2" to GI5HH

interproton vector.
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Fig 5 Decay for the internal motion correlation function for various interproton vectors for

the 20 ps time span. The plateau values corresponding to S2 are indicated, a) For the intrasugar

Gl H4'toGI Hl'.b) For the intrabase CI4 H6 to C14 H5. c) For the intraresidue C14 H6 to

C14 H2'd) For the interresidue C14 H2" to G15 H8.

since the motion of these two protons is highly restricted because of their attachment to the

cytosine ring. A different type of interproton vector is that of C14 H6-H2', between a base and

a sugar proton. Here the motion is less well correlated and this is reflected in a lower plateau

value (S2 = 0.77). The last curve shown, Figure 5d, is for an interresidue interproton vector,

C14 H2" to G15 H8. The plateau value is lower again, S2 = 0.62, indicating that the motional

effect is larger than for intraresidue sugar to base contacts.

For the other residues in the DNA a similar behavior can be observed. This is true for all

the nine subsets of 20 ps. Therefore, the plateau values, S2, for all nine subsets were averaged

and compart J with those obtained from the 180 ps time correlation functions. The plateau
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Table 1. S2 values averaged per type of proton-proton contact and tfie standard

determination (s.d.) in these values.

proton-proton contact

intrabase
H6
H6

interbase

H5
Me

H6/H8 -H6/H8(i+1)
H6/H8 -
H6/H8 -
Me
H2

sugar-base
H I '
H I '
H2'
H21

H2"
H3 '
H4'

sugar-base
H I '
HI1

HI 1

H2'
H2'
H2'

H5(i+1)
Me(i+l)a

Me(i+l)b

H2(i+l)b

(intraresidue)
H6/H8
H 2 a

H6/H8
H5
H6/H8
H6/H8
H6/H8

(interresidue)
H6/H8(i+1)
H5(i+1)
H2(i- l ) a

H6/H8(i+1)
H5(i+1)
Me(i+l)a

0.92
0.89

0.80
0.80
0.82
0.75
0.63

0.90
0.89
0.76
0.86
0.83
0.86
0.89

0.79
0.85
0.78
0.67
0.74
0.77

s.d.

0.04
0.08

0.07
0.04
0.02

0.04
0.01
0.09
0.05
0.07
0.08
0.05

0.09
0.07
0.08
0.04
0.10
0.05

proton-proton contact

H2"
H2"
H2"
H3 '

-H6/H8(i+1)
-H5(i+1)
-Me(i+l) a

-H6/H8(i+1)

sugar-base (interstrand)
H I '
H I '

-H2 (2,i+l)a-c

-H2(2,i-l)a-c

intrasugar
HI 1

H I '
H I '
H I '
H2'
H2'
H2'
H2"
H2"
H3'

- H2'
-H2"
- H3'
- H4'
-H2"
- H31

- H41

- H3'
- H4'
- H4'

intersugar
H I '
H I '
H I '
H2"

- Hl'(i+1)
- H2' (i+1)
- H4'(i+1)
- H2'(i+1)

S2

0.60
0.75
0.73
0.82

0.85
0.84

0.80
0.80
0.88
0.81
0.75
0.79
0.86
0.81
0.82
0.82

0.81
0.85
0.81
0.74

s.d.

0.11
0.09
0.09
0.12

0.01
0.01

0.08
0.07
0.03
0.06
0.12
0.11
0.08
0.11
0.10
0.06

0.08
0.06
0.05
0.10

a) Averaged over only two of these interproton vectors
b) Only one of this type of interproton vector
''' The 2 indicates a residue in the opposite strand

values for the long trajectory arc systematically shorter than the S 2 values found by averaging

over the 20 ps subsets. The tendency of highly correlated motion vs. lower correlation is,

however, preserved. This difference can be due to the fact that at this time scale the slower

decay already starts to play a role. Furthermore, the difference in statistics over the time scale

(4(X) time frames for 20 ps vs. 3600 time frames for 180 ps) can affect the results of the

calculation.

In order to classify different types of contacts the averaged S2 values were again averaged,

but now by grouping them together according to different classes of equivalent interproton

vectors. These average values and the standard deviation obtained from averaging are shown in

Table 1. From Table 1 it is clear that the interresidue H2"-base(i+l) interproton vector gives rise

85



Table 2. R-factors per IRMA cycle and distance restraint energy E-dr (U/mole.nm2 )for

the start and final structures

structure;

IRMA cycle

0 (B-DNA)
1
2
3
4

E-dr (start)
E-dr (final)

BR

0.92
0.67
0.62
0.61
0.59

607
319

BD1

0.67
0.54
0.51
0.50
0.50

581
298

BD2

0.65
0.50
0.47
0.48
-

521
274

BD3

0.65
0.50
0.48
0.48
-

577
265

a) The names of the structures are explained in the text.

to the lowest S2 values. The vectors between the other proton attached to the C2', H2\ and the

base (i+1) show a sligthly higher S2 value, but still lower than the other interresidue sugar-base

vectors. For the intraresidue sugar-base vectors the same trend is observed, but in general the

plateau values are higher than for the interresidue vectors. All the intrasugar interproton vectors

have about the same S2 value and these values are comparable to those of intersugar and

interbase vectors. Both intrabase vectors are fixed distance vectors and therefore it is not

surprising that the S2 values are high.

2) IRMA calculations

IRMA calculations were performed using the same experimental 2D NOE data set as used

previously (11). The first structure refinement was done with restrained MD simulations in

vacuo. For comparison the spectral density functions were calculated with and without the effect

of local motions as expressed in the order parameters S2 (Eq. [4] or 111]). The quality of the

structures obtained in terms of correspondence with the experimental data set was monitored

with the R-factor as defined in Eq. [13]. The results are shown in Table 2. In all cases the

starting structure was the energy minimized canonical B-DNA. The first column of Table 2

describes the results for the rigid model ( structures BR(0) to BR(4)). The R-factor for the

octamer in the B-DNA conformation (BR ) is 0.92 and decreases to a value of 0.59 after four

IRMA cycles. The restraint energy drops from 607 to 319 kJ/mole.

Next three IRMA runs were performed including local dynamics (BDI,BD2 and BD3). For

BD1 values for S2 were taken from the 20 to 40 ps free MD run discussed above; for the BD2

the S2 values were averages over the nine sets of 20 ps trajectories, while for BD3 the S2 values

were taken as averages for each type of proton pair as shown in Table 1. It is clear from Table 2
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B-DNA (after 3 IRMA cycles). R=0.48 B-DNA (local motion included), R=0.65

Fig. 6 Region of the 2D NOE spectrum of the DNA duplex showing cross-peaks between

the base H6IHH and sugar H2'IH2" protons at mixing time 176 ms. Shown are experimental

spectrum (a), theoretical spectrum based on canonical B-DNA without (b) and with inclusion of

fast motion (c) and theoretical spectrum based on refined structure with inclusion of motion (d).

that even with the starting B-DNA structure the agreement between the experimental and

theoretical NOE data is already better as judged from R-factors of 0.67 and 0.65. Again in three

or four IRMA cycles converged structures are obtained that have improved R-factors in the

range of 0.48 to 0.50. Also the distance restraints energy of these converged structures is

substantially lower than that for the starting structures. Structures BD2(3) and BD3(3) appear to
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be slightly better in terms of R-factors and restraint energies (Ejj.). The fact that the usage of

averaged values for S2 seems to work well is a useful result since it indicates that sequence

dependent effects on local mobilities are not strong. Potentially, therefore, a set of S2 values

could be found which is generally applicable in oligonucleotides of B-DNA type conformations.

Simulation oftfie spectra. In Figure 6 the region of the 2D NOE spectrum containing cross

peaks between H6/H8 and H2'/H2" protons is shown. Figure 6a shows the experimental

spectrum at tm=176 ms, while in Figure 6b,c, and d simulated spectra are shown which are

scaled to the experimental one with the use of the cytosine H5-H6 cross peaks (outside the

displayed region). In Figure 6b the spectrum calculated on the basis of B-DNA using the rigid

molecule assumption (BR(0)) is shown. It is clear that most of the intense intraresidue base to

H2'/H2" cross peaks are too large compared to the experimental ones. However, when local

motion is included in the calculation based on the same B-DNA structure the comparison is

already much better (c.f. Figure 6c) and improves further after three cycles of IRMA refinement

(c.f. Figure 6d). This corresponds with the results of the R-factor calculation. It is clear that the

changes are most pronounced for the peaks for which the S2 values deviate most from the

calibration peaks ( S2 = 0.9).

Proton-proton distance determination. The IRMA procedure was devised for an accurate

determination of proton-proton distances. The question arises to what extent does the use of the

generalized order parameters for inclusion of the local mobility influence the distance

determination. On the basis of the ratio of the order parameters for the calibration peaks and

those for the other peaks the approximate changes in distances can be calculated. The largest

change, a decrease of about 7%, is expected for the interresidue base to H2" cross peak since

the S2 value was 0.60. Indeed, when comparing the final sets of distances for the rigid run (BR)

with those where internal motion was included (BD) the largest deviation in distances, a 10%

decrease on the average, was observed for the cross peak base(i+l)-H2'. For all the other

proton pairs the changes were smaller corresponding to the trend in S2 values.

3) Structure determination starting from A- and B-DNA.

We will now discuss the results of the calculations following the protocol discussed in the

method section (c.f. Figure 2). The correspondence between the experimental and the theoretical

data will be discussed again, but now also the structures obtained will be examined i.i more

detail.

To investigate the convergence of the method two IRMA refinement runs were carried out

starting from energy minimized canonical A- or B-DNA using the same set of NOE buildup data

as before. Initially the R-factors and distance restraint energies are quite high, the R-factors being

0.92 and 1.09 and the energies 680 and 1666 kj.mole ' for the B- and A-DNA models

respectively (see Table 3). After 15 ps of restrained MD in water with counterions the

coordinates of the 10 ps trajectories were averaged and energy minimized. Then, free MD

simulations were performed with these structures for 42.5 ps to calculate the generalized order
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Table 3. R-factors, distance restraint energy E-dr and total potential energy E-

pot (kJIrnole) per IRMA cycle for the structures in water

IRMA cycle

0

1
2

3

R

0.92

0.48

0.50

0.49

structure

B-DNA

E-dr

680

321

250

228

E-pot

-2871

-3695

-3768

-3697

R

1.09

0.52

0.54

0.53

A-DNA

E-dr

1666

323

241

234

E-pot

-2277

-3506

-3896

-3773

parameters (S2). The obtained S2 values were similar to the values of Table 1 (within the

standard deviation). NOE intensities calculated with the S2 values determined for each individual

interproton vector for both averaged structures yielded much lower R-factors, 0.48 and 0.52.

Indicating that inclusion of fast internal motion results in a better agreement between calculated

and experimental intensities. Furthermore, it is clear that only after one cycle the A-DNA

structure already changed significantly towards a B-like structure which corresponds better with

the measured data. The distance restraint energies are also significantly lower and decrease

further during two more cycles of IRMA. The R-factors improve a little but appear to be less

sensitive in this case. For the structure starting from A-DNA similar values compared to those

for the B-DNA derived structure are obtained. The final R-factor is 0.49 and the distance

restraint energy 228 kJ.mole1 for the structure obtained starting from B-DNA. For the structure

obtained starting from A-DNA the values are 0.53 and 234 kJ.mole1.

Simulation of the spectra. Again, as for the vacuo calculations, the results can be

visualized by simulating the NOE spectra and comparing them with the experimental spectrum.

This is shown in Figure 7. From this figure it is clear that the A-DNA model (c.f. Figure 7b)

does not match the experimentally observed spectrum at all. The cross-peak pattern, high

intensities for interresidue base to H2' contacts and very low intraresidue intensities in A-DNA

versus high intraresidue and lower interresidue intensities in the experimental spectrum reveals

that the DNA molecule adopts a B-DNA like structure in solution. After three cycles of IRMA

both the A- and B-DNA starting structure changed to structures which are in much better

agreement with the experiment. This was clear already from the R-factors, but it can also be seen

in the simulated spectra of Figure 7c and 7d.

Convergence of the structures. In Figure 8 a stereoplot of the two structures obtained from

A- and B-DNA starting conformations is shown. From this Figure it is clear that in the centre of

the molecule the structures look alike, but at the ends the structures are diverging. Furthermore,

in the A-DNA derived structure the orientation of the bases is different from the other still
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Fig. 7 Region of the 2D NOE spectrum of the DNA duplex showing cross-peaks between the

base H6IHH and sugar H2'IH2" protons at mixing time 176 ms. Shown are experimental

spectrum (a), theoretical spectrum without inclusion of motion for a canonical A-DNA structure

(bj, with inclusion of motion based on refined A-DNA structure (d) and refined B-DNA

structured).

reminiscent of the A-DNA starting structure. The root mean square difference (rmsd) of the

coordinates of the starting models is 4.3 A and the effect of refinement on the rmsd can be seen

in Table 4. The final difference is 2.6 A. This is larger compared to what is observed for well

refined protein structures which is not surprising considering the local nature of the distance
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Fig. X Stereopair of the two superimposed structures. The top left is the beginning of the first

strand. The solid lines indicate the structure derived from B-DNA and the dotted, grey lines the

one derived from A-DNA

Table 4. Root mean square difference (A) of

the structures during the IRMA cycles.

Table 5. Root mean square difference,r.m.s.

in A for superposition of two basepairs at a

time.

structure B-DNA A-DNA

B-DNA - 4.2

A-DNA

B3

A3

B3

1.4

3.6

-

A3

3.4

2.0

2.6

-

basepair

GC1-CG2

CG2-GC3

GC3-TA4

TA4-TA5

TA5-GC6

GC6-CG7

CG7-GC8

<average>

r.m.s.

0.84

0.88

0.86

0.88

0.73

0.57

1.27

0.86

constraints and the linear character of the DNA duplex and it can be expected that the

convergence at the local level is much better. Indeed, when two basepatrs at a time are

superimposed the average rmsd is only 0.86 A. All these rmsd values are listed in Table 5. The
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Fig. 9 Scereopair of the central nvo basepairs of the DNA octamer for the two superimposed

structures. The solid lines indicate the structure derived from B-DNA and the dotted, grey lines

the one derived from A-DNA.

effect of local convergence can also be seen in Figure 9 where a stereoplot of the central TT.AA

basepairs is shown for both structures. The rmsd for these two basepairs is 0.88 A.

Analysis of the structures. In table 6 all the torsion angles are listed for the two structures.

Furthermore, the values of the glycosidic angle % and the sugar backbone torsion angle 5 are

shown in Figure 10. These two torsion angles are best determined by the NOE constraints, since

for most residues many intraresidue base to sugar and sugar-sugar NOEs were observed.

Although in the A-DNA starting structure the values for the glycosidic angle x are on the average

-154°, they change to values in the B-DNA region (-110°). Furthermore, in both structures the

same variation in values for this torsion angle cao be observed, the same is true for the torsion

angle 5 (c.f. Figure 10b). The H1-H4' distance gives a good indication of the sugar

conformation For residue 7 and 14 very short distances were determined 2.8 and 3.0 A,

whereas for residue 12 a relatively long distance was derived, 3.5 A. This distance variation is in

agreement with the variation in torsion angle 5. In structures obtained from X-ray studies (38)

and also from NMR studies (40) a correlation between the glycosidic angle X an£l the angle 5

was found in B-DNA molecules. For the Dickerson dodecamer the correlation coefficient was
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base

1 6 0 ,
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i
6 8 10

base

A
\/

12 14 16

Fig. 10 The glycosidic torsion angle % (a) and the sugar backbone torsion angle 8 (b) per

residue for the m« structures The open circles represent the B-DNA derived structure and the

filled circles the A-DNA derived one.
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0 Torsion angles for the twoflnallx derived structures for the DNA <x tamer lUGCGlTGCG) dlCGCAACGC)

X a ft y 5 t - I

residue B3 A3 B3 A3 B3 A3 B3 A3 B3 A3 B3 A3 B3 A3

Gl
C2
G3
T4
T5
G6
C?
G8

C9
GIO
CU
A12
A13
C14
G15
C16

<average>

B-DNAS

BDNA b

A-DNA"

•95
-112
-105
-108
113

-115
•115

•79

-134
-95

• 109
-96

-101
-128
-109
•126

-109

•I

-98
-119
-117
-113
• 1 1 6
-118
-132

-99

122
-83

-113
-106
•111
-126
-109
•141

-114

17
•102
-154

•65
-64
-82
61

-59
64

-80

-29
-72
•72

•103
33

-61 -
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129
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-91
l(K)
103
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a) From the Dickerson dodecamer
b ) From fibre diffraction data
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0.78. From Figure 10 it is clear that for our two structures there is a high correlation as well. For

the B-DNA derived structure the correlation coefficient is even higher, 0.83, while for the A-

DNA derived structure it is somewhat less, 0.71. AH the other backbone torsion angles are less

affected by the NOE constraints and some more variation in their values is not surprising (c.f.

Table 6). The average values, however, are close to those observed in the X-ray study of the

Dickerson dodecamer. Also for the structure based on the A-DNA starting mode! the backbone

torsion angles have now values closer to a B-DNA like structure. For the first structure, B-DNA

based, the backbone in the centre of the molecule deviates from the average values for the rest of

the molecule. This deviation, which was nos observed for the second structure, does not affect

the structures very much, the rmsd for the two structures in this part is not larger than for any

other part. Most likely, the changes compensate each other.

Another well determined structural parameter is the helical twist. The helical twist angles

for boih obtained structures are shown in Figure 1 la. A small twist for the step from CG2 to

GC3 is compensated by a large twist for the step GC3 to TA4. The average twists are 35°and 36°

for both models. The sequential NOE between C14H6 and G7H1" is relatively weak (3.6 A)

and is more like what one would observe in A-DNA where this distance is due to a smaller twist

about 4.0 A. The next step compensates this small twist angle. The base roll angle is less well

determined. Especially for the steps C2G3 and T4T5 large differences in base roll can be

observed. For the A-DNA derived structure these are still positive like in X-ray studies of A-

DNA (41), whereas for Ihc B-DNA dcnved structure the base roll is around zero, with only a

large negative value for the T4T5 step. As far as the other structural parameters are concerned,

such as inclination, displacement, propellor twist and base pair opening, the variation along the

sequence is the same for both structures, but the average values still resemble those in the

starting structures.
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When the structure refinement was performed by MD simulations in vacm> a large kink of

the helix axis was observed (//). Calculation of the angle between the helix axes through the first

three base pairs and through the last three base pairs reveals that the DNA is still somewhat

curved (12° for the B-DNA derived structure, 30° for the A-DNA derived structure). However,

the curvature is much smoother than in the vacuo simulations, where the effect of neutralization

of the charges of the phosphates may affect the results. Inclusion of the charges on the

phosphates for the structures obtained in vacua results in a threefold higher electrostatic energy

term compared to the structures simulated in water.

CONCLUSIONS

We have made an attempt to include the effect of fast picosecond internal motion of

interproion vectors in the iterative relaxation matrix approach for structure determination of

biomolecules. This can be conveniently done by us:ng the concept of the generalized order

parameter S2 (29). By lack of information from experiment these S2 values can be obtained from

molecular dynamics simulations. For the present DNA octamer a significant variation of order

parameters was observed. For instance for the interresidue interproion vectors from the H6/H8

to the sugar H2/H2' protons a relatively high mobility and therefore a small order parameter

(S : = 0.60) compared to the other interproton vectors was observed. Our results indicate a

dynamic behavior which lies in between the results of Nerdal et al. (42) who do not find

differences in effective correlation times z( and the more extreme differences found by Clore and

Gronenbom (17).

Inclusion of local motion in the calculation of cross-relaxation rates and NOE intensities

results in a better agreement between the experimental and theoretically calculated spectra. This is

clear from a visual comparison between stimulated spectra and the experimental one and can also

be seen from the R-factors which decrease significantly upon inclusion of these fast internal

motions As far as the NOE distance constraints are concerned the inclusion of fast loca! motions

gives rise to small differences of the order of 10 efc z\ most. These differences, however, appear

to be significant since the constraints could be better satisfied as manifested by a lower constrain!

energy (c.f. Tables 2 and 3).

Finally a protocol is proposed which consists of i) IRMA without fast internal motions

included to determine a first approximate structure, ii) free MD simulation in order to extract the

generalized order parameters and iii) a few more cycles of IRMA with inclusion of motion for

further Mtwciure refinement.

The finally derived structures showed a high local convergence (0.86 A) but the global

convergence was only 2 6 A. The last value was in the same range as was observed from

distance geometry calcu'ations for an eight basepair fragment in a DNA dodecamer by the group

of B.R. Reid (personal communication). Recently, Clore et al (43) claimed a much higher
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convergence (0.7 A) using a similar methodology (restrained MD) for the structure

determination, although no correction for spin diffusion was made and the MD simulations were

done in vacua. The reason for this discrepancy is not clear. The method presented here is also

applicable to other molecules, such as proteins. An application to a protein structure

determination is in progress.
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Chapter 5

NMR Structure Determination of the TT-dimer
containing octamer d(GCGT[]TGCG).d(CGCAACGC)
and the self-complementary octamer d(GCGATCGC)2

T.M.G. Koning and R. Kaptein
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ABSTRACT

The structures of two DNA duplexes were determined on the basis of NOE intensities

from 2D NOE spectra. The IRMA method with inclusion of fast local mobility was used in

combination with restrained molecular dynamics in water for structure refinement. For the self-

complementary octamer d(GCGATCGC>2 the structure was found to be B-DNA like with some

structural features characteristic for A-DNA. The order parameters calculated and used during the

procedure were similar to those observed before for another octamer. This indicates that a general

sequence independent set of order parameters can be used for each type of proton pair. The

second octamer d(GCGT( JTGCG).d(CGCAACGC) contained a cis-syn cyclobutane thymine

dimer formed after UV irradiation. The most important structural changes induced by this DNA

lesion are an increase in bending and an unwinding of the helix. Generally, only local changes at

the T[ IT site were observed. The most striking feature was the reorientatior of the glycosidic

angle of the 5'-end thymine to the high-ANTI region.

INTRODUCTION

Due to the relative ease of DNA synthesis and the availability of high resolution NMR

spectrometers a large number of structural studies of DNA fragments using NMR techniques

have emerged in the literature during the past few years (for reviews, see 1-6). Not only regular

DNA duplexes r.ave been studied extensively but also modified DNA molecules or DNA

cornplexed with other species. For the regular DNA fragments the elucidation of sequence

specific structural variations is the main goal of the research. These variations are believed to

play a role in the recognition of specific DNA sequences, such as operators, by proteins.

Although J-coupling analysis can provide information about sugar and backbone

conformation, it suffers from overlap problems for the larger DNA fragments. Therefore, the

most useful NMR technique for structure determination of oligodeoxynuclcotides is NOE

spectroscopy (2,7). The measured NOE intensities can be translated into proton-proton distance

information, since the NOE effect arises due to dipolar interactions of proximate spins (7,8).

There are two problems associated with the interpretation of NOE intensities. The first is spin

diffusion (9) and the second the influence of fast internal motions. The spin diffusion problem

can be solved by using full relaxation matrix approaches (10-19), which have recently been

applied for the structure determination of DNA molecules (12-15,19). The effect of internal

motion has also been dealt with by several groups. In this case different effective correlation

times for different types of interproton vectors have to be used. This can be done by using

calibration for different types of cross peaks (/) or by calculating NOE intensities with different

correlation times and check these with the experiment (12). Recently, we have proposed a
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method where the iterative relaxation matrix approach (IRMA) (18,19) was performed with the

inclusion of fast internal motion (21). The information about the motion was included via

generalized order parameters (22), which were extracted from a molecular dynamics simulation

(20,23).

The above mentioned method has been applied successfully for the structure

determination of a DNA octamer d(GCGTTGCG).d(CGCAACGC) (21). In this paper it will be

used for the structure determination of two other octameric DNA fragments related to the first

one in some way. The sequences and the numbering of the residues are indicated in Scheme 1.

The first molecule will be referred to as the symmetrical octamer and shares the first three

basepairs with the octamer studied before. The sequence dependent structural features will be

discussed in some detail.

1 8 1 8

5 GCGATCGC 3 5 GCGT[]TGCG 3
3 CGCTAGCG 5 3 CGCA ACGC 5

16 9 16 9

symmetrical octamer T[]T octamer

Scheme 1

The second octamer will be called T(JT octamer and the sequence is also shown in

Scheme 1. This DNA fragment was obtained by UV irradiation of the parent octamer studied

before (24). The adjacent thymines in the centre have undergone a photoreaction to form r> cis-

syn cyclobutane dimer as was shown by 2D NMR. In this type of dimer the two base planes

reside on the same side of the cyclobutane ring (cis) and the covalent link is between the two C6

and the two C5 carbons (syn) (25). This is shown in Figure 1. This cis-syn dimer is the

predominant photoproduct for adjacent thymine residues in DNA duplexes as was expected on

stereochemical grounds. During the last decades much research has focussed on this type of

DNA damage (for reviews see 25-28). To understand the mutational effect of these

photochemical modifications and in order to understand the recognition of the dimer site by the

enzymes involved in the repair mechanisms it is necessary to know the structural changes

induced by thymine dimer formation. As far as structural aspects are concerned most of the

NMR studies dealt with dipyrimidinedimers (29-36). One X-ray study of the related cyanocthyl

ester of dTplldT has been published (37,38). Furthermore, theoretical molecular mechanics

studies of DNA fragments containing cis-syn thymine dimers were performed (39,40), but the

results of these calculations disagreed about the conformational changes induced by dimer

formation. Therefore, we present here the structure determination of this T|)T octamer on the

basis of NOE intensities. The resulting structure is more bent than the native octamer but further
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Fig. 1 Schematic structure of a cyclobutane-type photodimer between thymine residues with

numbering of the atoms. In the cis-syn dimer the two methyl groups and the H6 base protons

reside on the same side of the cyclobutane ring.

structural effects are mainly local conformational changes at the T[ ]T dimer site. This agrees with

previous NMR experiments of this fragment which also indicated only local structural effects of

photoproduct formation (24,41).

METHODS

All DNA strands were synthesized according to the phosphotriester method described

elsewhere (42,43). For the self complementary octamer d(GCGATCGC) 10 mg was dissolved

in a high salt buffer ( 50 mM KP, and 200 mM NaCl, pH = 6.55 in D2O) to make sure that only

the duplex form was present. Preparation and purification of the thymine dimer in the single

strand d(GCGTTGCG) is described in reference (24). The complementary strand was added in a

1:1 ratio. The DNA solution, typically 6 mM, was dissolved in the same buffer as described

above. Phase-sensitive 2D NOE spectra (44) were recorded at 360 MHz on a Bruker HX-360

spectrometer at T= 298K for the symmetric fragment. Eight different spectra were recorded with

the following mixing times: 12.5, 25, 37.5, 50, 62.5, 75, 100 and 135 ms. For each spectrum

512 FIDs of 2048 data points with a spectral width of 6500 Hz were measured. For the thyminc
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. 2 Regions of the 2D NOE spectrum of the symmetrical octamer. The spectrum shown is the sum of the spectra with the mixing

times 625, 75, 100 and 135 ms. The sequential assignments are indicated. A. The region showing the cross peaks between the base

H6/H8 and the sugar HI' protons. B. The region showing the cross peaks between the base H6/H8 and the sugar H2 'IH2" protons.



dimer containing octamer the same type of phase-sensitive NOES Y spectra were recorded at 500

MHz at a Bruker AM-500 at T = 290 K but now the spectral width was 5000 MHz. For this

fragment the six different mixing times were 25, 50, 75, l(K), 130 and 170 ms. All the data were

processed on a jiVAX II computer with the "2D NMR" software. T/ie data were multiplied with

a 60°shifted sine bell window in both t, and tj dimensions and zero filling took place in a such a

way that the resulting spectra consisted of IK x IK datapoints. The NOEs are integrated by

summation of intensities in an operator defined area around the centres of the cross-peaks.

The IRMA program (18,19) was used for proton-proton distance and structure

determination. For both fragments the overall correlation time was taken to be 3 ns and the extra

diagonal leakage was I s 1 . The incorporation of fast rotation of the methyl groups was done by

using an <r3> averaging for the three methyl proton positions and by adding extra leakage on

the methyl diagonal terms of the cross-relaxation matrix (45). The effect of picosecond local

motion was included by using spectral density functions similar to the one for isotropic motion

but multiplied with a generalized order parameter (20,21). These order parameters were

determined from the time correlation functions for interproton vectors calculated from free

molecular dynamics (MD) simulations including solvent.

The energy minimizations (EM) and MD simulations, either restrained (46,47) or free,

were performed using the GROMOS program library (48). The cis-syn thymine dimer was

incorporated by carefully minimizing the structures using parameters for this unit in addition to

the parameters from the GROMOS library. For a proper simulation both DNA fragments were

put in a rectangular box with ca. 1300 water molecules and 14 sodium ions. The initial velocities

were taken from a Maxwellian distribution at 300 K. The time step was 2 fs. Periodic boundary

conditions were applied throughout the runs; the cut-off radius was 8A. The time constant for

coupling to the thermal bath of 300 K was 10 fs during equilibration periods and 100 fs during

the rest of the simulations. Coordinates for the DNA were saved every 25 steps, these

trajectories were used for analysis and averaging.

For the structural analysis of the obtained DNA structures the program "CURVES" was

used (49). Furthermore the R-factors were calculated as described before (50).

RESULTS AND DISCUSSION

NOE spectra. Two parts of the 2D NOE spectrum for the symmetrical octamer are shown

in Figure 2. The base (H6/H8) to HI' proton region is shown together with the base to H2'/H2"

region. The sequential assignment (57) is indicated in both parts of the figure. The spectra clearly

indicate that this octamer adopts a B-DNA like conformation for the most part, although the

interresidue base to H2' cross peaks for the G1C2 and the C6G7 steps have very high

intensities, equal or higher than the intraresidue cross peaks. This cross peak pattern resembles

that for A-DNA like structures. Intense NOE cross peaks are also observed from the A4H2
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proton to the HI' of the neighbouring residue, T5, and residues in the opposite strand, C14. The

2D NOE spectrum for the T[]T octamer has been assigned before (24).

IRMA procedure for the symmetrical octamer d(GCGATCGC)2 For this molecule the

structure determination with IRMA was performed both with canonical B-DNA and with A-DNA

as starting structures. During the first IRMA cycle the molecules were treated as rigid bodies.

205 NOE distance constraints were used. Neither the B-DNA nor the A-DNA model fitted the

experimental NOE intensities. This can be seen from the R-factors (50), being 1.21 and 2.10,

and from the distance restraint energy, being 980 kJ/mole and 1659 kJ/mole for B- and A-DNA

respectively. The values of the total potential energy, the distance restraint energy and the R-

factors are listed in Table 1 for the molecules at different stages of the IRMA procedure. After 5

ps restrained MD for equilibration of the system the next 10 ps were used to obtain average

structures. Furthermore, the structures obtained after these 15 ps simulations were used as the

starting point for a free MD run of 45 ps, the first 5 ps of which was used as equilibration.

Generalized order parameters were calculated for interproton vectors shorter than 5 A from the

two 20 ps subsets and averaged. These order parameters were now used in the subsequent steps

of IRMA. As was shown before for the octamer d(GCGTTGCG).d(CGCAACGC) (21)

inclusion of the fast mobility of the interproton vectors in this way results in a better agreement

between the calculated and experimental NOE intensities. Calculation of the R-factors for both

starting models using the order parameters in the calculation of the intensities already showed a

considerable improvement. The R-factors decreased to 0.87 and 1.59 for the B-DNA and the A-

DNA structures respectively. For the structures obtained after the first 15 ps of restrained MD not

only the R-factors, but also the total potential energy and the distance restraint energy improved

compared to the starting models. During the next few cycles of IRMA only the distance restraint

energy is decreasing further. This is not surprising since this is the term that is directly minimized

Table I. The total potential energy, the distance restraint

energy and the R-factor for each structure for

d(GCGATCGC)2 during the structure refinement with IRMA.

structure cycle EpOt (kJ/mole) Edr(kJ/mole) R-factor

B-DNA
Bl
B2
B3

A-DNA
Al
A2
A3

0
1
2
3

0
1
2
3

-1959
-3318
-3260
-2800

-2264
-3178
-3041
-3028

980
355
399
355

1659
389
371
374

1.21
0.52
0.58
0.53

2.10
0.59
0.59
0.55
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Table 2. The total potential energy, the distance restraint

energy and the R-factor for each structure for

d(GCGTfJTGCG) d(CGCAACGC) during the structure

refinement with 1RMA.

structure cycle EpOl (kJ/mole) E& (kj/mole) R-factor

B-DNA
Bl
B2
B3
B4

A-DNA
Al
A2
A3
A4

0
1
2
3
-

0
1
2
3
-

24539
-3258
-3267
-3176
-3330

24876
-2858
-2985
-3247
-3441

1613
285
281
284
270

1860
280
274
291
278

1.09
0.62
0.62
0.62
0.63

1.32
0.64
0.63
0.67
0.66

The total potential energy is going up for the B-DNA runs slightly more than for the A-DNA

runs, while the R-factors do not change much after the first cycle. On the basis of these results it

is difficult to judge which is the best structure. Therefore all six structures (Bl to B3 and Al to

A3) will be analyzed and discussed.

IRMA procedure for the octamer d(GCGT(]TGCG).d(CGCAACGC). The same
procedure as described above was used and the same trends can be observed (see Table 2).

Initially R-factors and distance restraint energy are very high, even for the B-DNA model. This

is due to some unusual NOEs observed for the region around the cyclobutane linked thymines.

With the use of 150 determined distance constraints the structure refinement was started. Again

after 15 ps of restrained MD a free MD simulation is started for order parameter calculation. The

IRMA procedure is then continued with the inclusion of local motion. The final structures (A3

and B3), after three cycles of IRMA, have similar potential energies (ca -3200 kJ/mole) and

distance restraint energies (ca 290 kJ/mole). The R-factors are so.iitwhat different. The total

potential energy is slightly higher than for the native octamer (ca -3800 kJ/mole).

It is interesting to see how well the structures derived for the native octamer fit the NOE

data of theT[]T octamer. This can be done by comparing the calculated NOE intensities for one

molecule with the experimental data obtained for the other in an R-factor calculation or by

calculating the distance restraint energy on the basis of distances derived for the other molecule.

Considering the two structures obtained from A- or B-DNA for the native octamer after the same

treatment as for this T[]T octamer, it was found that the distance restraint energies when

compared with the T[]T-dimer NOE constraints are high (769 kJ/mole and 665 kJ/mole). The R-

factors, however, are low, 0.58 and 0.60, comparable to those obtained for the T[]T-dimer

structures. Inspection of the violations of the distances for the T[]T octamer in the native octamer
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Table 3. The averaged generalized order parameters calculated from molecular dynamics

simulations for the three octamers a>

proton-proton contact

intrabase
H6
H6

interbase

H5
Me

H6/H8 -H6/H8G+1)
H6/H8 -
H6/H8 -
Me
H2

H5(i+1)
Me(i+l)b

Me(i+l)c

H2(i+l)c

8hp

0.92
0.89

0.80
0.80
0.82
0.75
0.63

sugar-base (intraresidue)
HI '
HI '
H2'
H2'
H2" -
H3'
H4'

H6/H8
H2 b

H6/H8
H5
H6/H8
H6/H8
H6/H8

0.90
0.89
0.76
0.86
0.83
0.86
0.89

sugar-base (interresidue)
HI '
HI '
HI '
H2'
H2'
H2'

H6/H8 (i+1)
H5 (i+1)
H2(i-l)b

H6/H8(i+1)
H5(i+1)
Me (i+1)b

0.79
0.85
0.78
0.67
0.74
0.77

Ssy

0.91
0.89

0.81
0.82
0.80
-
-

0.88
0.92
0.71
0.85
0.82
0.84
0.89

0.79
0.83
0.78
0.64
0.67
0.74

TIJT

0.90
0.93

0.82
0.84
0.92
0.94
0.90

0.91
0.94
0.77
0.85
0.86
0.86
0.92

0.83
0.88
0.85
0.77
0.78
0.90

proton

H2"
H2"
H2"
H3'

-proton contact

-H6/H8(i+1)
-H5(i+1)
-Me (i+1)b

-H6/H8(i+1)

sugar-base (interstrand)
HI'
HI '

-H2(2,i+Dw

-H2(2,i-l)h-d

intrasugar
HI '
HI '
HI '
HI '
H2'
H2'
H2'
H2"
H2"
H3'

-H2'
-H2"
-H3'
-H4'
-H2"
-H3'
-H4'
-H3'
-H4'
-H4'

intersugar
HI '
HI '
HI '
H2"

-HI'(i+1)
-H2'(i+1)
-H4'(i+1)
-H2'(i+1)

Hbp

0.60
0.75
0.73
0.82

0.85
0.84

0.80
0.80
0.88
0.81
0.75
0.79
0.86
0.81
0.82
0.82

0.81
0.85
0.81
0.74

Ssy

0.59
0.67
0.82
0.83

0.83
0.83

0.79
0.79
0.88
0.82
0.74
0.80
0.85
0.79
0.81
0.84

0.82
0.86
0.80
0.75

TUT

0.69
0.78
0.81
0.87

0.81
0.94

0.82
0.81
0.88
0.82
0.80
0.83
0.87
0.81
0.83
0.85

0.86
0.89
0.85
0.82

a) 8bp indicates the octamer d(GCGTTGCG).d(CGCAACGC);
8sy the octamer dtGCGATGCG^;
TfjT the thyminedimer containing octamer d(GCGT[]TGCG).d(CGCAACGC)

b> Averaged over only two of these interproton vectors
c) Only one of this type of interproton vector
d) The 2 indicates a residue in the opposite strand

reveals that these are only found in the region where the modification has taken place. In the

other parts of the molecule the constraints are fulfilled. Thus, the R-factor is not a very sensitive

parameter in the case where only a few NOEs are violated, in our case 5 out of a large total

number of 150 NOE constraints. Since apparently most of the structure outside the T(]T dimer

region was virtually the same as in the unmodified octamer another IRMA cycle was started

using structures derived for the native octamer as starting structures. One cycle of IRMA for both

A- and B-DNA derived structures led to the structures A4 and B4. The distance restraint energy

of these structures was low, ( 270 kJ/mole and 278 kJ/mole) and the R-factors were comparable

to the previous ones (c.f. Table 2).
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Generalized order parameters. The generalized order parameters were calculated from free

MD simulations for the three different octameric DNA molecules. It was shown before that

grouping together the S2 values for some types of interproton vectors gave the same results as

taking the individual values for each vector from the simulation (21). It is now possible to test

whether the same set also holds for the present octamers. Therefore, the average values of S2

for all different interproton vector types were compared for the three molecules and they are

listed in Table 3. It is clear from this table that the order parameters for both unmodified octamers

compare very well. It is therefore likely that a general set of order parameters using for example

these average values, would be sufficient to account for picosecond motion for DNA fragments

of this size. Another point which is clear from Table 3 is that there is a significant difference in

S2 values, and therefore in effective xc, between intraresidue and interresidue contacts, especially

when the H2' and H2" protons are involved. Inspection of the average S2 values for the T[]T

octamer shows that they are mostly higher compared to the unmodified fragments. Indicating that

the cyclobutane ring formation restricts the motion. This is true especially for the Tf]T-region of

the molecule as evidenced by the much higher S2 values for the T4CH3-T5CH3 and A12H2-

A13H2 vectors (c.f. Table 3). The motion of the rest of the molecule, however, seems also to be

restricted by dimer formation (data not shown).

Convergence of the structures. It was found before that the overall convergence of these

types of DNA structures when expressed as the rms differences in coordinates was around 2 A

to 3A (21,52) for structures determined from B- or A-DNA starting models. Looking at the rmsd

values for the symmetrical octamer which are listed in Table 4 a few interesting features can be

observed. First, it is clear that when we start off with a B-DNA structure a change towards an A-

DNA structure is observed in subsequent IRMA cycles. The A-DNA starting structure moves

away slightly from both starting models. Another noteworthy aspect is that already during the

first cycle of IRMA the major changes in structures are observed. During the next cycles only

Table 4. The root mean square deviations (A) of the coordinates for the structures

determined for the octamer d(GCGATGCG)2. Above the diagonal the overall rmsd

values; below the diagonal the average rmsd values calculated when two basepairs at a

time are superimposed.

structure

B-DNA
A-DNA
BI
B2
B3
Al
A2
A3

B-DNA

.
1.04
0.85
0.87
1.15
1.25
1.37
1.34

A-DNA

4.2
-
1.27
1.28
1.50
1.31
1.45
1.46

Bl

1.4
3.6
-
0.44
0.98
1.22
1.26
1.32

B2

1.8
3.3
0.7
-
0.81
1.08
1.13
1.19

B3

2.5
2.9
1.6
1.2
-
1.13
1.10
1.06

Al

4.4
1.6
3.6
3.2
2.7
.
0.51
0.63

A2

4.5
1.9
3.7
3.3
2.7
0.8
-
0.50

A3

4.8
2.0
4.0
3.7
3.0
1.1
0.9
-
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Table 5. The root mean square deviations (A) of the coordinates for the structures determined

for the 1'IJT octarner. Above the diagonal the overall rmsd values; below the diagonal the

average rmsd values calculated when two basepairs at a time are superimposed.

structure

B-DNA
A-DNA
B3
A3
nB3
iA3
B4
A4

B-DNA

1.04
1.10
1.16
0.67
0.84
0.92
0.97

A-DNA

4.2
-
1.48
1.33
1.30
1.30
1.36
1.41

B3

1.7
4.0
.
1.24
1.10
1.23
0.95
1.02

A3

4.6
1.7
4.1

1.19
0.92
1.03
0.84

nB3

1.4
3.6
1.6
3.8
-
0.86
0.83
0.98

nA3

3.4
2.1
3.2
1.7
2.6
.
1.01
0.68

B4

1.7
3.5
1.6
3.5
1.0
2.4
-
0.87

A4

3 3
2.3
2.9
1.9
2.4
1.0
2.2
-

some improvement can be seen, resulting in the best nnsd of 2.7A (B3 vs Al and A2), while

comparing B3 with A3 gave an rmsd of 3.0 A. The local convergence is much better. When two

basepairs at a time are superimposed the comparison of A3 and B3 yields an rmsd of 1.06 A,

while the average rmsd for the six refined structures (B1 to B3, A1 to A3) is 1.2 A.

The rmsd values for the refinement of the octamer with the T[ ]T-dimer are shown in Table

5. It is clear that during the three structure refinement cycles the convergence is not as good

Fig. 3 Stereopair of the structures A3 and B3 for the symmetrical octamer. The solid line

indicates the structure derivedfrom B-DNA and the broken line the one derivedfrom A-DNA.
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(around 4 A). The structure starting from B-DNA still resembles B-DNA and the B-DNA

dcri ;d structure for the native octamer (nB3). For the A-DNA derived structure the same is

true. When the refinement cycle for the T[ )T octamer was also started with structures determined

for the parent octamer then a much higher overall convergence is observed (2.2 A for the

structures A4 and B4). Again the local convergence superimposing two basepairs at a time is

much better. For the best converged structures B4 and A4 it is 0.87 A.

Structural analysis of the symmetrical octamer. In Figure 3 a stereoplot of the two finally

derived structures (A3 and B3) for the symmetrical octamer is shown. From the figure it is clear

that the structures still retain features of the starting structure. The structures are relatively

straight: when a helix axis is fit through the first three and the last three basepairs the angles

between the axes are 13° and 18° for the B-DNA and A-DNA derived structures which is less

than what was observed for the other unmodified octamer (21). When looking in some more

detail the glycosidic angle % and the torsion angle 5, shown per residue in Figure 4, are expected

to be well determined by NMR. While the three B-DNA derived structures resemble each other

more than the A-DNA derived structures, the convergence is still good. Since we are dealing

with a symmetric fragment the values for the first strand should be the same as for the second

strand. From Figure 4 it is clear that the symmetry is reasonably well preserved. The pyrimidines

all have more negative values for the glycosidic angle and most have lower 8 values compared to

the purines. The HT-H4' distances found for the residues with low 5 values were all short (Gl :

3.0 A; T5 : 2.9 A; C6 : 3.0 A and G3 : 3.2 A vs. A4 : 3.4 A and G7 : 3.3 A). For the residues

C2 and CIO a high negative x angle which is in the A-DNA range is observed. This correlates

well with the short base H6 to HI'(3.1 A) distance, but also the sequential NOE to G3 had an A-

DNA character (H8-H1': 3.8 A and H8-H2': 2.4 A). Only few intrasugar NOEs were observed

for residues C2 and CIO and therefore the 8 angle is not well determined.

-80., 160.,

Fig. 4 The values for the glycosidic angle and the sugar torsion angle 8 per residue for the

symmetrical octamer. The B-DNA derived structures are indicated by solid lines and A-DNA

derived ones by broken lines. The open circles represent structure B3 and the filled circles

structure A3
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Fig. 5 Helical parameters for the symmetrical octamer. The propellor twist (A),base tilt (B),

base roll angle (C) and helical twist angle (D) are shown. For explanation of lines and symbols

see Fig. 4.

The furanose conformations were found to be mostly Cl'-exo and C2'-endo. According

to this criterium the structures resemble B-DNA. However, it has also been suggested that the

helix parameters such as displacement, inclination and tip can be used to discriminate between A-

and B-DNA (53). The A-DNA derived structures all have a displacement in the A-DNA range (-

3.6 A) which is around -4.4 A and the B-DNA structures change gradually towards the same

type of displacement (-3.1 A) which was initially -1.0 A. The tip and inclination show the same

behavior the A-DNA derived structures remained close to A-DNA and the B-DNA structures

changed to average values in the A-DNA region. Apparently the sugar pucker is not directly

linked to the helix parameters. The present structure has both A- and B-DNA properties

depending on the criterium which is considered.

Considering the propellor twist of the bases the symmetry of the fragment is very well

preserved (see Fig. 5a). The patterns observed for the propellor twist are similar for the

structures although the A-DNA derived structures give more positive values. At both ends the

propellor twists are larger not only because of fraying effects but also because of the alteration of
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p'.mncs and pyrimidincs. lor die helical parameters determined per ta-cstep ihc l:k %::VA± 2

reasonable convergence (c.f Fig. 5o. The base roll is well determined for unrx s'.qn, bu: for jfoc

second and the fifth step a large difference between the two sens of structure** can be

ic.W Fig. 5b). For the other native octamer studied in the same way a good cam

between the sequential NOEs and the helical twist was observed. A small helical twist ang'e for

ihe C2G3(2) and the C6G7(6) steps is expected since long interresidue H8 to HI' distances {3.H

A and 3.5 A) and short interresidue H8 to H2' (2.4 A and 2.6 A) were found. Looking at the

helical twist angles in Figure 5d, a small helical twist for step 2 and siep 6 in the A-DNA derived

structures was found, but for the step between T5 and G6 an even smaller value was observed.

This was compensated, however, by a large twist value for the preceeding basesiep. For the B-

DNA derived structures the values for the helical twist angles scattered around 32°with relatively

little variation.

Structural analysis of the TT-dirtier containing octamer. In Figure 6 two stereoplois of

structures A4 and B4 obtained for the T| ]T octamer are shown. From Figure 6a it is clear that ihe

helixes exhibit a considerable amount of curvature. The angle between the helix axes defined

through the first and the last three basepairs is large, 31° and 45° for B4 and A4 respectively.

These angles are larger than found in the unmodified octamer (18° and 36°) (21). Thus, the

formation of the thymine dimer induces a modest bend in the DNA of 9° to 13°. The other view at

the structures (c.f. Fig. 6b) reveals an opening of the double helix at the reacted site. Apan from

these two aspects no other overall structural changes seem to have occurred. The structures will

now be analyzed in more detail.

First the torsion angles will be considered. In Figure 7a where the value for the glycosidic

angles is shown vs. the residue number it is clear that the one for T4 has changed towards a

high-ANTI conformation (around -60^. This can also be seen from Figure 8 where the T[]T-

dimer region is shown in more detail for the structure B4 and nB3. The base plane of the T4 is

significandy rotated. This change of x angle of the thymine at the 5'-end of the cydobutane ring

is in agreement with the loss of sequential NOEs between G3 and T4 (24) and also with the

-60-

-80-

-100.

•120.

-140.

-160

160-

140.

60

6 8 10 12 14 16
residue

6 8 10 12 14 16
residue

Fig. 7 The glycosidic angles and the sugar torsion angles 8 for the T[]T octamer structures

A1 toA4 and BI toB4 (solid lines) and the parent octamer nB3 and nA3 (broken lines).
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Fig. 6 Stereopairs for the structures A4 (broken lines) and B4 (solid lines) for the T{JT

octamer. The structures in A andB are rotated 90°around the z-axis relative to each other.

Fig. 8 Stereopair of the central two basepairsfor the TfjT octamer structure B4 (solid lines)

and the parent octamer nB3 (broken lines).
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imino proton chemical shifts observed for this residue. The imino proton of T4 displayed an

upfield shift upon thymine dimer formation which was believed to be caused by a weakening of

the hydrogen bonds for this basepair (41). The reorientation of the base of T4 indeed induces a

loss of hydrogen bonds with A13 which is also visible in Figure 8. Recently, the same type of

changes in the glycosidic angle for the 5'-end thymidine in a cissyn cyclobutane of dTpIJT was

observed (54,55). These observations, however, contrast with the conclusions from other IN MR

studies for the same dideoxynucleotide (55) and the X-ray study of ihe cyanoethyl ester of

dTp[]T (37,38), where a SYN conformation was found for this torsion angle. Theoretical

studies had also predicted the change to high-ANTI for the glycosidic angle of this residue (39).

The other significant decrease in x angle was observed for G6 which is probably compensating

the effect induced by thymine dimer formation. For the second strand no significant changes

with respect to the unmodified octamer are observed.

For the sugar backbone angle 8 also the major changes were observed for T4 and G6. For

T4 the sugar pucker is now in the C4'-exo region. The correlation between the glycosidic angle

and this torsion angle is lost for this strand (56). For the other strand hardly any deviations from

the values for the native octamer were found. As far as all the other backbone angles are

concerned the most important changes were observed at the 3' end of the thymine dimer unit for

e, t, and a, the average values being 112°, 95° and -120° respectively, compared to -177°, -85°

and -95° for the parent octamer. All others were the similar to those found in the native octamer.

The helical parameters also display some important changes. The first to be considered is

the helical twist angle and is shown in Figure 9a. The first three steps have twist angles identical

to those in the native octamer. However, upon modification of the central two thymines the helix

shows a significant degree of unwinding in the centre which is obvious since formation of a

cyclobutane dimer causes unwinding at the TT step. Interestingly this appears to be compensated
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by a large helical twist at T5G6 as was expected on the basis of large NOEs between T5 HI' and

G6H8 and between T5H4' and G6H8. The last two helical twist angles are normal again.

The base roll angles indicate a large opening towards the minor groove for T4T5

compensated by an opening towards the major groove for the next step (c.f. Fig. 9b). The oilier

parameters such as propellor twist, buckle and opening show the same trends. The base pairs at

both ends resemble the native octamer to a high extent.

CONCLUSIONS

The structures of a symmetrical octamer ?nd one containing a cis-syn thymine dimer were

determined using a protocol based on the iterative relaxation matrix approach in which local

mobility is taken into account. The effect of the fast local motions included via generalized order

parameters is mainly on the calculation of NOE intensities and therefore on the comparison

between experimental and theoretical intensities. The proton-proton distances derived from the

NOEs are only slightly affected.

The generalized order parameters, calculated from a free molecular dynamics simulation

for the DNA octamers indicate a different motional effect for interproton vectors to the sugar

H27H2" protons compared to other vectors as was previously observed (21). On the basis of the

similarity between the generalized order parameters for the two native DNA octamers studied it

can be concluded that one general set of order parameters for unmodified DNA fragments can be

constructed. However, for the T[]T octamer higher values for S2 were found indicating more

restricted mobility.

The structures determined with the present protocol and the experimental NOE intensities

for the symmetrical octamer showed an overall convergence of 2.7A. This value is comparable to

what is observed before for other fragments of this size. Although the structures are B-DNA like

as judged from die sugar puckers some structural aspects such as the decrease in helical twist

angles and the positions of the basepairs compared to the helix axis resemble A-DNA. This was

observed before in oligonucleotides where especially the non-terminal CG steps exhibited this A-

DNA character (6). Therefore it seems that for the solution state structures of DNA fragments the

classification as either A- or B-DNA is not rigorous.

For the T[]T fragment the overall convergence was good for a two step procedure, where

first the parent octamer was refined from A- and B-DNA starting models and these structures

served in turn as starting structures for the refinement of the T[]T octamer. The local structural

parameters converged very well. The major overall changes are a small increase of bending of

the helix axis (9° to 13^ and unwinding of the helix at the modified TT region. The most striking

aspect is the large change of the glycosidic angle of the 5' end thymine to the high-ANTI

conformation. This was also found in earlier NMR studies of dinucleotides and is in agreement

with the decreasing strength of the H-bonds at this basepair which was suggested on the basis of

116



imino proton chemical shifts and exchange studies (41). The conformational changes induced by

cyclobutane TT dimer formation found here agree with the results of the theoretical study of

Pearlmanetal (40).
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ABSTRACT

One and two dimensional NMR techniques have been used together with molecular

modelling to obtain the solution structure for the photoproduct dTp[]dA. The NMR data confirm

that the cyclobutane linkage is formed between the bonds thymine C6-C5 and adenine C5-C6.

The 2D NOE data are used as constraints in a distance geometry calculation. The structures

obtained show a trans-syn cyclobutane linkage and the glycosidic angles are SYN and ANTI for

thymidine and deoxyadenosine, respectively. The coupling constant data are used to check the

backbone torsion angles of the obtained structures. Typical torsion angles are a "f m<^ Pl f°r the

deoxyadenosine residue. A free molecular dynamics simulation of a trans-syn dTpdA

photoproduct confirmed all these structural characteristics.

INTRODUCTION

Much of the biological damage sustained by living cells exposed to short wavelength

ultraviolet (UV) light originates from photochemical reactions of the nucleobases within their

DNA and the ensuing mutational events (/). Generally, however, the relationship between a

given photolesion and the resulting mutations is poorly understood. In elucidating this

connection, :t is important to define the perturbations to the structure of DNA which accompany

the formation of specific photoproducts and thereby gain insight into how they influence the

molecular recognition processes which govern the replication, transcription and repair of DNA.

The main photoproducts formed in DNA comprise cis-syn cyclobutane pyrimidine dimers and

bipyrimidine (6-4) photoadducts (/). Several accounts have been published (2-10) where high

resolution NMR spectroscopy has been used to determine the structures of these photolesions

when they are incorporated into deoxydinucleoside monophosphates or longer oligonucleotides

in solution.

The purine components of DNA are considerably more resistant towards photochemical

alteration than their pyrimidine counterparts. Nonetheless, photodimerization of adjacent

adenines occurs quite readily in d(ApA) and higher polymers of deoxyadenylic acid (11,12).

Adjacent thymine and adenine bases in dTpdA units also undergo an intramolecular

photoaddition reaction on irradiation at 254 nm in solution (13). The resulting thymine-adenine

photoadduct has been detected in UV-irradiated DNA as well as in oh'go- and poly(dA-dT). The

quantum yield for its formation ranges from about 7 x 10"4 mole/E in the deoxydinucleoside

monophosphate to 1 x 105 mole/E in native calf thymus DNA (13); the photoreaction is strongly

quenched by base pairing.

In this paper, we report an NMR study of the intramolecular photoproduct prepared from

dTpdA whose chemical characterization has been described elsewhere (14). A schematic

representation of the molecule, which is herein referred to as dTp[]dA, is shown in Figure 1; the
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H4'

Schematic presentation of the cyclobutane photoproduct of dTpdA. The standard

numbering for the bases and the deoxyribose is shown and the names of the torsion angles are

indicated.

nomenclature for the torsion angles is also indicated in the figure. Proton-proton distances

derived from 2D NOE data are used as constraints in a distance geometry calculation. The

structure of the photoproduct derived in this way has a trans-syn cyclobutane linkage between

the thymine and adenine bases. The glycosidic angles for the thymidine and deoxyadenosine

moieties are found to be in the SYN and ANTl regions respectively. The coupling constants of

the molecule have been measured and they provide evidence for an extended phosphate backbone

geometry. The NMR results and the structure will be discussed in detail. Finally the results of a

free molecular dynamics simulation of trans-syn dTp[]dA will be presented.

MATERIALS AND METHODS

The photoproduct dTp[]dA was generated by irradiating dTpdA in neutral aqueous

solution at 254 nm according to Bose et al {14) and then isolated by a more convenient procedure

utilizing high performance liquid chromatography (HPLC) with equipment described in reference

12. The UV irradiated solution of dTpdA was lyophilized and the residue redissolved in distilled
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water at a concentration of ~ 20 mg ml1 . Aliquots of this solution (100-200 (il) were injected

onto a semi-preparative column (300 x 7.8 mm) of \x Bondapak C18 (Waters Associates) which

was eluted, at a flow rate of 3.0 ml min"1, isocratically with water for 5 min followed by a linear

gradient to 30% aqueous methanol after 15 min and isocratic elution with this mixture for a

further 10 min. The elution profile, monitored at 254 nm, showed two well separated major

peaks at 4.5 min and 16 min, corresponding to dTp[]dA and unchanged dTpdA respectively,

together with a number of minor peaks. Fractions comprising the dTp[]dA peak were pooled,

lyophilized and then repurified by repeating the HPLC fractionation once more. The dTp[]dA

thus obtained (in an overall yield of ~ 25%) gave a single sharp peak on analytical HPLC and

exhibited the same UV spectrum as reported previously (13). For NMR measurements, samples

of dTp[]dA were lyophilized twice from D2O and then dissolved in a buffer (50 mM KP; and

200 mM NaCl, pD 6.55) to give a final concentration of 2mM.

NMR spectra were taken on a Bruker AM 500 spectrometer. For the 31P decoupled

spectra a WALTZ scheme (15) was used for decoupling. Two dimensional COSY and NOESY

spectra were recorded as described elsewhere (16,17). For the phase-sensitive 2D NOE

spectrum 512 FID's of 2048 data points were collected with a spectral width of 5000 Hz. The

relaxation delay was 4 s and a mixing time of 0.75 s was used. The data were processed on a

(J.VAX 2 with the "2D NMR" software package written in Fortran 77. In the tj dimension the

data points are multiplied with a 7T./2 shifted sine bell. In the tj dimension the same window

function was used and the data were zero filled before Fourier transformation. After the two-

dimensional Fourier transformation the spectrum was baseline corrected in the cOj dimension.

The final resolution of the 2D NOE spectrum was 5 Hz/point. In the case of the COSY

experiment the time domains were multiplied by a sine bell shifted (7c/3) before absolute value

Fourier transformation. Pseudorotational analysis of the furanose ring based on the 1H- JH

coupling constants was carried out using a method developed by Haasnoot et al.(/S,/9).

Three dimensional structures were generated using the distance geometry program DG

derived from the original EMBED program (20). First the distance matrix was smoothed using

the triangle inequalities. After this the structures were embedded in three dimensions and finally

300 steps of optimization were performed using an error function which included distance and

chirality constraints. The distance bound driven dynamics algorithm (DDD) was applied for 1000

steps at 300K and 300 steps at IK (27).

For the energy minimization and molecular dynamics simulation the GROMOS force field

and programs were used (22,23). In a restrained steepest descent energy minimization the force

constant for the distance constraints was 4000 kj/mole.nm2. Typically 100 to 200 steps were

necessary until the energy of the structures did not change any more and the gradient was

sufficiently low. For the free molecular dynamics simulation one of the DG structures was put in

a rectangular box with 212 water molecules and one sodium ion. The inital velocities were taken

from a Maxwellian distribution at 300 K. Throughout the simulation periodic boundary

conditions were applied and the system was coupled to an external bath of 300 K. The
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Fig. 2 lH 500 MHz NMR spectrum of dTp[]dA in D20 (50 mM KPt, 200 mM NaCl, pD =

655,300 K). The chemical shifts are relative to DSS.

simulation was over a period of 30 ps and the trajectories of the last 20 ps were used for

averaging and analysis.

RESULTS AND DISCUSSION

NMR assignments. The assignment of the resonance positions of the protons in the

deoxyribose spin systems was accomplished using the COSY experiment. The ! H 500 MHz

spectrum, which is shown in Figure 2, together with the 3 1P decoupled spectrum have been used

to identify these spin-systems.The spin system at the 5'-end, belonging to thymidine, contains a

H3' proton which is coupled to the phosphorus, whereas for the 3'-end sugar ring this is the

case for the H5' and H5" protons. In this way the spin systems were specifically assigned very

easily.

In the 2D NOESY spectrum, shown in Figure 3, for the adenine H2 proton (8=7.28 ppm)

no cross peaks were observed. This proton resides at a site of the molecule where no other non-

exchangeable protons are nearby. The methyl group (5=1.58 ppm) has a strong cross peak with

the base proton H6 (5=5.03 ppm) of thymine. Therefore the only unassigned resonance position

left has to be the adenine H8 (5=7.83 ppm). The assignments are indicated in the 2D NOE

spectrum in Figure 3 and the chemical shifts for all the protons are listed in Table 1.

Bose et al. (14) provided evidence that the covalent link between the two bases is formed
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Fig. 3 500 MHz 2D NOE spectrum ofdTp[]dA at 300 K. The mixing time is 0.75 s. The

cross peaks have a negative sign, whereas the diagonal peaks have a positive sign. Below the

diagonal the connectivities observed for the thymidine residue are indicated and above the

diagonal those for deoxyadenosine.

between the atoms C5 and C6 of thymine and C6 and C5 of adenine (c.f. Figure 1). The

chemical shifts of the base protons are in accordance with this. The H6 of thymine shifts to

higher field because of saturation of the pyrimidine ring at the C5-C6 bond. Furthermore, the

protons H8 and H2 resonate in the aromatic part of the spectrum. This is in agreement with the

finding that the C8 and C2 atoms are not involved in cyclobutane ring formation.

Apart from the large shift of the H6 proton of thymidine the H3' proton of this residue

also exhibits a large upfield shift, AS = -1.86 ppm, when compared to its chemical shift in the

native dTpdA (24). A possible explanation for this is the presence of an anisotropic group at a

very shon distance of this proton. When the pucker of the deoxyribose ring is in the C3'-endo
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Table I.' H chemical shifts of the protons of T<*Me 2. Observed coupling constants (in

the photoproduu dTpddA in ppm relative to Hzi for the deoxyribose moieties of

DSSat .WOK. dTpddA.

proton dTp|]- -p||dA Coupling constant dTpjj- -pi IdA

HI'
H2*
H2"
H31

H41

H5'a
115 "a

H6/H8
Me5/H2

6.40
2.12
2.28
2.73
3.67
3.87
3.70
5.03
1.58

6.01
3.01
2.67
4.79
4.26
3.86
3.86
7.83
7.28

J r 2

J2.3
J2-i
J34
J45
J4'5
J3 P

J4P
1 The H5' and H5" were assigned only J5"P
pairwise.

2.7
9.7
8.3
9.6
8.1
3.0
6.5
7.5

4.6
6.8
6.1
5.3
4.0
2.3
2.0
.
3.5
2.3
2.3

region and the glycosidic angle x ls around 90° the carboxyl group of thymine is very close to

the H31 proton. Calculations have shown that the upfield shift of the H31 proton can be more

than -1.5 ppm in this case (25).

Analysis of the coupling constants. The high resolution lH 500 MHz spectrum in

comparison with the 31P decoupled spectrum has been used for the determination of the !H- 1H

couplings and the !H- 3 1P couplings. Simulation of the spectra leads to a very accurate

determination of the coupling constants, which are listed in Table 2.

The coupling constants of the sugar protons HI1 to H41 are interpreted in terms of P

(phase angle of pseudorotation), ^(amplitude) and population of the S-type conformer (18,19).

For thymidine the calculated values for the pseudorotation parameters are P=42° end O=35°,

indicating a preference for the N-type, C3'-endo-C4'-exo, sugar conformation. This preference

for the N-type sugar pucker is in accordance with the large shift of the thymidine H3' proton.

The deoxyadenosine sugar ring exhibits a preference for the C3'-exo conformation, P=198° and

0=39°. However, both sugars are not conformationally pure since the values for population of

the S-type conformers are 55% and 49% for thymidine and deoxyadenosine respectively.

The coupling data in the H4', H5' and H5" region provide information about the

phosphate backbone of the molecule. The torsion angle y (O5'-C5'-C4'-C3') is monitored

through the proton-proton coupling constants J4-5- and J4-5». The population of the y* rotamer

can be calculated by means of an approximate sum rule from the sum of the J4-5. and J4-5»

couplings (L) (26):

p r = ( 13 .7 -Z) /9 .7

The value of the population for the y+ rotamer, p f = 48%, indicates that there is a large

conformational freedom for rotation about this bond in the thymidine. For the deoxyadenosine,

however, there is a strong preference for the y+ rotamer, p y4" = 98%.
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The torsion angle p (P-O5-C5-C4) is monitored 'v < the sum of the coupling

J,.s andJ(>5-(I') via (26):

p(gg) = ( 2 5 - D / 2 0 . 8

Application of this sum rule indicates that the torsion angle 3 has a trans conformation

with a high occupancy of 98%. For deoxyadenosine both P and y show a large preference for the

gauche-gauche arrangment. As a consequence the H4" and P lie in an in-plane W-path and the

long range four bond coupling J4 P is indeed observable, J4-P=3.5 Hz, as expected.

There is still another backbone torsion angle conformation which can be determined. From

the H3'-3lP coupling the torsion angle e (H3'-C3'-O3'-P) can be calculated using the Karplus

relation proposed by Lankhorst et al. (27):

J3 P = 15.3 cos2(J> - 6.1 cos<{> +1.6

This leads to a value of 152° for this torsion angle c. For the backbone angles a and £ nothing

can be said using only the ' H- ' H and ' H-3' P coupling constant data.

2D NOE spearoscopy. The 2D NOE spectrum of dTpl JdA shown in Figure 3 was used

for assignment. Apart from this the NOE cross peaks give structural information because the

dipolar interaction between proton pairs which are close in space is monitored. Since the

dinucleoside monophosphate is in the fast tumbling limit the NOE cross peaks arise only due to

direct magnetization transfer, i.e. there is no spin diffusion. Therefore only a few cross peaks

can be observed between proton pairs which are at a distance up to about 3.5 A.

An important structural aspect of this system is the conformation about the glycosidic

bond (torsion angle %)• If this conformation is ANTI as it is for most of the A- and B- DNA

duplexes, the base protons (H6 or H8) are close to the H2', whereas the HI1 proton is pointing

in the other direction and is far from the base protons. On the other hand, if the glycostdic bond

is SYN, the situation is reversed. The HI' proton is close to the base proton and the H2" and

H2" protons are pointing away (28). Inspecting the NOE patterns for the base protons of

thymidine and deoxyadenosine, we find for thymidine that there is a weak cross peak between

the H6 base proton and the HI' and furthermore the cross peaks between the H6 and the H2'

and H2" are lacking. Therefore the glycosidic angle of the thymidine moiety is in the SYN range.

Considering the cross-peak pattern for the adenine base proton H8, there are strong peaks

between the H8 and the H2' and H2" and no cross peak to the HI' and hence the conformation

around this glycosidic bond is ANTI.

Structure generation and refinement. The constraints which are used in the distance

geometry calculation are listed in Table 3. The observed NOEs have been divided, somewhat

arbitrarily, into three classes: strong, corresponding with a distance less than 2.5 A, medium,

less than 3.0 A and weak, less than 3.5 A. Also, the absence of NOEs, called non-NOEs, is

used at this stage. The non-NOEs for thymidine H6-H2' and H6-H2" and for deoxyadenosine

H8-H1' were put in as constraints with a lower distance bound of 3.5 A. This was done in order

to restrain the X angles to the SYN-ANTI conformations. Furthermore, two additional

constraints took account of the covalent link between the two bases. Both interbase C5-C6 bonds
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Table 3. The distance constraints as used in the distance

geometry calculation and energy minimization

NOEs distance (A)

Thy
Thy
Thy
Thy
Thy
Thy
Ade
Ade
Ade
Ade
Ade
Ade
Ade

Thy
Thy
Ade

H6
HI1

HI'
HI '
H41

H21

H8
H8
HI '
HI1

H!p

H41

H2"

H6
H6
H8

Thy
Thy
Thy
Thy
Thy
Thy
Ade
Ade
Ade
Ade
Ade
Ade
Ade

non NOEs:
Thy
Thy
Ade

C5 methyl
H6
H2"
H2'
H31

H31

H21

H2"
H2"
H21

H31

H31

H31

H2'
H2"
HI1

<3.0
<3.5
<2.5
<3.5
<3.0
<2.5
<2.5
<3.5
<2.5
<3.5
<3.5
<2.5
<3.5

>3.5
>3.5
>3.5

were constrained to a value of 1.65 A. Free rotation was permitted about the thymine C6-C5 and

adenine C6-C5 bonds, in order to allow puckering of the cyclobutane ring.

No coupling data were included as constraints because only for the backbone torsion

angles p and y of deoxyadenosine could the data be assigned unambiguously to a unique

conformation. In all the other cases they indicate the piesence of conformational equilibria in the

molecule. These coupling data are used as a check on the models finally obtained for the

dTp[]dA structure.

The distance matrix, containing upper and lower distance bounds for the distance

geometry calculation, was calculated using the covalent structure of a dTpdA molecule and the

constraints as listed in Table 3. Using this matrix a set of 16 different structures was embedded

and optimized. As described, different types of optimization were used The first uses only an

error function of distance bounds and chiralities. The second step, the distance bound driven

dynamics, has the advantage that a larger part of the conformational space consistent with the

distance bounds is searched due to the kinetic energy of the system (2/).

The five best structures, in terms of distance violations, were selected and analysed. In

Table 4 the root mean square deviations (rmsd) between the coordinates in the difFerent structures

are listed both before and after the application of the DDD algorithm. The flexible 5'-end, the

hydroxyl group and the C5' with its protons attached to it, were left out of the calculation of the

rmsd values. After DDD the structures showed fewer distance violations. The rmsd values were

also smaller, which is contrary to experiences with proteins (2/). Apparently, die initial set of

structures already samples the allowed conformational space quite well.
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Table •/ The rout mean square devui!u>m iA) i>J she/ht* dl'pifdA

structure:?1.

Structure I

1
•>
3
4
5

.
0.47
0.65
0.31
0.76

0.94
.
0.51
0.36
0.65

1.57
1.76
.
0.71
0.31

0.45
0.95
1.47
-
0.84

1.14
0.91
II .71
1.19
-

a Above the diagonal for the structures obtained after distance

geometry, below the diagonal for the structures after distance

bound driven dynamics.

Table 5. The potential energy (E-pot) and the distance restraint energy (E-dr) of the

five finally derived structures before and after energy minimization.

before after

structure

(kj/mole)

1
2
3
4
5

E-pot (kJ/mole)

192
175
291
223
272

E-dr (kJ/mole)

0.2
0.5
0.8
0.2
0.3

E-pot (kJ/mole)

-45.3
-74.8
-30.4
-54.2
-18.3

E-dr

0.3
0.3
0.4
0.4
0.2

The final stage of structure refinement included potential energy terms in addition to the

distance constraints. All five structures have been energy minimized using the GROMOS force

field (22,23) for restrained EM. For all structures the initial total potential energy is quite high,

whereas the distance constraints energy is almost zero. The total potential energy drops down

very quickly and the distance constraints energy remains close to zero. The values for the

potential energy and the distance constraints energy before and after EM are listed in Table 5.

There are no major differences between the structures in terms of total potential energy.

Since not all the possible non-NOEs were included in the structure generation the final

structures were also checked against these. Based on a lower bound distance of 3.5 A the only

violation which was detected was the contact between the thymidine HI' and the adenine H8, for

two of the structures (average violation 0.3 A). Alt the other non-NOE observations were

satisfied by the structures.

The rmsd for the five structures after restrained EM are calculated again and listed in Table

131



?1XA- 4

Fig. 4 Stereoview of the set of five solution structures for dTplJdA.

Table 6. The root mean square deviations (A) of the five dTpfJdA

structures, obtained after distance geometry distance bound driven

dynamics and energy minimization

Structure 1 2 3 4 5

1
2
3
4
5

0.50 0.57
0.54

0.42
0.30
0.69

0.63
0.65
0.28
0.78

6. The spread in rmsd values is comparable with the spread in Table 4, sc we can conclude thar

the restrained EM does not invoke large structural changes in the models. The average rmsd

value for the five structures is 0.53 A. The set of five structures is shown in Figure 4.

Analysis of the structures

Conformation about the cvclobutane ring. The two bases linked by the cyclobutane ring

can adopt two different configurations, when they are also linked through the phosphate

backbone as in dinucleotides and DNA (2). The first one where the thymine and the adenine

rings are located on the same side of the cyclobutane ring is called the cis-syn configuration. In

the trans-syn configuration the thymine and adenine bases reside on opposite sides of the ring.

The torsion angles <j>, (T:N1-T:C6-A:C5-A:C4) and <}>2 (T:C4-T:C5-A:C6-A:N1) have values

around zero in a cis-syn and about 180° in a trans-syn configuration. It is clear from the values

<J>j and $2 in Table 7 that in all five structures the cyclobutane linkage is in the trans-syn family.

Conformation about the elvcosidic bond. As can be seen in Table 7 the values for the
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Table 7. The torsion angles (in degrees) for the dTp[]dA structures

obtained after distance geometry, distance bound driven dynamics

and energy minimization.

structure 1 2 3 4 5

torsion angle

! I
1 X
1 8
i C
2 a
2 (3

I I
2 X

<t>i
<h

-167
144
162
33
-45
153

-145
176
154

-100
129

-103

166
165
148
-53
87

-127
172
73
146
-83
123

-108

54
134
135
68
-45
-94

-147
82
151
-74
120
-113

-179
168
165
-44
75

-165
151
125
144
-98
127

-104

-124
115
90
80
-50

-103
-143
89
156
-82
122

-109

glycosidic angle of thymidine range from 90° to 165°, corresponding with a SYN conformation.

These values agree with the value of 90° which was predicted on the basis of the large shift of the

thymidine H3' proton. For deoxyadenosine all the glycosidic angles are in an ANTI

conformation, ranging from -74° to -100°. These findings are in agreement with previous results

on dTpdT (5) where a SYN-ANTI glycosidic pattern was found for a trans-syn photodimer.

Analysis of the torsion angles. Starting at the 5'-end of the dinucleotide the first torsion

angle is the y of thymidine. As shown in Table 7 large variations in the value of this torsion angle

can be observed. This corresponds with the analysis of the coupling constant data where it was

found that this dihedral is not conformationally pure.

The torsion angle y of deoxyadenosine should adopt a y+ conformation on the basis of the

coupling data and this conformer was found for all but one structure. The torsion angle y of

structure 1 adopts a trans conformation.

On the basis of the coupling constant data the torsion angle p of deoxyadenosine could be

determined to have a pure p l conformation. In Table 7 it can be seen that for all the structures the

angle p is indeed around 180°. It can be concluded that there is good agreement for these

backbone torsion angles between the values calculated from the coupling constants and those

found in the NOE-based structures.

The torsion angles 8 are directly related to the sugar pucker. In all five structures the

values for 8 correspond with a S-type geometry for both deoxyribose units, whereas on basis of

the coupling constant data equilibria between N- and S-type sugar conformations were expected.

The value of the torsion angle e was expected to be 152° on the basis of the value of the

coupling constant between H3' and 31P. As shown in Table 7 the value for this torsion angle

deviates from this expected value and shows a large variation. Probably, there are a number of

possible conformations for this part of the phosphate backbone.
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Table 8. The average torsion angles and the

fluctuations in these angles (in degrees) for the

20 ps trajectory of the free molecular dynamics

simulation ofdTplJdA

torsion angles average fluctuation

1
1
1
1
1
2
2
2
2
2

I
X
£

a
P

X

02

-169
116
28
198
-88
-106
174
58
127
-53
108
-122

17
23
20
13
18
41
26
11
19
28
13
12

Although the match between this set of models and the NMR parameters is quite good, the

question arises whether other types of photodimers are also consistent with the data. The only

other possible structure would be the cis-syn cyclobutane linkage since the other trans-syn

structure does not fit the SYN-ANTI glycosidic angle pattern. In the case of the cis-syn

cyclobutane dimer of d(dTpdT) this pattern was indeed observed, both in solution and in the

crystal structure (8,29). However, modelling of the dTp[]dA into the cis-syn conformation

yielded structures with higher energy and larger violations of the NMR constraints.

Free molecular dynamics simulation. Since it would be interesting to see how the

generated structures behave when the constraints are switched off, we have taken the structure

with the lowest energy, structure 2, as starting structure for a free molecular dynamics simulation

including solvent and a counterion. A trajectory of 20 ps and the average structure were analysed

in the same way as the DG and DDD structures.

The average MD structure shows a minor structural change compared to the starting

structure. This is reflected in the rmsd of the coordinates of the average structure and the starting

structure, which at 1.14 A is somewhat higher than the positional fluctuation of the atoms (0.64

A).
In Table 8 the behavior of the torsion angles during the run is shown. From this table it is

clear that all the torsion angles have about the same values as the set of generated structures. The

a and t, angles, which showed the largest spread in values in Table 7, again display the largest

fluctuations. The x angle of thymine has changed to a lower value, 28° vs 140° averaged over

the structures, but still has the SYN conformation.

The e torsion angle has changed a little, too. The value e of is now closer to what is
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Table 9. The average distances (A) between the proton pairs during the 20 ps trajectories of
the free molecular dynamics simulation ofdTp[jdA and the constraints which were used to
build the models.

proton pair average distance constraint proton pair average distance
constraint

TH6
TH6
TH1'
TH1'
TH31

AH8
AH8
A HI1

-TMe
-TH1'
- T H2"
- T H2'
-TH41

-AH2"
- AH2'
- AH2'

3.10
2.64
2.45
3.08
2.94
2.99
2.59
3.03

<3.0
<3.5
<2.5
<3.5
<3.0
<3.5
<2.5
<3.5

A
A
A
A
T
T
A

H1'-AH2"
HI1-AH3'
H3'-AH4'
H3'-AH2"
H6 -TH2"
H6 -TH2"
H8 -A HI1

2.38
3.83
2.83
2.78
3.90
3.21
3.42

<2.5
<3.5
<2.5
<3.5
>3.5
>3.5
>3.5

expected on the basis of the coupling constant data. The cyclobutane ring conformation is still

trans-syn. The <|>| and <J>2 differ only slightly from the starting value, the difference can be

explained by a larger pucK. in the cyclobutane ring.

The distance constraint energy is 14 kJ/mole.nrrr2 averaged over the 20 ps. This is higher

than in the generated models. The largest violations of the virtual bounds during the free

dynamics simulation are in the constraints around the glycosidic angles (see Table 9). However,

inspection of this table also reveals that the violations are not very severe. One can conclude that

the free dynamics run did not change the structure much, although a few details are different.

CONCLUSIONS

On the basis of the 2D NOE data used as constraints in distance geometry calculations the

solution structure for the photoproduct of dTpdA has been obtained. The important structural

features of the photoproduct are: 1) the cyclobutane linkage is trans-syn; 2) the glycosidic angle

for thymidine is SYN and for deoxyadenosine is ANTI; 3) the backbone torsion angles p and y

of deoxyadenosine are in a trans and gauche conformation. This last finding also corresponds

perfectly with the coupling constant data obtained for this molecule. These structural aspects do

not change significantly during the free molecular dynamics run of the photoproduct of dTpdA in

solution. Since distance geometry and distance bound driven dynamics allow a good search of

the conformational space we could also determine the spread in the possible structures: the

average r.m.s. deviation is 0.53 A.

The most striking aspect of these structures is the trans-syn cyclobutane linkage and the

associated SYN-ANTI glycosidic pattern. In normal duplex B-DNA all the glycosidic angles are
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ANTl and this would favour cissyn geometry of the cyclobutane ring. Indeed, bused on the

premise that the nucleobase residues in dTpdA adopt a stacked conformation in solution akin to

their disposition in native DNA, the photoproduct was originally assumed (14) to have a cis-syn

stereochemistry. However, it is clear from inspecting a model of a dTpdA unit in DNA that if the

thymine base is rotated into a SYN conformation about the glycosidic bond it can bring the

reactive bonds into closer juxtaposition which should promote photoaddition and result in a

product with the observed trans-syn structure. The requirement for thymidine residues to adopt a

SYN conformation provides a reasonable explanation for the much lower quantum yields for the

photoreaction (13) in base paired duplexes than in their single stranded counterparts which have

more conformational freedom.

Detailed structural analyses by NMR spectroscopy have also been carried out on

cyclobutane photoproducts with trans-syn stereochemistry which were obtained by

acetophenone-sensitized irradiation of dTpdT anu cTpdC (3,5). With these pyrimidine

dideoxynucleoside monophosphates, however, the predominant photoproducts have the cis-syn

stereochemistry and the trans-syn isomers respresent a relatively minor species. This contrasts

with the behavior of dTpdA which is shown by HPLC analysis to undergo quite specific

conversion into the trans-syn photoproduct on UV irradiation in solution.

REFERENCES

1. S.Y. Wang.ed., "Photochemistry and Photobiology of Nucleic Acids", Vol.1 and II,

Academic Press, New York (1976)

2. F.E. Hruska, D.J. Wood, K.K. Ogilvie and J.L. Charlton, Can. J. Chem. 53,

1193(1975)

3. F.T. Lui and N.C.Yang,Biochemistry 17, 4865 (1978)

4. R.E. Rycyna and J.L. Alderfer, Nucl. Acids Res. 13, 5949 (1985)

5. J. Kemmink, R. Boelens and R. Kaptein, Eur. Biophys. J. 14, 293 (1987)

6. J. Kemmink, R. Boelens, T.M.G. Koning, R. Kaptein, G.A. van der Marel and J.H.

van Boom, Eur. J. Biochem. 162, 37 (1987)

7. L.S. Kan, L.Voituriez and J. Cadet,Biochemistry 27, 5796 (1988)

8. R.E. Rycyna, J.C. Wallace, M. Sharma and J.L Alderfer, Biochemistry 27, 3152

(1988)

9. J.S. Taylor, D.S. Garretf and M.J. Wang, Biopolymers 27 , 1571 (1988)

10. J.S.Taylor, D.S. Garrett and M.P. Cohrs,Biochemistry 27, 7206 (1988)

11. D. Porschke, Proc. Nat. Acad. Sci. USA 70, 2683 (1973)

12. S. Kumar, N.D. Sharma, R.J.H. Davies, D.W. Phillipson and J.A. McCloskey,

Nucl. Acids Res. 15, 1199 (1987)

136



13. S.N. Bose, R.J.H. Davies, S.K. Sethi and J.A. McCloskey, Science 220, 723

(1983)

14. S.N.Bose, R.J.H. Davies, S.K. Sethi and J.A. McCloskey, Nucl. Acids Res. 12,

7929(1984)

15. A.J. Shaka, J. Keeler and R. Freeman, J. Magn. Res. 53, 313 (1983)

16. W.P. Aue, E. Bartholdi and R.R. Enist, J. Chem. Phys. 64, 2229 (1976)

17. R.M. Scheek, N. Russo, R. Boelens and R. Kaptein, J. Am. Chem. Soc. 105,

2914(1983)

18. C.A.G. Haasnoot, F.A.A.M. de Leeuw, H.P.M, de Leeuw and C. Altona,

Tetrahedron Lett. 36, 2783 (1980)

19. C.A.G. Haasnoot, F.A.A.M. de Leeuw, H.P.M, de Leeuw and C. Altona, Org.

Magn. Res. 15,43(1980)

20. T.F. Havel, LD. Kuntz and G.M. Crippen,flu//. Math. Biol. 45, 665 (1983)

21. R.M. Scheek, W.F. van Gunsteren and R. Kaptein, in "Methods in Enzymology"

177,204(1989)

22. R. Kaptein, E.R.P. Zuiderweg. R.M. Scheek, R. Boelens and W.F. van Gunsteren,

J. Mol. Biol. 182, 179 (1985)

23. W.F. van Gunsteren, R. Boelens, R. Kaptein, R.M. Scheek and E.R.P. Zuiderweg,

in "Molecular Dynamics and Protein Structure", Hermans.J., ed. Polycrystal Book

Service, Western Springs, U.S.A., 92 (1985)

24. D.M. Cheng and R.H. Sarma, / . Am. Chem. Soc. 99, 7333 (1977)

25. C. Giessner-Prettre and B. Pullman, J. Theor. Biol.65, 171 (1977)

26. C. Altona, Reel. Trav. Chim. Pays Bas 101, 413 (1982)

27. P.P. Lankhorst, C.A.G. Haasnoot, C. Erkelens and C. Altona,/. Biomol. Struc.

Dyn. 1, 1387 (1984)

28. W. Saenger, in "Principles of 'Nucleic Acid Structure" Cantor,C.R. ed., Springer

Verlag, New York, pp 9 (1984)

29. J. Cadet, L. Voituriez, F.E. Hruska and A. Grand,Biopolymers 24, 897 (1985)

137



Chapter 7
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ABSTRACT

UV irradiation of the dinucleoside monophosphates dCpdT, dTpdC and dTpdT in the

presence of acetophenone as photosensitizer yielded cyclobutane type photodimers. The

cytosine containing derivatives were found to deaminate to give uracil products. Using one and

two dimensional NMR the photoproducts were characterized as cis-syn and trans-syn

cyclobutane photodimers. On the basis of NOE data the structures of the cis-syn and trans-syn

products of dUpdT were determined using distance geometry and restrained energy

minimization methods. The cis-syn structures showed (high-ANTI/SYN)-(high-ANTI)

glycosidic linkages while the trans-syn structures were found to be in the SYN-ANTI region.

The backbone conformations of both structures were in good agreement with J coupling data.

The trans-syn structures were found to be very rigid and similar in all three products. For the

three cis-syn structures more conformational freedom and more variation among the three

structures was observed.

INTRODUCTION

Ultraviolet (UV) radiation may induce damage in living organisms. Exposure of living

cells to UV light mainly results in photochemical alterations of the DNA, the hereditary material

of the cell (/). Currently there is great interest in the relation between the photochemical lesions

in DNA and the mutagenic effects of these lesions. The heterocyclic bases (purines and

pyrimidines) are the photoreactive species in DNA. They strongly absorb UV light in the region

230-290 nm. This is primarily due to n —> Jt* transitions resulting in an absorption maximum

for the bases occurring at about 260 nm. Intersystem crossing to a triplet state with lower

energy turns the heterocyclic base into a chemically reactive species. Trapped in the longer lived

excited triplet state the bases, especially the pyrimidines, can undergo several photochemical

reactions (2,3).

These reactions occur primarily between two adjacent bases. The most abundant

photoproducts are the cyclobutane dimers between two adjacent pyrimidine bases (4). Of these

the thymine-thymine cyclobutane dimers in oligo- and polydeoxynucleotides have been most

widely investigated (1,5-7). Other photoproducts which have been characterized are the 6-4-

[pyrimidone]-pyrimidine photoadducts (8,9) and the pyrimidine photohydrates(/0,/7). Purine

bases are much less affected by UV radiation, but recent studies have shown that the adenine

bases also undergo photochemical alterations when exposed to UV light. It has been shown that
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(H)N

cis-syn (ANTI-ANTI)

X

(H)N

INI(H)

trans-syn (ANTI-SYN)

R

H
N(H)

cis-syn (SYN-SYN)

X

X

trans-syn (SYN-ANTI)

Fig. 1 The four possible cyclobutane dimers in bipyrimidine sequences. For the cis-syn

configuration ANTI-ANTI or SYN-SYN glycosidic conformations are expected. For the two

trans-syn structures the glycosidic angles can be in the SYN-ANTI or ANTI-SYN

conformation.

photoproducts are formed in oligo- and polydeoxadenylic acids (12,13). Also the photodimers

of the dinucleoside monophosphates dApdA and dTpdA have been isolated and characterized

(14,15).

Stereochemically, cyclobutyl linked pyrimidines may exist in four different isomeric

forms, two of which are optically active and exist as enantiomers (16). The and orientations

(with a head-to-tail arrangement of the pyrimidine bases) can be ruled out in DNA on steric

grounds. Therefore, in single stranded and duplex DNA there are four possible cyclobutane
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dimers (see Figure 1), all in the syn configurations. These can be divided in two cis and two

trans isomers (77). In the syn orientation the C5 and C6 atoms of the first pyrimidine form a

bond with the C5 and C6 atoms of the other pyrimidine respectively (i.e. a head-to-head

arrangement). For the cis-syn dimers the ANTI-ANTI or SYN-SYN N-glycosidic

conformations are expected to occur predominantly. The two trans-syn structures differ not only

with respect to their N-glycosidic conformation, ANTI-SYN or SYN-ANTI, but also the

cyclobutane rings are different and in fact constitute enantiomers. On account of the base-

stacked configuration of DNA, especially in double stranded DNA, the predominant

photoproduct is expected to have the cis-syn (ANTI-ANTI) geometry as was confirmed in an

NMR study of a thymine dimer in a DNA octamer (18)

NMR studies of the cyclobutane dimers of dTpdT, dTpdC and UpU (19-24) and a X-ray

study of a cis-syn cyclobutane dimer of the cyanoethyl ester of dTpdT (25,26) provided

information about the conformations of these various products.

In this paper, we report the NMR studies of the photoproducts of dTpdT, dTpdC and

dCpdT, where for the latter no earlier conformational studies have been presented. In the course

of this work it was found that in the photoproducts of dTpdC and dCpdT deamination of the

cytosine unit occurs. Therefore, the structural work presented here is related to the cyclobutane

photodimers of dTpdU and dUpdT. The results for all the trans-syn photoproducts revealed

that hardly any conformational freedom is left and therefore similar conformations result for the

three products. For the cis-syn dimers more conformational freedom was found and also the

average structures exhibit more structural variation among themselves. A comparison with the

results of earlier theoretical (27,28) and structural studies of oligonucleotides (18,29) is made.

The biological implications of this structural information regarding the UV induced mutations

will be discussed.

EXPERIMENTAL PROCEDURES

Photosensitized UV irradiation. The photodimers were produced by irradiation with a 450

W Xenonlamp (Osram) of an aqueous solution containing 13 mM acetophenone and 2 mM of

the dinucleoside monophosphates 2'-deoxycytidylyl(3'-5')thymidine, dCpdT (3.65 mg), 2'-

deoxythymidylyl(3'-5')thymiaine, dTpdT (6.2 mg), and 2'-deoxythymidylyl(3'-5')-cytidine,

dTpdC (5.0 mg) (all ammonium salt, Sigma). The reaction mixtures were kept at room

temperature during irradiation by watercooling and nitrogen was purged in order to remove

oxygen.

Purification of the photoproducts. The mixtures of the photoproducts were separated by
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re versed-phase (RP-) HPLC. The samples were dissolved in a 0.12 M ammonium acetate

aqueous solution (pH = 6.8). The solutions were introduced into a Nucleosil 10 C-18 column.

The samples were eluted by a gradient of the aqueous solvent and a solvent system consisting

of a 0.10 M ammonium acetate solution in watenmethanol 1:1, pH = 6.8. The flow-rate was 1

ml/min. and detection was at 230 nm. The various fractions were desalted by gel-filtration

(Sephadex G-10,25 mM ammoniumbicarbonate) and lyophilyzation.

NMR: sample preparation. All NMR samples were dissolved in a 0.45 ml 99.8% D2O

solution with 50 mM KPj and 200 mM NaCl at pD = 6.55 and lyophilyzed twice from D2O to

remove the residual H2O. The DNA concentrations ranged from 1 to 10 mM.

NMR: recording and acquisition. All NMR spectra were recorded on a Bruker HX-360

spectrometer (360 MHz) equipped with an Aspect 2000 computer and Bruker AM 500

spectrometer (500 MHz) equipped with an Aspect 3000 computer. For the determination of the

*H coupling constants selective !H and 31P decoupling was used. 31P decoupling was achieved

using a Waltz scheme (30). Two-dimensional NOE experiments were carried out as described

elsewhere (31,32). For all measurements the mixing time was 0.75 s. The spectral width for the

phase-sensitive 2D-NOE spectra was 4000 Hz (360 MHz) or 5000 Hz (500 MHz). The t2

domain contained 2048 data points; 512 tj values were taken. The data were processed on a /z

VaxII with software from the 2D-NMR library written in Fortran 77. In both tj and t2

dimensions the data points were multiplied with a 45° shifted sine bell. The tj domain was

zerofilled twice before Fourier transformation.

Spectral simulation. All JH-NMR parameters for the trans-syn and cis-syn photodimers

were refined by spectral simulations at both 360 and 500 MHz using an iterative spin simulation

program, a minicomputer version of the Laocoon-type programs on a (iVaxII(33).

Fig. 2 Schematic presentation of the average torsion angle (a>av) analysis. As an example the

following values were used: P1 = 0.25, P2 = 0.65 and P3 = 0.10 giving an average torsion

angle (Oav is 165°andalav value of 0.49.

144



Average torsion angle analysis. The roiamer populations P,(gg),P2(tg) and P3(gl) can be

obtained for the backbone angles y(C4'-C5'}, P(C5'-O5'), and e(C3'-O3") from [he coupling

data using Karplus type equations (34-36). The y-rotamer populations can be calculated using:

= (13.725 - 1 J4.5- + J45.)/9.675 [!aj

= (J4-5-" 2.025V9.675 [lb]

P3(Y) = (J4-5-- 2.025)/9.675 | l c |

For the p-rotamer populations the following equations must be used:

P, (P1) = (25.375 - E J5.P + J5»P)/20.625 (2a]
P2(p-) = (J5.p . 2.375V20.625 [2bj

P3(P+) = (J5..p . 2.375V20.625 {2c|

For the torsion angle e only the P3(e
+) can be calculated from proton coupling data with:

P3(e
+) = (J3T - 2.375V20.625 |3J

Of course the populations always obey the relation:

2 P, + P2 + P3 = 1

These sets of rotamer equations can be used to define an average angle and a vector sum which

represents the conformational freedom for a given torsion angle. Here we define these quantities

as follows. The populations Pj, P2 and P3 are defined as vectors with directions of 60°, 180°

and 300° (corresponding to gauche+, trans and gauche" conformations). The average angle and

the length lav are defined by the sum of these three vectors (see also Figure 2). The length of

the sum vector lav lies between 0 and 1, where lav = 1 means a perfectly defined conformation

and lav = 0 an equal mixture of the three rotamers and therefore a large conformational freedom.

When the H5' and H5" are only pairwise assigned no discrimination can be made between the

conformers P2 and P3. This leads to two possible combinations of the rotamer populations. As

a result there is a set of two vector sums and therefore two possible average angles.

Pseudorotational analysis ofthefuranose ring. Pseudorotational analysis based on the 'H-
1H coupling constants was carried out using a method developed by Haasnoot et al.(57,3S).

This analysis amounts to an iterative determination of a phase angle of pseudorotation, Pm, a

pucker amplitude, <l>m, and a fraction of the N-type conformer, XN. Initial guesses of the S-type

parameters were Pm = 160° Om = 35° and XN = 0.50. The parameters of the N-type conformer

were constrained to PN = 9.5°and ON = 35.5°. The backbone angle 8 (C3-C41) is directly

reJated to the pseudorotational parameters by the following equation:

5 = 120.6°+ l.l<Dmcos[Pm + 145.2°| [4]

Modelling. The model structures were generated on the basis of NOE distances using a

distance geometry program derived from the EMBED program (39). First the distance matrix

was smoothed using the triangle inequalities. After this the structures were embedded in three

dimensions and finally 300 steps of optimization according to distances and chiralities were
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performed. For further optimization the distance bound driven dynamics algorithm (40) was

applied for 1000 steps at 1000 K and 300 steps at ! K.

For the energy minimization the GROMOS force Held and programs were used (41,42).

For the restrained energy minimization a steepest descent algorithm was used, the force constant

for the distance constraints being 4000 kJ/mole.nm2. Typically 100 to 300 steps were necessary

until the energy of the structures did not change anymore and the gradient was sufficiently low.

RESULTS

Isolation and characterization of the photoproducts.

After UV irradiation the various products were isolated by RP HPLC and characterized

with the use of NMR. The best evidence that a cyclobutane photodimcr is formed is ihe

observation of a scalar coupling between the two H6 base protons. Further indications are large

shifts of the resonance positions of the H5 and H6 protons in the NMR spectrum due to the

change in hybridization state and a loss of absorbance at 260 nm and the appearance of an

absorption band at 320 nm in the UV spectrum. To discriminate between the cis-syn and trans-

syn isomers NOEs between the protons attached to the cyclobutane ring can be used For the

cis-syn form mutual strong NOEs between the two H6 protons and between the two other

substituents (either TCH3 or H5) can be observed, whereas in the trans-syn form these NOEs

are very weak or absent. Furthermore, the retention times of the fractions on the RP HPLC

column can be used as an indication of the type of cyclobutane dimer.

When a cytosine base is involved in cyclobutane ring formation, a complication arises. It

Table 1. Retention times ( tR in min) of the dinucleoside monophosphates on a RP-

Nucleosil C-18 column*.

fraction structure tR fraction structure tR fraction structure tR

1
2
2
3
4
5

t t
c,s-dUp[]dT
c,s-dCp[]dT
t,s-dUp[]dT
t,s-dCp[]dT
dCpdT

4.4
5.4
5.4

12.7
13.6
28.0

1
1
2
3
3
4
5

c,s-dTp[]dU
c,s-dTp[]dC
t,s-l-dTp[]dU
t,s-l-dTp[]dC
t,s-Il-dTp[]dU
t,s-Il-dTp[]dC
dTpdC

4.2
4.2
9.6

11.8
11.8
12.7
30.0

1
2
3

c,s-dTp[]dT
t,s-dTp[]dT
dTpdT

6.6
14.0
30.8

as t,s-
++ not characterized
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Fig. 3 Cross-sections through the 2D NOE spectra of the trans-syn (a and b) and the cis-syn

(c and d) photoproducts dUp[]dT. The regions of the H6 base protons are shown at the

frequencies of the TCH3 group (a and c) and the uracil H5 base proton (b and d).

is known (19) that cytosine bases can easily undergo deamination at the 4 amino position and

convert to uracil, especially when the unsaturated character of the base ring is diminished. The

deamination can occur spontaneously and is accelerated by heating. This was indeed observed

in the cases of the photoproducts of dCpdT and dTpdC.

dTpdT. For the dinucleoside monophosphate dTpdT 90% of the starting material was

consumed after eight hours of irradiation. Apart from two minor products, two major products

were formed which have been identified as the cis-syn and trans-syn cyclobutane dimers of

dTpdT by Kemmink et al (20) using the same arguments as mentioned above. In our case the

ratio of the two products was 7:1 which is comparable to the 6:1 ratio found earlier (20,19).

The retention times for the different fractions are listed in Table 1.

dCpdT. In the case of dCpdT after 12 hours of irradiation 70% of the starting material
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was consumed. Four major fractions were isolated from the irradiated sample and the retention

limes for these are also listed in Table 1. The fraction with a retention time of 12.7 min and

chemical shift position for the methyl group of thymine 8(TCH3) = 1.48 pprn was thermally

stable and was therefore characterized as a uracil containing product. The chemical shift

positions for all the protons are listed in Table 2. The NOEs observed for this product revealed

that the configuration around the cyclobutane ring was trans-syn. In Figure 3 cross sections of

the 2D NOE spectrum of this product are shown. A very weak NOE cross peak is observed

between the base proton of thymine to the uracil H5 (Fig. 3b) and the NOE to the uracil H6 is

absent (see Table 3).

The fraction with a retention time of 13.6 min and 8(TCH3) = 1.55 ppm was thermally

unstable and was converted into the first product upon heating. Therefore, this is believed to be

trans-syn dCp[]dT.

In the *H NMR spectrum for the fraction with tR = 5.4 min two methyl signals were

observed (5(TCH3) = 1.68 ppm and 1.63 ppm). Upon heating to 42° C the peak at 1.68 ppm

disappeared and the one at 1.63 ppm increased correspondingly. It was therefore believed that

this fraction contained a mixture of dCpdT and dUpdT photoproducts and due to cytosine

deamination only the latter was still present after heating. This product could be identified as

cis-syn dUp[]dT, since NOEs were observed for the thymine base proton to both the H5 (c.f.

Fig. 3d) and H6 protons of the uracil moiety. The ratio of the cis-syn and trans-syn products

was 3:1.

A fourth fraction with the retention time tR = 4.4 min consisted of a complicated mixture

of photoproducts and was not further identified.

dTpdC. For this dinucleoside monophosphate 60% of the starting material was consumed

after 7 hours of irradiation. Four fractions could be separated. One fraction contained a

thermally stable product which was characterized by Lui and Yang (79) as trans-syn

dTp[]dU(I) (tR = 9.6 min and 8(TCH3) = 1.33 ppm). Two other fractions contained mixtures of

both stable and unstable products. For the fraction with the retention time of 11.8 min the stable

product was characterized as another trans-syn product dTp[]dU(II) using the nomenclature of

Lui and Yang. The unstable component, most likely trans-syn dTp[]dC(I), converted upon

heating to trans-syn dTp[]dU(I). The other mixture (tR = 4.2 min) contained cis-syn dTp[]dC

which converted to the other stable product cis-syn dTp[]dU. Finally, the thermally unstable

fraction (tR = 12.7 min) was characterized as trans-syn dTpfldC(II) by its conversion to the

corresponding uracil product. Our results are in agreement with the analysis of Lui and Yang

(19) and the observed ratio between the products cis-syn:trans-syn-l:trans-syn-U dimers was

4:3:1, which also corresponds with their findings.

NMR Results. The assignments of the XH resonances of all photodimers were made by

148



Table 2. ]H chemical shifts of the dinucleoside monophosphates dCpaT, dTpdC, dTpdT and

their photoproducts in ppm relative to DSS at 300 K.

structure

dCpdT*

t,s-dUpdT

A**

c,s-dUpdT

A**

residue

dCp-
-pdT

dUpt]-
-p[]dT
dYp-
-pdY

dUp[]-
-p[]dT
dYp-
-pdY

HI'

6.15
6.31
5.27
5.72
0.88
0.59
5.62
6.02
0.53
0.29

H2'

2.42
2.44
3.29
2.15

-0.87
0.29
2.70
2.34

-0.28
0.10

H2"

2.66
2.42
2.57
2.03
0.09
0.39
2.32
2.20
0.34
0.22

H31

4.71
4.61
4.72
4.53

-0.01
0.08
4.66
4.26
0.05
0.35

H4'

4.19
4.14
4.12
3.89
0.07
0.25
4.20
3.95

-0.01
0.19

H5'a

3.85
4.14
3.70
4.15
-.-
-.-
3.73
3.95
-.-
-.-

H5"a

3.78
4.09
3.66
4.21
-.-
-.-
3.68
4.10
-.-
-.-

CH3/H5

5.98
1.88
3.75
1.48
2.23
0.40
3.50
1.63
2.48
0.25

H6

7.84
7.71
4.59
4.32
3.25
3.39
4.44
4.40
3.40
3.31

dTpdC* dTp- 6.22 2.35 2.52 4.76 4.16 3.82 3.77 1.88 7.68
-pdC 6.29 2.32 2.43 4.56 4.18 4.15 4.07 6.10 7.97

t,s-I-dTpdU dTp[]- 5.24 3.30 2.57 4.72 4.12 3.68 3.68 1.48 4.35
-p[]dU 5.63 2.15 1.99 4.54 3.86 4.15 4.21 3.67 4.56

A** dYp- 0.98 -0.95 -0.05 0.04 0.04 -.- -.- 0.40 3.33

c,s-dTpdU

A**

-pdY
dTp[]-
-p[]dU
dYp-
-pdY

0.66
5.66
5.96
0.56
0.33

0.17
2.56
2.23

-0.21
0.09

0.44
0.37
2.04
0.15
0.39

0.02
4.65
4.36
0.11
0.20

0.32
4.16
3.86
0.00
0.32

-.-
3.68
4.03
-.-
-.-

-.-
3.68
3.94
-.-
-.-

2.43
1.65
3.60
0.23
2.50

3.41
4.43
4.63
3.25
3.34

dTpdT* dTp- 6.20 2.35 2.55 4.75 4.16 3.81 3.76 1.87 7.66
-pdT 6.31 2.35 2.36 4.57 4.10 4.13 4.06 1.88 7.68

t,s-dTpdT dTp[]- 5.24 3.27 2.57 4.74 4.17 3.70 3.66 1.46 4.26
-p[]dT 5.69 2.18 2.00 4.52 3.87 4.10 4.11 1.48 4.35

A * *

c,s-dTpdT

A * *

*from Cheng & Sarma (44) (ADSS -AMe4NCl = 3.18 ppm ; **A(8non.dimer - 5dimer);
***Y= C,T,U.

dTp-
-pdT
dTp[]-
-p[]dT
dTp-
-pdT

0.96
0.62
5.65
5.98
0.55
0.33

-0.92
0.17
2.61
2.31

-0.26
0.04

-0.02
0.36
2.38
2.10
0.17
0.26

0.01
0.05
4.65
4.32
0.10
0.20

-0.01
0.23
4.16
3.93
0.00
0.17

-.-
-.-

3.72
4.10
-.-
...

-.-
-.-

3.67
3.99
-.-
-_.

0.41
0.40
1.52
1.47
0.35
0.41

3.40
3.41
4.25
4.33
3.41
3.35
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Fig. 4 lH NMR spectra for the photoproducts at 300 K. On the left the spectra for the cis-

syn products are shown, a) cis-syn dUplJdT (500MHz), b) cis-syn dTp[]dU (360MHz) and c)

cis-syn dTp[JdT (360MHz). On the rigth the trans-syn products are shown d) trans-syn

dUpUdT (500MHz), e) trans-syn dTp[]dU (360MHz) andf) trans-syn dTplJdT (360MHz).

using selective XH decoupling and 31P decoupling of the 'H NMR spectra and the 2D NOE

spectra (see Table 2). The distinction between the 3' and 5' terminal fragment was made on the

basis of the absence of a coupling between the H57H5" protons and phosphorus. The H5' and

H5" protons were pairwise assigned to the specific residues. The JH NMR spectra for the three
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Table 3. A summary of NOEs of all photodimers.

t,s-dUp[]dT t,s-I-dTp[]dU t,s-dTp[]dTc,s-dUp[]dT c,s-dTp[]dU c,s-dTp[]dT
dU dT dT dU dT dT dU dT dT dU dT dT

H6-H1'
H6-H21

H6-H2"
H6-H31

H6-CH3
H6-H5

H6-H1'
H6-H2"
H6-H6
H6-H5
CH3-H6
H6-CH3
CH3-H5
H5-CH3
H5"-H1'

m
a
a
a
-
s

-
-
-
-
-
-
-
-

a
s
a
a
s
-

w
a
a
a
a
-
w
-
a

m
a
a
a
m
-

-

-
-

-

a
s
a
a
-
m

a
a
a
a
.
a
.
vw
a

m
a
a
a
m
-

_
-
-

-
-
-
-
-

a
s
a
a
m
-

a
a
a
a
a
a

-
a

ms
m
w
vw
.
m

-
-

-

-

-

w
s
w
w
m
-

w
o
m
m
vw
-
m
-
w

m
s
vw
o
m
-

-
-

-

a
s
a
a
.
m

a
a
a
a
.
w
.
m
a

m
s
w
a
m
-

-
-
-
-
-
-
-
-

a
s
a
a
m
-

a
a
a
a
w
w
-

a

*e =s = strong; m = medium; w = weak; v = very weak; a = absent; o = overlap

different cis-syn and the three trans-syn dimers are shown in Figure 4.

NOEs reveal the spatial relationship of protons. In the assignment phase they were used to

assign the base protons to the specific residues. The 2D NOE spectra of all the trans-syn

dimers looked very similar. The spectra of the cis-syn dimers were slightly different for some of

the sugar protons, for instance in cis-syn dUp[]dT an interresidue NOE between UH1' and the

TH5' or TH5" proton is observed, which is absent in the spectra of the other products. This is

indicated in Figure 5 where the 2D NOE spectrum of cis-syn dUp[]dT is shown. The NOEs

between the base proton H6 and the sugar protons HI1, H2\ H2" and H31 reflect the torsion

angle x (Cl'-Nl). All the observed NOEs except those for the intrasugar cross peaks are listed

in Table 3. Due to the low concentration of the trans-syn (II) dimer of dTpdU no NOE

information was available.

Proton-proton and phosphorus-proton coupling constant values (J) were obtained by

analysing the ID spectra at 360 and 500 MHz. Most of the splitting patterns were first order.

Accurate J values were obtained by computer simulation. The entire list of coupling constants

determined is tabulated in Table 4. The pseudorotational parameters calculated on the basis of J

couplings are listed in Table 5 together with the average torsion angles of the backbone anglesy,

P and e calculated as described in the method section.

Structure generation and refinement of the cis-syn and trans-syn cyclobutane dimers of

dUpdT. The structures for the dUpdT cis-syn and trans-syn dimers were determined based on
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Table 4. {H-'H and lH-3lP Coupling Constants (in Hz) of the parent dinucleoside monophosphates and their photoproducts at
300 K in aqueous solution.

structure l'-2' l'-2" 2'-2" 2'-3' 2"-3' 3'-4' 4'-5'M'-5"a 5'-5" 2'-P 3'-P 4'-P 5'-P 5"-P 5-6 6-6* 5-6*++

dCpT+ " "
dCp- 8.2 6.2 -13.8 6.0 3.9 3.6 3.8 3.8 -12.6 -.- 7.6 -.- -.- -.- 7.1 -.- -.-
-pdT 6.7 7.0 -13.8 6.5 3.8 3.5 3.2 3.6 -12.2 -.- -.- 2.4 4.8 4.8

t,s-dUpT
dUp[]- 10.4 5.0 -14.2 4.9 <0.5 <0.5 5.3 6.0 -11.9 <0.5 4.5 -.- -.- -.- 10.5 7.2 -0.8
-p[]dT 11.0 4.6 -13.4 8.2 0.7 4.8 4.0 2.1 -12.2 -.- -.- 2.1 3.9 4.4

c,s-dUpT
dUpt]- 9.3 5.3 -13.6 5.3 2.4 2.1 4.0 4.0 -12.2 -1.4 3.3 -.- -.- -.- 7.7 5.3 <0.5
-p[]dT 8.0 6.2 -13.7 7.3 4.4 4.4 8.5 2.6 -12.3 -.- -.- 0.5 8.1 5.0

_ _

dTp- 7.8 6.1 -14.2 6.4 3.1 2.9 3.3 5.0 -12.6 -.- 7.4 -.- -.- -.- 8.0 -.- -.-
-pdC 6.8 6.5 -13.8 6.3 4.0 3.5 2.4 3.6 -11.6 -.- -.- 2.2 4.6 4.6

^ t,s-I-dTpU
to dTptl- 10.5 5.0 -14.1 4.7 <0.9 <0.9 5.4 5.8 -12.0 <0.9 3.5 -.- -.- -.- 10.3 7.5 -1.2

-p[]dU 11.0 4.6 -13.4 8.3 0.7 4.9 3.9 2.1 -12.2 -.- -.- 2.0 3.9 4.4
c,s-dTpU

dTp[]- 10.0 6.2 -12.9 5.0 1.5 2.1 4.4 4.4 -12.0 <0.9 2.6 -1.9 -.- -.- 8.7 5.6 <0.9
-p[JdU 9.1 5.6 -13.7 8.2 3.2 5.1 6.0 5.6 -12.2 -.- -.- <0.9 4.3 1.5

_____

dTp- 7.2 6.1 -14.0 6.0 3.8 3.2 3.4 4.2 -12.6 -.- 6.8 -.- -.- -.- -.- -.- -.-
-pdT 6.9 6.9 -14.1 5.8 5.8 4.0 2.5 4.0 -12.1 -.- -.- 1.6 4.0 4.0

t,s-dTpT
dTp[]- 10.4 5.1 -14.1 5.1 0.5 0.5 5.4 5.9 -12.0 <0.9 3.8 -.- -.- -.- -.- 7.5 -.-
-p[]dT 11.0 4.7 -13.4 8.4 0.7 4.8 4.0 2.1 -12.3 -.- -.- 2.1 4.0 4.0

c,s-dTpT
dTp[]- 8.8 5.4 -13.6 5.4 3.0 2.7 3.9 4.0 -12.4 -.- 3.5 -.- -.- -.- -.- 6.0 -.-
-p[]dT 8.8 5.8 -13.6 7.4 3.5 4.4 5.9 1.5 -11.5 -.- -.- 1.3 5.9 4.0

+ From Cheng & Sarma (44).
tt The * indicates a proton of the other base
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Fig. 5 The 500 MHz 2D NOE spectrum of cis-syn dUp[}dT at 315 K. Negative contour

levels are shown for the cross peaks and positive levels for the diagonal. Above the diagonal

the assignment of the dUp[J- part is indicated and below the diagonal that for -p[]aT. The

cross-peak between the HI'of the uridine and H5' of the thymidine moiety is indicated with an

arrow.

the proton-proton distances from the NOE spectra. The constraints for base-base and base-sugar

interactions, which are used in the distance geometry calculations, were extracted from Table 3.

A strong NOE was entered with an upper bound distance constraint of 2.5 A, a medium NOE

with 3.0 A and a weak NOE with 3.5 A. Not only the observed NOEs were used but also non-

NOEs (absence of NOEs) since these provide additional structural information. A lower bound

distance constraint of 3.5 A was used for these non-NOEs. The covalent links between the two

bases (C6-C6 and C5-C5) were put in as additional constraints. No coupling data are included

as constraints on the backbone and the sugar torsion angles since in many cases the data
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Table 5 Average torsion angle values for the backbone torsion angles and
parameters for tire deoxyribose moieties.

structure

dCpdTf
dCp-
-pdT

t,s-dU[]p]T
dUp[]-
-p[]dT

c,s-dUp[]dT
dUp[]-
-p[]dT

dTpdCr

dTp-
-pdC

t,s-l-dTp[]dU
dTp[]-
-p[]dU

c,s-dTp[]dU
dTp[]-
-ptJdU

dTpdTt
dTp-
-pdT

t,s-dTp[]dT
dTp[]-
-p[]dT

c,s-dTp[]dT
dTp[]-
-ptJdT

y

Yav

60/60°
64/56°

213/267°
74/46°

60/60°
160/320°

36/84°
51/69°

222/259°
47/73°

60/60°
198/252°

58/62°
48/73°

220/260°
44/76°

59/61°
=67/97° «

lav

0.45
0.58

0.14
0.70

0.39
0.54

0.37
0.66

0.11
0.72

0.26
0.17

0.61
0.64

0.13
0.70

0.40
=0.57*

P
Pav

180/180°

178/182°

163/197°

180/180°

178/182°

=180°*

180/180°

180/180°

173/187°

lav

0.65

0.74

0.42

0.68

0.74

= 1*

0.76

0.76

0.63

e

eav

209°

193°

186°

208°

187°

182°

205°

189°

187°

154°(2E)
174°(2E)

164°(2E)
116°(,T)

160° (2E)
164°(2E)

160° ̂ E)
168°(2E)

164°(2E)
115°dT)

167°(2E)
116°(,T)

167°(2E)
178VT)
164°(2E)
115°(1T)

156 (2E)
128 (jE)

the pseudorotational

XN

0.29
0.21

0.00
0.00

0.12
0.37

0.23
0.34

0.00
0.00

0.05
0.17

0.31
0.45

0.00
0.00

0.20
0.22

5

141°
146°

148°
113°

146°
137°

142°
146°

148°
118°

148°
114°

147°
164°

148°
112°

144°
123°

^calculated from coupling data from Cheng & Sarma (44); *J-value < Jg(60°) in Karplus
equation

indicated that a mixture of conformations occurred. However, they were used as a check on the

final structures for the dUpdT dimers.

For all the structures obtained after distance geometry and DDD (30 for the cis-syn and 25

for the trans-syn products) the initial total potential energy is quite high, but dropped down

quickly after a few cycles of energy minimization. After ca 300 steps the energies of the

structures did not change any more. The values for the total potential energy and the distance

restraint energy for the four cis-syn and the nine trans-syn structures with the lowest energies
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Fig 6 Stereoplots for the computed structures for the dUplJdT photoproducts. a) A

superposition of four cis-syn structures, b) A superposition of six trans-syn structures.

are listed in the Tables 6 and 7 together with the backbone dihedral angles, glycosidic angles,

cyclobutane angles ($x {N1-C6-C6-N1} and <|>2 {C4-C5-C5-C4}) and the sugar pucker

conformations.

DISCUSSION

We shall now discuss the computed structures for the cis-syn and trans-syn dUptldT

dimers which are shown in Figure 6 and compare them with the other photoproducts. The

structural features will be compared with the J coupling data for these fragments.

The cyclobutane ring. The presence of the cyclobutane ring in the products could easily be

verified and the identification of the type of configuration around the ring was straightforward

on the basis of the NOEs. The extent and type of puckering of the cyclobutane ring for the
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Table 6. The torsion angles, sugar pucker conformations1" (in

degrees), the total potential energy and the distance restraint energy

(Idlmole) for the cis-syn dUp[]dT structures obtained after distance

geometry, distance bound driven dynamics and energy

minimization.

structure 1
torsion angle

ZdCpfl-

YdCpfl-

e
c
a
P
5
X-p[]dT

<MC5-C5)

-60.3
-175.1
120.9
66.6

117.0
-19.6

-100.2
160.3
84.2

-70.9
-15.5
-15.2

-41.4
-66.3
84.4
43.8

124.6
-57.2
-82.4

-160.4
137.6
-86.4
-16.3
-16.0

-11.3
-49.8
152.3
61.7
73.4

-174.1
142.1
62.4
89.1

-68.3
-15.8
-19.4

-50.3
-62.9
128.2
47.5
77.3

100.1
-143.4

54.7
84.5

-35.5
-18.0
-18.2

Pm(dCP[]-) 136.8dE) 105.9(XT) 212.1(4
3T) 143.0(,2T)

Pm(-P[]dT) 80.2(4T) 137.2d2T) 94.2(9E) 165.4(2E)

pot-tot "274 -312 -284 -288
*, 2.3 2.6 2.4 3.0

"•"calculated from the relation tan(Pm) = (x4 + Xj - X3 - xo)/2x2(sin36c

+ sin72°); Xj are the sugar torsion angles.

different trans-syn dimers was very similar as judged from the similarity in the J couplings

( J6.6* and J5.6). see Table 4. By contrast, the differences in J coupling values for the three

cis-syn dimers show that they prefer slightly different cyclobutane puckers.

The values for the cyclobutane dihedral angles, fy and <J>2, indicate the cis-syn or trans-

syn nature of the linkage. If both angles are around zero the linkage between the two bases is

cis-syn. On the other hand if the dihedrals are <|»i = 120° and <|>2 * -120° the cyclobutane linkage

is trans-syn. It is clear from Tables 6 and 7 that the structures are either cis-syn or trans-syn,

depending on the constraints used for the structure generation. The small variation in values for

these torsion angles reveals that structures with only slightly different puckering of the rings

were generated.
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Table 7. The backbone dihedral angles, glycosidic angles, cyclobutane angles and sugar

pucker conformations1v(in degrees) for the trans-syn Up[]dT structures obtained after

distance geometry, distance bound driven dynamics and energy minimization.

structure 1 2 3
torsion angle

XdUpd-

e
c
a

93.2
-168.5
128.7
55.9
67.0

-177.5
148.1
57.0
84.9

-84.5
121.5

83.3
66.1

146.0
178.6

-130.1
21.7

112.4
-46.7
74.9

-91.0
127.7

67.5
-160.0
122.6
31.2
50.1

134.2
-132.8

59.5
76.7

-90.6
132.3

77.0
-66.0
126.3
22.9
48.4

137.8
-127.9

61.6
93.5

-86.6
129.1

61.0
-167.3

82.7
90.2

-35.3
-178.8
-113.2

66.2
108.0
-87.6
128.8

71.1
-92.0
150.3
-35.3
79.9

114.5
-97.1
65.9
90.5

-98.0
136.0

<|>2<C5-C5) -128.9 -123.1 -118.3 -121.6 -121.3 -113.0

Pm(dUp[]-) 161.3(2E) 175.8(3
2T) 146.1(,2T) 142.2d2T) 9 5 . 7 ( , T ) 158 .7 ( 2 E)

96.0dT) 53.5(4E) 82.0(°E) 101.8dT) 117.1dE) 104.3dT)

-311 -292 -287 -292 -307 -292
0.1 0.1 0.1 0.1 0.1 0.1

tcalculated from the relation tan(Pm) = (x4 + Tj - Tj - to)/2t2(sin36° + sin72°); with
being the sugar torsion angles.

Glycosidic angle. The various cis-syn structures adopt conformations around % for the

dUp[]- fragment in the high-ANTI to SYN region. The % values for the -p[]dT fragment ar*

found in the high-ANTI region. For all the dYp[]- fragments of the cis-syn dimers the

intranucleotide NOEs observed between HI' and H6, H2" and H6 and the weaker NOEs

between H21 and H6, H3' and H6, and the interresidue NOE between H2' and H6 indicate

similar glycosidic conformations. Furthermore, the changes in the chemical shifts indeed

indicate a reorientation to the high-ANTI or SYN region (43). The NOEs observed for the -

p[]dY parts together with the fact that hardly any changes in chemical shifts were observed

indicate an ANTI or high-ANTI glycosidic angle like in the unreacted dimers. These results

contradict with a X-ray study (25,26) of the cis-syn photodimer of the cyanoethyl ester of

dTpdT (cis-syn CEdTp[]dT). The glycosydic bond angle of the dTp[]- residue of cis-syn

CEdTp[]dT has been reported to undergo a rearrangement from the ANTI region to the SYN
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region (60.7°). The -p[]dT fragment remains in the ANTI region (% =-103.7°). Recently the

NOEs of cis-syn dTp[]dT, cis-syn CE(R)dTp[]dT and cis-syn CE(S)dTpf]dT were reported

(27). In the 600 MHz NOE spectra the NOEs of the dTp[]- fragment between H6 and H2' were

absent and a strong NOE between H6 and HI' was found indicating a SYN orientation of %. In

a 360 MHz 2D NOE spectrum of cis-syn dTp[]dT (20) a strong NOE between H6 and H21 was

found and a NOE between H6 and HI' was absent for the dTp[]- residue leading to the

conclusion that % adopts an ANTI orientation. The combined results support the idea of an

equilibrium between ANTI and SYN orientation of the dTp[]- fragment in the cis-syn dimers.

The % angles of the residues of the trans-syn structures are restricted to either the SYN-

domain (dUp[]-) or the ANTI-domain (-p[]dT). Thus all the trans-syn structures with low

potential energy values (see Table 7) adopt the SYN (3'-5') ANTI conformation. Several NOEs

induced this SYN-ANTI conformation: strong NOEs between HI' and H6 and the absence of a

NOE between the H21 and the H6 for the dYp[]- fragment and strong NOEs between H2' and

H6 for the -p[]dY part. These were also observed for the trans-syn dTp[]dU and the trans-syn

dTp[]dT indicating similar structures for the whole trans-syn family. The changes in chemical

shifts for especially the HI' and the H2' of the dYpf]- also supported the reorientation of the 5'

glycosidic angle to SYN during formation of the photoproducts.

Furanose conformations. On the basis of the coupling data it was found that the puckers

of the sugar ring were conformationally pure and similar for all three trans-syn dimers. The

pseudorotational phase angles of 164° for the 5'-end and 116° for the 3'-end compare well with

the average values found in the computed structures, 149° and 108°. For the cis-syn dimers

more conformational freedom was observed and there is more variation between the three cis-

syn products, especially for the -p[]dY units. For cis-syn dUp[]dT the sugar ring of dUp[]- is

more restricted then the one in the thymine moiety. This corresponds with the smaller

fluctuations of the Pm angles in the structures and can also be seen in Figure 6. The values for

Pm calculated on the basis of the coupling data are in reasonable agreement with those found in

the computed structures.

Backbone torsion angles. Although the backbone torsion angles were not constrained on

the basis of the J coupling data during the structure generation, it is still interesting to compare

the values determined with the average angle analysis with those in the structures.

The 5'-end torsion angle y and the torsion angles a and C, show large fluctuations in all

structures for both dimers. For y this is in good agreement with the low lav values of 0.14 and

0.39. For the other two torsion angles no NMR data were available.

The coupling data as listed in Table 5 indicated a prefeience for the el conformer for both

cyclobutane dimers in all three dinucleoside monophosphates. Although, the observation of
4 JH2P = -1-4 Hz for the cis-syn dUp[]dT showed that a combination of a C2-endo sugar
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pucker with a e should exist. For both computed structures, the cis-syn and trans-syn

dUp[ |dT, the z* conformer is found predominantly.

For all the trans-syn dimers a high preference for the gauche-gauche (pl and y*)

arrangement for the backbone between the two residues was found on the basis of the lav values

being around 0.74 for Pl and 0.70 for "f. The observation of 4 J H 4 P = 2 Hz is in agreement with

this so called W-path conformation. In the generated trans-syn structure for dUp[|dT this

preference is less clear. The values found for P are in between the P+ and P' values. The values

for Y are indeed mainly found in the y1" range.

For the cis-syn dimer structures the values for p fluctuate around the p1 conformer, while

y is mainly confined to the region between yf and y\ On the basis of the coupling data a p1, 71

toy combination was expected, although a large conformational freedom was predicted for the

three cis-syn dimers and slight variations in lav values were observed (lav for p' in cis-syn

dUp[ |dT is 0.42 and lav for y-- in cis-syn dUp[]dT) is 0.54) (c.f. Table 5).

In summary it can be said that the structures generated for the trans-syn dUp[]dT and the

cis-syn dUp[|dT are in good agreement with the NMR data. Where conformational freedom

was predicted more variation in the structural parameters was observed. The cis-syn structures

showed some more variation (rmsd = 0.95 A) than the trans-syn (rmsd = 0.76 A) which

correlates well with the observed lav values.

The NMR data for the cis-syn and trans-syn cyclobutane dimers of dTpdU and dTpdT are

very similar to those for dUpdT. Therefore it is likely that the structures for these photoproducts

do not deviate much from those obtained for dUpdT.

CONCLUSIONS

The photoproducts obtained by UV irradiation of dTpdT, dCpdT and dTpdC could be

characterized as the cis-syn and trans-syn cyclobutane dimers dTp[]dT, dUplldT and dTp|]dU,

the last two formed after deamination of the cytosine moieties. The cis-syn dimers were found

to have (high-ANTI/SYN)(3'-5')(high-ANTI) glycosidic conformations, while the trans-syn

dimers were in the SYN(3'-5')ANTI region. The structural features of the cyclobutane dimers

are quite different from their original dinucleoside monophosphates while also their

conformational freedom is more restricted (44). The trans-syn dimers all adopt the same

conformations resulting in identical cyclobutane puckers, sugar pucker and backbone torsion

angles. The 5'-termini all have C2'-endo dominated puckers and the 3'-termini adopt a Cl'-exo

conformation. The cyclobutane puckers of the cis-syn dimers seem to be different for the three

cis-syn dimers as concluded from the observed J couplings probably resulting in phosphate
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backbones which are also slightly different. The furanose ring conformations of the -p[|dY

residues also showed considerable variation. The sugar pucker of cis-syn dUpf]dT is

predominantly C2'-endo, while that of the cis-syn dTp[]dT and cis-syn dTp[]dU dimers are

shifted to the Cl'-exo domain.

Recently an NMR study of a DNA octamer, which contained a cis-syn thymine dimer,

showed that the largest structural variations occurred at the 5'-end of the cyclobutane dimer. For

instance, the 5' thymine unit of the dimer showed the largest change in glycosidic angle towards

the SYN geometry and weakest residual basepairing with the adenine base at the opposite

strand. It is interesting to note that this structural change, predominantly at the 5' side, is

already present in the photodimers of dinucleoside monophosphates. Recent genetic studies also

showed that UV induced mutations occurred mainly at the 5' side of TT sequences (45). This

finding correlates well with the structural work on the photodimers and strongly suggests that

the cis-syn cyclobutane dimers are responsible for the mutational effect.

The genetic work also revealed that G-C to A-T basepair transitions are the largest group

of mutations. This type of mutation may well be the result of photodimer formation followed by

the deamination of the cytosine bases. However, analysis of the mutations at dTpdC and dCpdT

sequences showed the highest occurrence at the 3'-end. This may indicate that here 6-4

photoproducts are the premutagenic lesions since in these products basepairing groups are

removed at the 3'-end and structural changes occur primarily at this side (9). It is therefore of

interest to determine the structures of the photoproducts of dCpdT and dTpdC in larger

oligomers as was recently done for dTpdT in an octamer {18,46).
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SUMMARY

The goal of the research described in this thesis was the structure determination of DNA

fragments with the use of NMR. Some of these fragments have been modified with UV

irradiation and contained cyclobutane photodimers.

2D NOE spectroscopy is the most used NMR technique for structure determination since

the measured intensities depend on tht distances between protons in the molecule which can

exchange magnetization. When these distances are known they can be used to build a three

dimensional structure for the DNA molecules.

A simple direct determination of these interproton distances from NOE intensities is,

however, hindered by indirect magnetization transfer via neighbouring protons. This is the so

called spin diffusion effect. Therefore, a method has been developed which allows accurate

distance determination taking into account this spin diffusion problem. The method consist of an

iterative relaxation matrix approach and is therefore called IRMA. On the basis of all interproton

distances in a starting structure for the molecule under investigation, a matrix is constructed which

contains cross-relaxation rates for aU proton-proton interactions. This matrix is used to calculate a

set of theoretical NOE matrices, which is used to supplement the sparsely filled experimental set

of NOE matrices. These hybrid matrices can be transformed back to proton-proton distances

which are now corrected for spin diffusion. Restrained molecular dynamics is then used to refine

the initial structure according to these determined distances. The refined structure now serves as

input for new matrix calculations and the whole procedure is repeated until the refined structure is

in agreement with the experimental data.

First some pure theoretical tests on the method were performed and this is described in the

first part of chapter 2. It was shown that the IRMA method also works well in the presence of

noise. Furthermore, it was shown that the choice of the initial structure is not very critical.

Starting with either an A- or B-DNA structure for a DNA octamer resulted in very similar

determined distances.

The second part of chapter 2 describes the application of IRMA to the experimental data set

for the DNA octamer, d(GCGTTGCG).d(CGCAACGC). It was shown that the proton-proton

distances determined from the NOE intensities rapidly converged. Furthermore, after three cycles

of IRMA with restrained molecular dynamics for structure refinement, converged structures were

obtained from both A- or B-DNA starting structures. These structures are well in agreement with

the experimental data set which could be seen when NOE buildup curves calculated on the basis

of these structures were compared with the experimentally measured ones.

In the above described IRMA calculations it was assumed that molecules only undergo

overall and isotropic motion. It is clear, however, that different kinds of dynamical processes take

place in DNA and any other molecule. This is no problem, since IRMA is perfectly suited to take

into account these motions in the interpretation of NOE intensities. This is shown in the chapters
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3 and 4.

Two types of motions are considered in chapter 3. First the 180° ring flip of the aromatic

amino acids tyrosine or phenylalanine, which is known to occur frequently in proteins and second

the rotation of methyl groups which is a more common type of motion. The motion of these

groups can play a role in the transfer of magnetization from protons at one side via the moving

group to protons at the other side. This effect has been investigated for a number of model

systems with the use of relaxation matrix calculations. Both dynamical processes require a

different treatment. The aromatic ring flip is relatively slow. Therefore a simple averaging over all

the possible conformations or relaxation matrix elements is a good approach to simulate this

process. Addition of a kinetic matrix, describing the dynamical process, to the relaxation matrix

gave the same results. Due to a flipping ring in between two protons much magnetization is

transferred over a long distance via this ring. The rotation of methyl groups is generally much

faster than the overall tumbling of the biomolecule. Therefore the effect of motion is properly

taken into account by taking the <r 3> average for distances to the three protons instead of the

<r 6> averaging used above. The NOE intensities of cross peaks where methyl groups are

involved can now be interpreted more accurately. Furthermore, the maximum error due to the

rotation of the methyl groups is 0.3 A when <r 3> averaging is used. This is considerably less

then the pseudo atom correction of 1.0 A used up till now.

In chapter 4 the effect of fast fluctuations of the interproton vectors is studied. For this

purpose generalized order parameters were calculated from a free molecular dynamics simulation

for the same DNA octamer as studied in chapter 2. These order parameters serve as a scaling

factor in the relaxation matrix calculation and they vary from 0.9 for neighbouring protons fixed

to an aromatic ring to 0.6 for base to sugar H2" interresidue interproton vectors. Using these

order parameters results in a better agreement between the theoretically calculated NOE intensities

and the experimental ones. This could be seen from the calculated R-factors. A new structure

refinement round for the DNA octamer was started now with taking into account the effect of

motions from both chapter 3 and 4. Furthermore, the restrained molecular dynamics simulations

were now performed in the presence of water as solvent and counterions in contrast to chapter 2

where they were done in vacuo. B-DNA like structures are obtained which have an overall

convergence of 2.6 A when starting from A- or B-DNA. Locally the structure is much better

determined (0.86 A) which is in agreement with the local character of the distance constraints.

In chapter 5 the structure determination with the use of the improved IRMA method is

described for two more DNA octamers. The first duplex has the palindromic sequence

d(GCGATCGC). The determined structures display the same convergence as observed in chapter

4. However, this structure has more A-DNA like aspects. The order parameters determined for

this fragment are similar to those determined in chapter 4. Therefore it is likely that a general set

of order parameters for DNA fragments of this size can be constructed.

The second DNA duplex was obtained after UV irradiation of d(GCGTTGCG).
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d(CGCAACGC). Upon UV irradiation the two central thymines are covalently linked via a cis-

syn cyclobutane ring. The conformational changes observed in the modified fragments are not

very large. The helix axis is slightly more bent and the helix unwinds at the TT dimer site.

Furthermore, the thymine base at the 51 end of the dimer is rotated towards the high-ANTI

conformation. This last change corresponds with earlier NMR studies and genetic studies which

proved that mutations due to thymine dimer formation occur primarily at this 5' end.

In chapter 6 another cyclobutane photodimer, dT[]pdA, has been studied with NMR.

Using 2D NOE data and the covalent structure as input for distance geometry three dimensional

structures for this photoproduct have been generated. The structures have a trans-syn

configuration around the cyclobutane ring and SYN-ANTI conformations around the glycosidic

bonds. The measured J coupling data and the observed chemical shifts are in good agreement

with the determined structures.

Finally in chapter 7 the structural study of some other photodimers is presented. UV

irradiation with acetophenone as sensitizer of dCpdT, dTpdC and dTpdT resulted in the formation

of cis-syn and trans-syn cyclobutane photodimers for all three dinucleoside monophosphates. For

the cytosine bases deamination to uracil derivatives occurs upon formation of the photoproducts.

The NMR data reveal that all the three trans-syn structures are rigid and very similar with SYN-

ANTI glycosidic angles. For the three cis-syn structures more conformational freedom and

variation in structures is found, where the glycosidic angles were all (high-ANTI/SYN)-ANTI.

On the basis of NOE data for the trans-syn and cis-syn dUp[]dT structures have been determined,

which were in reasonable agreement with the coupling data, too. The cis-syn dUpfJdT structure is

very similar to the dTp[]dT unit in the modified octamer of chapter 5.
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SAMENVATTING

Het in dit proefschrift beschreven onderzoek had als doel de structuurbepaling van DNA

fragmenten met behulp van NMR. Een aantal van deze DNA fragmenten was gemodificeerd door

UV bestraling en bevatte fotodimeren. De 2D NOE spectroscopie is de meest gebruikte NMR

techniek voor structuur bepaling omdat de intensiteit van de waargenomen signalen (NOEs)

afhankelijk is van de afstand tussen protonen ( < 5 A) die magnetisatie aan elkaar overdragen.

Wanneer de aftstand tussen twee protonen bekend, is kan deze gebruikt worden om een drie

dimensionale structuur van het DNA molecuul te construeren.

Het verkrijgen van de afstandsinformatie uit de piekintensiteiten wordt bemoeilijkt door

indirecte magnetisatie overdracht via naburige protonen. Dit is het zogeheten spin diffusie effect.

Daarom is een methode ontwikkeld om toch zo nauwkeurig mogelijke afstanden te meten met

meeneming van dit spin diffusie effect. Deze methode bestaat uit een iteratieve relaxatiematrix

'aanpak' (IRMA). Op basis van proton-proton afstanden in een startstructuur van het te

bestuderen molecuul wordt een matrix berekend die de cross-relaxatie snelheden voor alle proton-

proton interacties bevat. Vanuit deze matrix wordt een set theoretische NOE intensiteitsmatrices

berekend. De matrix met de experimenteel gemeten intensiteiten wordt aangevuld met deze

berekende. Vervolgens worden uit deze hybride matrices weer proton-proton afstanden bepaald

welke nu gecorrigeerd zijn voor het spin diffusie effect. Deze afstanden worden gebruikt als

drijvende kracht om in 'restrained' moleculaire dynamica berekeningen de initiële structuur aan te

passen aan de nieuwe afstanden. De nu verkregen structuur wordt nogmaals gebruikt als invoer

voor de matrix berekeningen en de procedure wordt herhaald totdat de structuur in

overeenstemming is met de experimentele data.

Het eerste gebruik van de methode in hoofdstuk 2 was puur theoretisch. Hier werd

aangetoond dat ze ook in de aanwezigheid van ruis goede resultaten geeft. Verder werd

aangetoond dat het gekozen start model, de twee verschillende vormen van DNA (A-DNA en B-

DNA), niet van invloed is op de bepaalde afstanden.

Het tweede deel van hoofdstuk 2 laat een toepassing zien van IRMA op de experimentele

NOE data set voor het DNA fragment d(GCGTTGCG).d(CGCAACGC). De uit de IRMA

methode verkregen proton-proton afstanden vertonen een snelle convergentie. Ook de twee start

structuren (A- en B-DNA) convergeren tot structuren die goed in overeenstemming zijn met de

experimentele data na 3 cycli van IRMA gecombineerd met 'restrained' moleculaire dynamica. Dit

was zichtbaar wanneer berekende en experimentele NOE opbouwcurves met elkaar vergeleken

werden.

In de IRMA procedure zoals hierboven beschreven, werd aangenomen dat de moleculen

alleen isotrope overall beweging ondergaan. Het moge duidelijk zijn dat binnenin DNA en

natuurlijk ook binnenin elk ander molecuul verschillende soorten beweging plaatsvinden. Dat de

IRMA procedure zich prima leent om ook de effecten van deze bewegingen mee te nemen in de
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interpretatie van de NOE data wordt beschreven in hoofdstuk 3 en 4. Als eerste werd in

hoofdstuk 3 gekeken naar twee specifieke bewegingen. Dit waren ten eerste het omklappen van

aromatische ringen wat in veel eiwitten voorkomt en ten tweede de rotatie van methyl groepen

welke in nagenoeg elk molecuul plaats vindt. Deze bewegende groepen kunnen een belangrijke

rol spelen bij het doorgeven van magnetisatie van b.v. een proton aan één kant van de groep via

de bewegende groep naar een proton aan de andere kant. De grootte van dit effect is met behulp

van de relaxatiematrix methode berekend voor een aantal modelsystemen.

Beide bewegingen vereisen een andere aanpak. De eerste, het omklappen van de

aromatische ring, is een relatief langzaam proces. Daarom is een eenvoudige middeling over de

mogelijke standen van de ring of een middeling van de relaxatiematrix elementen een goede

methode om het effect te simuleren. Een op kinetiek gebaseerde benadering gaf dezelfde resultaten

namelijk dat tengevolge van het omklappen van de ring veel indirecte magnetisatie overdracht

plaatsvindt. De rotatie van de methyl groep is veel sneller dan de overall beweging van een

biomolecuul. Daarom is middeling op een ander nivo vereist, i.e. een l/r3 middeling vs. een l/r6

middeling in het vorige geval. Wanneer de juiste manier van middelen gebruikt wordt, kunnen de

NOE intensiteiten naar methyl groepen beter verklaard worden. Verder is de maximale fout ten

gevolge van de rotatie in een proton-methyl afstand 0.3 A als uitgegaan wordt van l/r3 middeling.

Dit is aanmerkelijk minder dan de tot nu toe veel gebruikte waarde van 1.0 A.

In hoofdstuk 4 werd het effect van de snelle fluctuaties in lengte en hoek van de

verschillende interproton vectoren bestudeerd. De aard van de beweging kan uitgedrukt worden in

zogeheten gegeneraliseerde orde parameters. Deze fungeren als een schalingsfactor in de relaxatie

matrix berekeningen. Voor hetzelfde DNA fragment als in hoofdstuk 2 zijn deze orde parameters

bepaald met behulp van een moleculaire dynamica simulatie. Ze varieerden van 0.9 voor naburige

protonen aan een ring tot 0.6 voor vectoren van een base proton naar een H2" suiker proton van

een naburig residue. Wanneer deze waarden gebruikt worden in de berekening van NOE

intensiteiten is de vergelijking tussen deze en de experimentele data aanmerkelijk beter dan zonder.

Dit werd duidelijk uit een berekening van R-factoren. Vervolgens is opnieuw de structuur bepaald

voor het ^NA fragment. In deze structuur bepalings ronde zijn de effecten van bewegingen uit

hoofdstuk 3 en 4 meegenomen. Een tweede verschil met de structuurbepaling uit hoofdstuk 2 is

dat nu tijdens de 'restrained' moleculaire dynamica verfijning het DNA molecuul gesimuleerd is

met watermoleculen en tegenionen, terwijl daar alleen het DNA in vacuum gesimuleerd was.

Wanneer de procedure gestart wordt vanuit A-DNA en B-DNA modellen is de convergentie van

de uiteindelijke structuren die veel op B-DNA lijken 2.6 A. Locaal is de structuur veel beter

gedefinieerd wat voortvloeit uit het locale karakter van de afstands constraints die gebruikt

worden om de structuur te bepalen.

Vervolgens is in hoofdstuk 5 de structuurbepaling van twee andere DNA duplexen

beschreven, waarbij gebruik gemaakt is van de verbeterde IRMA procedure uit hoofdstuk 4. De

eerste duplex had de palindrome sequentie d(GCGATCGC). De structuur die bepaald werd
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vertoont dezelfde convergentie als in hoofdtsuk 4. De structuur had echter een ander karakter,

meer A-DNA. Een vergelijking van de orde parameters voor dit fragment en het vorige impliceert

dat het heel wel mogelijk is om een algemene set orde parameters voor niet gemodificeerde DNA

fragmenten te construeren.

De tweede DNA duplex is verkregen uit het fragment uit hoofdstuk 2 na bestraling met UV

licht. De UV geïnduceerde modificatie bestaat uit de vorming van een cyclobutaan dimeer tussen

de twee centrale thymines in de cis-syn configuratie. De veranderingen in de structuur ten

opzichte van het niet gemodificeerde fragment zijn niet zo groot. De helix is iets meer gebogen en

er treedt ontwinding op in het centrum. Verder is de base van de thymine aan de 5' zijde geroteerd

naar de high-ANTI conformatie. Deze laatste verandering is in overeenstemming met eerdere

NMR studies en met genetische studies die aantonen dat mutaties ten gevolge van TT dimeer

vorming voornamelijk aan de 5' zijde plaatsvinden.

In hoofdstuk 6 is de NMR studie van een cyclobutaan fotodimeer van de dinucleotide

dTp beschreven. Gebruik makend van de 2D NOE data en de covalente structuur zijn met

behulp van 'distance geometry' drie dimensionale structuren gegenereerd. Deze structuren hebben

een trans-syn configuratie rond de cyclobutaan ring en SYN-ANTI conformaties voor de

glycosidische hoeken. De gemeten J koppelingen en de waargenomen chemische verschuivingen

zijn in overeenstemming met de gegenereerde structuren.

Tot slot staan in hoofdstuk 7 nog een aantal fotoproducten centraal. UV bestraling van de

dinucleoside monofosfaten dCpdT, dTpdC en dTpdT resulteerde voor alle drie in de vorming van

cis-syn en trans-syn cyclobutaan dimeren. Bij de cytosine basen treedt deaminering tot een uracil

derivaat op. De NMR data tonen aan dat alle drie trans-syn producten rigide zijn en zeer

vergelijkbare structuren hebben. Voor de cis-syn structuren is de variatie in structurele vrijheid

groter vergeleken met de trans-syn structuren. Hiermee samenhangend is ook de iets grotere

diversiteit van de gemeten NMR parameters. Toch suggeren de NOE data voor alle drie cis-syn

structuren een (high-ANTI)-ANTI patroon voor de glycosidische hoek. Op basis van de NOE

data zijn met behulp van 'distance geometry' structuren gegenereerd voor trans-syn en cis-syn

dUp[ JdT. De structuren waren ook in overeenstemming met de gemeten koppelingen. De voor het

cis-syn dUp[jdT bepaalde structuur vertoont veel overeenkomsten met de structuur van de

dTp[ JdT unit in het gemodificeerde octameer in hoofdstuk 5.
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