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STELLINGEN

1. Ten onrechte houden Cramer en Dahlstrom geen rekening met het feit
dat de spiegelsymmetrie in de 'head-to-head' isomeer van
[Pt(Me4en)(Guo)2]2+ wordt opgeheven wanneer de liganden T dezelfde
chirale groep bevatten.

Cramer, R.E. en Dahlstrom, P.L. (1985) Inorg. Chem. 24, 3420-3424.

2. De bewering van Sahini et al. dat bij de zuurgekatalyseerde foto-
hydrolyse van m-nitrofenylacetaat de nitro-groep een specifieke meta
activerende werking heeft is onvoldoende experimenteel aangetoond.

Sahini, V.E., Bendic, C. en Virag, L. (1982) Rev. Roum. Chisa. 27,
129-136.

3. De uitkomsten van de theoretische studie van Catalan et al. naar de
ladingsverdeling in 2-methylindazool met betrekking tot een electro-
fiele aanval op C3 zijn strijdig met bekende experimentele resulta-
ten.

Catalan, J., Pérez, O.M.P. en YâHez, M. (1983) J. Mol. Struct.
94, 143-153.
Auwers, K. en Lange, H. (1922) Chem. Ber. 55, 1139-1173.

4. De resultaten van de door Sarma et al. uitgevoerde experimenten aan
poly(dG).poly(dC) kunnen niet dienen als "bewijs" voor de door hen
voorgestelde A-DNA structuur voor deze duplex.

Sarma, M.H., Gupta, G. en Sarma, R.H. (1986) Biochemistry 25, 3659-3665.

5. Gebruik van de door Hosur et al. voorgestelde methode voor de inter-
pretatie van 'cross-peak' intensiteiten in termen van de conformatie
van de suikerringen in DNA zal in vele gevallen leiden tot foutieve
conclusies.

Hosur, R.V., Ravikumar, M., Chary, K.V.R., Seth, A., Govil, G.,
Zu-Kun, T. en Miles, H.T. (1986) IEBS Lett. 205, 71-76.

6. De door Hare en Reid voorgestelde nauwkeurigheid in de waarden van de
torsiehoeken voor de haarspeldstructuur van d(C-G-C-G-T4~C-G-C-G) ge-
tuigt van een overgroot optimisme van deze auteurs.

Hare, D.R. en Reid, B.R. (1986) Biochemistry 25, 5341-5350.

7. Ikuta et al. hebben op onjuiste wijze thermodynamische parameters be-
paald voor de 'hairpin-to-coil' overgang van d(C-G-C-G-C-G-T4-C-G-C-
-G-C-G).

Ikuta, S., Chattopadhyaya, R., Ito, H., Dickerson, R.E. en Kearns, D.R.
(1986) Biochemistry 25, 4840-4849.



8. Het gangbare denken in termen van een (starre) ruimtelijke structuur
van B-DNA in oplossing dient vervangen te worden door denken in ter-
men van een vier-dimensionale structuur.

Boeyens, J.C.A. (1986) S. Afr. J. Sei. 82, 361-363.

9. Lancelot en Thuong geven een inconsistente interpretatie van de
'cross-peak' intensiteiten in het COSY spectrum van d(T-A-T-C)m5Acr.
d(G-A-T-A) met betrekking tot de toekenning van H2' en H2" reso-
nanties.

Lancelot, G. en Thuong, N.T. (1986) Biochemistry 25, 5357-5363.

10. Niet alle stripfiguren zijn 'flat characters'.
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CHAPTER 1

General Introduction

The DNA molecule is a linear polymer built up of monomeric units, the

deoxynucleotides. Each deoxynucleotide is made up of a deoxyribose sugar-

-phosphate diester backbone; at the Cl ' position of the sugar is attached

one of the four different bases A, G, T or C, or modifications thereof,

Fig. 1. As the carrier of hereditary information, the DNA molecule in

vivo is able to engage in many interactions with other biomolecules such

as messenger RNA and a variety of proteins. In order to properly maintain

and regulate vital biological processes, these interactions must be

specific. Therefore, mutual recognition of the two or more reactants in

question constitutes a conditio sine qua non to secure a proper function-

ing of the cell. This in turn requires that the biomolecules involved

must have, or must be able to adopt, a specific well-defined three-

-dimensional structure. An understanding of the processes occurring in

the living cell at atomic level cannot be gained without a clearer

understanding of the driving forces that underly the structure and

conformation of DNA and its recognition by other biomolecules. At

present, many of these factors are poorly understood and much further

work remains necessary. Unfortunately, the huge DNA polymers offered to

us by nature are far too large for detailed structural and dynamic

studies at the atomic level by means of the physical methods available as

yet. Therefore, recourse is taken to the study of short oligonucleotide

fragments. Although it remains a matter of debate as to whether the re-

Fig. 1. Schematic structure of a ONA
fragment containing the four common
bases in LUA, together with the numb-

adenine ering schemes used for the pyrimidine
and purine bases, the deoxyribose and
the nucleotidyl numbering. In addition,
the torsion angle nomenclature is shown
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suits derived from these studies can be extrapolated to the polymer

level, the structural and conforraational insights obtained serve as an

essential starting point in our understanding.

In studying these short oligonucleotides in vitro, X-ray diffraction

and NMR spectroscopy have proved to be the most powerful tools in studies

concerning the structure and conformation of DNA in the crystalline state

and in solution, respectively. It should be emphasized however, that due

to the limitations of the different techniques, a full understanding can

only be reached by judicious combination of the results obtained from

studies of DNA by means of e.g. NMR, infrared, Raman, UV and CD spectro-

scopy, X-ray crystallography and theoretical methods.

DNA structures, results of crystallographic studies

The basic idea of the double-helical DNA structure was reported by

Watson and Crick in 1953 [1] on the basis of X-ray fiber diffraction

analyses. In this structure, the DNA molecule consists of two anti-

parallel strands adopting a right-handed helix with complementary bases

paired by hydrogen bonding, i.e. A.T and G.C, within the helix. In

addition, it was proposed by the authors that, depending upon the water

content, a second, more compact, helical structure would be possible.

Franklin and Gosling [2] observed that DNA fibers with different water

contents yielded different diffraction patterns, called A and B type. In

further X-ray studies of polynucleotide DNA fibers, a variety of dif-

ferent polymorphs of DNA were observed. Depending upon base sequence and

external conditions, e.g. temperature, counterion, relative humidity and

solvent, DNA was found to adopt various double-helical structures, named

A, A1, B, B', C, C , D, E [3]. All these structures comprised a

right-handed double helix. Moreover, they can be broadly classified into

two generically different categories called A (consisting of A DNA and

further polymorphs thereof) and B (encompassing B, C, D DNA and further

polymorphs thereof) families. The essential distinction between the A and

B families lies in the sugar puckering modes: the canonical A-DNA type

helices are characterized by N-type (roughly C'i'-endo) sugars, while the

sugars in the canonical B-DNA type helix adopt the S-type (roughly

C2'-endo) sugar conformation, Fig. 2. In addition to, and associated

with, the different sugar puckering, A- and B-type helices display

different overall geometrical features, expressed e.g. in the relative

disposition of the base pairs, size of the minor and major grooves and

different base-base stacking overlap. It should be remembered that the



Q2, base r.', C3' ,base
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Fig. 2. Composite representation of various pseudorotationally related
sugar geometries in the N- and S-type ranges

diffraction analyses of DNA fibers ar& limited to a picture of the

overall structural features of a DNA molecule. These diffraction methods

do not trace fine details, neither can they shed light on the kinetics of

DNA conformational equilibria. Single-crystal diffraction studies of

monomeric deoxymononucleotides and small DNA polynucleotides (< 4 bases)

[4-10] yielded some detailed insight into the structure of these small

DNA fragments. However, these results cannot be extrapolated safely to

serve as models for duplex DNA. The advent of improved methods for the

synthesis of DNA fragments of known specific sequence in relatively large

quantities for the preparation of suitable DNA crystals provided the

basis for new insights into the structure of DNA.

The single-crystal X-ray diffraction study of d(C-G-C-G-C-G) reported

in 1979 [11] gave unambiguous proof that DNA can adopt a left-handed

helix, distinctly different from the known A- and B-type helices.

Experimental evidence for a structure different from a right-handed

double helix, adopted by poly(dG-dC) under conditions of high salt, had

been reported previously [12-14]. However,the precise geometry of this

structure could not be deduced from the CD and NMR data. In the left-

-handed helix of d(C-G-C-G-C-G) the backbone follows a zig-zag course, on

account of which the name Z DNA was given, and the sugars adopt alter-

nating, -N-S-, sugar puckerings. The idea of the canonical, uniform and

smooth DNA structure became outdated when local structural variations

were observed in the A-DNA type helix of d(C-C-G-G) [15], d(G-G-C-C-G-

-G-C-C) [16] and of d(G-G-A-T-A-T-C-C) [17, 18] and in the B-DNA type

helix of d(C-G-C-G-A-A-T-T-C-G-C-G) [19-21].

Early NMB studies of DNA in solution

It has been long recognized that NMR can be used to investigate the

solution structure and dynamics of biological polymers and to monitor

many different parts of the molecule simultaneously. Since the early

sixties, an increasing number of investigators have applied NMR to
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conformational studies of DNA fragments. As a consequence of the high

natural abundance of protons and its relatively high sensitivity, *H-NMR

spectroscopy has been used most extensively. Nevertheless, ^ C - , 31p_jjj4R

and NMR of other heteronuclei have proved their respective usefulness and

are receiving increasing attention [22]. However, as recently as four

years ago even the study of moderately small DNA fragments (> 4 residues)

in solution by means of one-dimensional NMR presented a formidable

challenge. The major limitations at the time were threefold: (a) the

great difficulty in the assignment of resonances to particular nuclei in

the molecule, (b) the lack of resolution in the spectrum due to the

multitude of resonances and (c) the inherently low sensitivity of the NMR

technique itself, thus its application requires relatively large amounts

of pure substance. These problems prohibited to a large extent the ex-

traction of site-specific spectroscopic parameters such as chemical shift

and proton-proton couplings, thereby hampering the studies of double-

-helical DNA in solution. As a consequence, intimate conformational

details could only be obtained for small, single-stranded, DNA fragments.

The studies of duplex DNA polynucleotides and DNA oligonucleotides were

limited to a description of their dynamic and temperature-dependent

conformational behaviour and to the extraction of overall thermodynamic

parameters, based upon studies of unassigned proton signals [23-31]. As a

result, the insights into details of the duplex structure of DNA in

solution lagged behind that of DNA in the crystalline state. Never-

theless, some interesting findings emerged from these early studies.

Analysis of proton-proton coupling data led Fang et al. [32] to

propose that the sugar rings of 5'dAMP and of residue dA(2) of d(A-A)

were engaged in a rapid equilibrium between C2'-endo and C3'-endo sugar

conformations, in contrast to the sugar rings of 3'dAMP and of residue

dA(l) of d(A-A), which were supposed to adopt a single C2'-endo (or

C2'-endo, C3'-exo) conformer. Altona and Sundaralingam [33] concluded, in

a discussion on the conformation of deoxymononucleotides in solution

using the concept of pseudorotation [5], that the sugar rings of dU,

5'dAMP and 3'dAMP occur as a mixture of N- and S-type conformers; the N/S

equilibrium for the sugar conformers of these compounds being sub-

stantially biased towards the S-type sugar conformation. Studies of

d(A-A) and d(A-A-A) [34] demonstrated that this equilibrium behaviour of

the sugar ring was also present in the stacked single-stranded forms of

the dimer and trimer, and that the S-type conformers displayed a

variation in geometry, Haasnoot [35] proposed an 'exciting hypothesis' by
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speculating that the insensitivity of the N t S equilibrium upon stacking

in the d(-T-A) part of d(T-T-A) [36], as opposed to the exclusive adoption

of the S-type conformer in the stacked homo-deoxyadenosine di- and tri-

mers [34], could be taken as indicative for base-sequence dependent

conformational parameters.

The analyses of proton-proton coupling data indicated that single-

-stranded DNA fragments in solution do not occur as "rigid" molecules.

Their sugar rings, and hence the backbone, display a certain and varying

degree of conformational freedom. Similar conclusions regarding the

internal flexibility of the backbone of duplex DNA were deduced from

NMR-relaxation studies of high molecular weight DNA [37-39].

The first NMR evidence for a DNA structure different from the ones

known from X-ray studies at that time came from observations by Patel et

al. [14]. The 1H and 3 1P spectra of poly(dG-dC) revealed that this com-

pound undergoes a cooperative transition from a right-handed double

! helical structure into a distinctly different structure upon the addition

of 4 M NaCl (see above). From the imino-proton spectra recorded for the

partly self-complementary DNA oligonucleotide d(A-T-C-C-T-A-Tn-T-A-G-

-G-A-T) [40, 41] it was concluded that for n > 1, this molecule adopts a

hairpin-like structure.

Recent results and developments

Crystallographic studies of DNA in the crystalline state

The first example of a DNA fragment adopting a B-DNA like structure

which could be investigated in some detail by means of single-crystal

X-ray diffraction was furnished by the dodecamer d(C-G-C-G-A-A-T-T-

-C-G-C-G) in 1980 [19]. The structural parameters for this compound

revealed that the B-DNA type duplex displays local structural variations

[20, 21]. Following the publication of these results, Calladine [42]

argued that these structural variations appeared as a result of steric

conflicts between neighbouring purine bases located on opposite strands,

originating from propellor twist in each base pair. In addition, it was

claimed that these structural variations were base-sequence dependent and

could be predicted from the base sequence via a set of rules [43]. The

notion that base sequence constitutes a factor in determining features of

DNA structure was recognized as a significant step forward in the

understanding of the specificity of DNA recognition and interaction of

DNA with other (bio)molecules. As a consequence, many investigators
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focussed their attention upon the influence Oi base sequence on local and

overall conformational and structural properties of DNA such as e.g. base

stacking [4-4]. macroscopic curvature [45, 46], bending [47, 48] and

flexibility [49-51].

Although X-ray studies have yielded data for A-, B- and Z-DNA type

helices of other DNA fragments [52-56], and have been extended to the

analysis of e.g. DNA mismatches [57-61], DNA-protein and DNA-Pt complexes

[62, 63], no high-resolution structures (< 0.1 nm) of B-DNA helices have

been reported to date.

NMR studies of DNA in solution

Owing to advances in the hardware and software aspects of NMR spec-

troscopy during recent years, NMR has developed into a powerful tool for

the analysis in detail of the strvicture and conformation of oligonucle-

otides in solution. These improvements in hardware resulted from the

possibility to construct high-field magnets and the integration of

advanced computers. Equally important were the optimization of old

techniques and the development of an impressive number of completely new

experimental pulse schemes and phase programs; excellent reviews on this

topic can be found in [64-72] and in the references cited therein.

The concept of two-dimensional (2D) spectroscopy in particular has

paved the way for the interpretation and analysis of complicated spectra.

The great advantage of the application of 2D over ID experiments lies in

the fact that in the resulting spectra a significant reduction of signal

overlap or even the separate observation of resonances can be achieved.

In addition, selectivity problems encountered in the traditional ID

experiments can be circumvented by the application of the appropriate 2D

pulse scheme. The theory of 2D NMR has been described in detail in the

literature [73-76] and it is beyond the scope of this introduction to

discuss the underlying principles. Instead, a description is given of the

information content and application to the study of DNA in solution. The

two fundamental types of 2D NMR experiments rely on different mixing

mechanisms: coherent transfer requires the existence of through-bond

spin-spin coupling, whereas incoherent transfer requires mutual

relaxation from through-space dipolar interaction or chemical exchange of

the spins. T.-i the resulting spectrum, the useful information is contained

in the off-diagonal cross peaks which correlate the frequencies of spins

that were allowed to exchange information during the mixing period. In

••̂ ~ t̂-iiHios of DNA structure and conformation, both the basic versions of
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the 2D scalar- and 2D through-space dipolar-correlated experiments, as

well as improvements and modifications thereof, have been applied

successfully. Although the majority of these studies to date have used

protons, heteronuclear 2D NMR is finding increasing application and

undoubtedly has a bright future.

The basic coherent transfer experiment is known as COSY [69, 73, 77,

78]. The cross peaks between the resonances of protons in a COSY spectrum

of a DNA fragment indicate that these protons are attached to the same

residue. In addition, COSY spectra can be used to extract information

concerning the magnitude of proton-proton scalar couplings, which in turn

yields valuable insight into the conformation and structure of DNA. The

correlation peaks between two proton signals observed in the basic

incoherent mixing experiment (NOESY [79-82]) betrays a close spatial

proximity of these protons (< 0.45 nm). A combination of this information

with that obtained from COSY has proved to be a highly useful strategy

for the assignment of resonances (see e.g. refs 1-30 in Chapter 3).

Moreover, the absence and/or presence of short interproton distances can

be used to procure information about some aspects of the three-

-dimensional structure of DNA and DNA complexes. For instance, the A-, B-

and Z-type DNA helices of oligomers can be distinguished on the basis of

the observed NOE patterns [83, 84]. With the availability of 2D pulse

sequences and the newly devised ID versions of 2D experiments [85], it

is now possible to determine site-specific NMR parameters previously not

accessible from complicated spectra. Although structural genes (200-800

kD) are still far too large for detailed NMR studies, the upstream

control regions such as promotors and operators consist of only 10 - 20

base pairs, and DNA molecules of this size are eminently suited to

studies by means of modern 2D NMR techniques. Spurred by the results

obtained from studies of DNA in the crystalline state, NMR spectro-

scopists are addressing questions regarding the preservation of the

crystal structure in solution and on the manner in which the solution and

crystal structures differ. On a mora general level, discussion also

focusses on whether or not it is accurate to speak of a molecular

structure in solution. Recent developments in the understanding of the

influence of base sequence, including base modification, on the confor-

mational behaviour of DNA and of the differences between DNA in the

crystalline state and in solution will be emphasized in the following.

A detailed conformational study of the single-stranded tetramers

d(T-A-T-A) and d(A-T-A-T) [86] revealed a distinct conformational
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transmission effect on the geometry of the S-type sugar conformers

exerted by the adenosine residues in a 5' •* 3' direction. A further

examination of the geometry of the S-type sugar conformations of a given

residue in relation to the nature of its base and that of its 3'- and

5'-neighbours, demonstrated that this 5' •* 3' transmission effect could

be extended to purine bases in single-stranded DNA fragments in general.

Moreover, it was shown that the resulting variation of the S-type sugar

geometry, expressed in terras of the value of the backbone angle 5, could

be quantified by means of a simple sum function [86, 87].

The effect of base modification represents a first clue to the

influence of the bases on the conformational behaviour of duplex DNA. So

far, studies concerning the changes in the conformational behaviour and

in the structure of duplex DNA resulting from base modification have

shown that such modifications predominantly affect the stability and the

dynamic behaviour of the duplexes [88-97]. However, as yet only limited

data about structural changes associated with base modifications have

been reported [98].

Following the crystal structure of the B-DNA helix of d(C-G-C-G-A-A-

-T-T-C-G-C-G) (see above) the structure and conformation of this dodec-

amer and related DNA oligonucleotides in solution have been the subject

of many studies [99-108]. These studies agree that in solution these

compounds adopt a B-DNA type helix. Although qualitative indications of

local structural variation have been observed, a detailed comparison

between the structural variation in the crystalline state and in solution

as yet is precluded.

From UV/CD studies on the thermally induced transition of d(C-G-C-G-

-A-A-T-T-C-G-C-G) as a function of DNA and salt concentration, Marky et

al. [108] concluded that under suitable conditions the dodecamer adopts a

hairpin-like structure. What came as a surprise was the finding that

other, relatively short (< 12 base pairs), (partly-) self-complementary

DNA sequences are able to adopt hairpin-like structures at low NMR

concentrations and under suitable conditions of temperature and salt

content [106, 107, 109-111, Chapter 5]. These results indicate that the

DNA molecule has an unexpected capability to fold back and form a hairpin

loop. In addition, more details concerning the thermodynamics and

structural properties of hairpin structures have been reported [106,

110-118].

The analyser, of proton-proton couplings in terms of the population

S-type conformer of the sugar rings of r(G-C-G)d(T-A-T-A-C-G-C) in
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solution [119] have demonstrated that the RNA tracts at both ends of the

covalent RNA-DNA hybrid clearly influence the conformation of the DNA

part. However, these effects were less severe than was expected from the

crystal structure [120]. Significant discrepancies between the crystal-

line and the solution structure were revealed in the NMR studies of

d(G-G-T-A-T-A-C-C] [99, 101] and d(G-G-C-C-G-G-C-C) [Chapter 3]. These

studies showed that in solution, these octamers predominantly adopt the

B-DNA helical type, in contrast to the A-DNA like structure displayed by

these compounds in the crystalline state [16, 17]. In fact, NMR studies

have, as yet, not been able to present unambiguous proof of the presence

of a predominant A-DNA like structure in aqueous solution. These latter

results reflect an important distinction between the behaviour of DNA in

solution and in the crystal. In solution, the DNA molecule occurs as a

mixture of structures/conformations inherent to its flexible nature; the

composition of this mixture is influenced by e.g. temperature and DNA and

salt concentration. The form in which a DNA oligomer crystallizes, how-

ever, does not necessarily correspond to the energetically most favour-

able geometry present in the solution from which it was crystallized.

Crystal packing forces, which are less well predictable for the time

being, in fact appear to control aspects of the geometry occurring in the

crystal.

From the values for Ji'2' a n^ J1'2" determined for the various

residues of d(G-G-m^C-m5C-G-G-C-C) in solution [121], it was inferred

that the sugar rings of this octamer do not exist as a single conformer,

but as a mixture of N- and S-type conformers which appear in fast ring

flip exchange. Although the sugar rings prefer to adopt the S-type sugar

conformation, consistent with the B-DNA structure as deduced from NOEs,

they adopt the N-type conformer for a significant fraction of the time.

Since 1983, the presence of sugar rings that occur as a mixture of N- and

S-type conformers in intact B- and Z-type duplexes of other sequences has

been demonstrated with the aid of analyses of proton-proton couplings

[122, 123, Chapters 3, 4 and 6]. In addition, studies employing ^-NMR

spectroscopy [50, 124, 125] as well as other techniques [126] agree that

the DNA molecule is highly flexible in solution, and that this charac-

teristic probably constitutes an important aspect of its functioning in

vivo.

This introduction is not intended to be a comprehensive survey of all

aspects of nucleic acid conformation, of the application of NMR to the

study of DNA or of the published literature in these fields. Instead, it
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should supply a frame of reference for the studies described in this

thesis.

Outline of the thesis

The present work describes the conformational analysis of some

polynucleotides in aqueous solution [Chapter 2-6]. Chapter 7 describes a

novel approach to the pseudorotational analysis of the sugar rings in

DNA.

In Chapter 2 [127], a conformational analysis of the DNA tetram&r

d(T-A'-T-A') is presented; A1 = 2NH2A. The results of this study are

compared with those obtained previously for d(T-A-T-A) [86], in order to

examine the effect of the extra NHj group on the conformation of the

tetramer.

Chapter 3 [128] deals with the conformation of d(G-G-C-C-G-G-C-C) in

solution. Experimental data derived previously from a study on d(G-G-m^C-

-m5C-G-G-C-C) [121] were extended and used to analyze the influence of

methylation of residues dC(3) and dC(4) on the conformational behaviour

of the octamer. In addition, the major structure adopted by d(G-G-C-C-G-

-G-C-C) in solution is compared with the crystal structure of this

compound [16].

In Chapters 4 and 5 [129, 130] a comparative study of the temperature-

and concentration-dependent conformational behaviour of d(C-C-G-A-A-T-T-

-C-G-G) and d(C-C-G-A-m^A-T-T-C-G-G) in duplex and hairpin-loop forms is

described. The geometries of the S-type sugar conformation in the duplex

of the unmodified decamer are compared with those predicted from its base

sequence on the basis of parameters derived from the single-crystal X-ray

diffraction study of d(C-G-C-G-A-A-T-T-C-G-C-G) [43].

Chapter 6 [131] deals with the influence of base sequence on some

aspects of the conformation of the tetramers d(C-A-C-A), d(T-G-T-G),

d(G-A-G-A) and d(T-C-T-C) and the octamers d(C-A-C-A-T-G-T-G) and d(G-A-

G-A-T-C-T-C). Moreover, a discussion is given on changes in the con-

formation of the sugar rings of the single-stranded tetramers when they

are incorporated in their respective duplexed octamers.

Finally, in Chapter 7 [132] a new graphical method is presented as an

aid in the pseudorotational analysis of the sugar rings in DNA by means

of sums of proton-proton coupling constants.
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CHAPTER 2

Influence of 2-aminoadenine, A', on the Conformational

Behaviour of d(T-A'-T-A')

ABSTRACT

Proton NMR studies at 300 MHz and 500 MHz in aqueous solution were

carried out on the modified self-complementary DNA tetramer d(T-A'-T-A'),

in which dA1 represents 2-aminodeoxyadenosine. The NMR spectra were

observed at two sample concentrations over the temperature range 2 - 7 0

°C. Assignments, based upon homonuclear decoupling and WOE experiments,

are given. The concentration dependence of the chemical shift vs

temperature profiles war- used to extract information concerning duplex

formation. Proton-proton and proton-phosphorus coupling constants were

obtained at four temperatures and yielded accurate conformational data on

the sugar rings and on the backbone angles [5, y and S.

From the observed line broadening, shiftprofiles, NOEs, and from the

observation of imino-proton resonances it is concluded that the compound

exists as a miniduplex at low temperature. Comparison of these obser-

vations with similar observations on the parent compound d(T-A-T-A)

indicates tha bstitution of dA by dA' increases the tendency towards

duplex formation.

At low temperature the compound adopts a stacked B-DNA type structure:

destacking occurs on raising the temperature. The base-sequence dependent

variation of the geometry of the S-type sugar conformation [Mellema,

J.-R., Pieters, J.M.L., van der Marel, G.A., van Boom, J.H., Haasnoot,

C.A.G. and Altona, C. (1984) Eur. J. Biochem. 143, 285-301], is present

in this molecule. The conformational parameters for the backbone angles

and the sugar rings of d(T-A'-T-A') and d(T-A-T-A) are quite similar,

thus substitution of dA by dA' has no measurable influence on the

geometry of the sugar rings or on the backbone angles p, y and 6.

INTRODUCTION

Polynucleotides containing the 2-aminoadenine residue, usually homo-

polymers or alternating polymers, have been investigated in some detail,

especially in the ribonucleotide series [1-9]. Up till now, our knowledge

of the behaviour of DNA fragments of defined sequence containing 2-amino-



24

deoxyadenosine (d2NH2A = dA') is more limited. This modification occurs

in nature: for example, all adenine residues in the DNA of cyanophage

S-2L are replaced by dA' [10]. The fact that dA'.dT base pairs resemble

dG.dm^C base pairs in having a purine 2-amino group and a methyl group on

the C5 position of the pyrimidine base has led several groups of investi-

gators to study the behaviour of the alternating co-polymer (or oligomer)

d(Af-T) under high-salt conditions [11-13]. Indeed, the sign inversion

from positive to negative of the first circular dichroism band in high

salt resembles that seen in the B -* Z conversion of poly(dG-dC). Results

from a recent NOE study [14], however, suggest that the high salt form of

poly(dA'-dT) has an A-type rather than a Z-type structure. Ultraviolet

spectroscopy studies have demonstrated that dA'.dT pairs increase the

duplex stability with respect to the parent sequence, although the effect

of 2-amino substitution on DNA fragments is less pronounced compared to

RNA fragments [9, 12, 15].

Thus far, it is not known if, and to what extent, the 2-amino modifi-

cation affects the conformational behaviour of sugar and backbone on the

single- and double-helical levels of molecular organization. In order to

fill this gap we have undertaken a detailed 300-MHz and 500-MHz NMR study

of d(T-A'-T-A'), using our earlier results on d(T-A-T-A) [16] as a

reference. Thermodynamic parameters of duplex formation were extracted

from concentration-dependent chemical shift vs temperature profiles [17].

Accurate NMR coupling constants, extracted by computer simulation of 500-

MHz spectra, yielded a geometrical description of the major conformers

present in aqueous solution.

MATERIALS AND METHODS

The modified DNA tetramer d(T-A'-T-A') was synthesized by the improved

phosphotriester method [van der Marel, G.A. and van Boom, J.H., un-

published]. After purification the compound was treated with a Chelex-100

cation exchange resin to yield the sodium salt. Samples (11.0 mM and 2.4

mM) were prepared by lyophilizing the compound three times from 99.75%

2H20. A trace of Me4NCl was added as an internal shift reference [17].

The chemical shift of J^NCl relative to DSS is 3.18 ppm at 25 °C. The pH

of the samples was adjusted to 6.5 (meter reading). Another sample (11

mM, pH 6.2) was prepared in I^O/'J^O (95/5) in order to study the imino-

-proton region of the spectrum. The sample concentrations were checked by

means of ultraviolet spectroscopy [18].
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spectra (2 - 70 °C) were recorded at 500 MHz on a Bruker WM-500

and at 300 MHz on a Bruker WM-300 spectrometer. The free-induction decay

signals (200 - 500 accumulations, quadrature detection) were averaged on

an Aspect-2000 data system, using spectral windows of 4000 and 2500 Hz,

respectively. The time domain signals were apodized with Gaussian

windows, zero filled and Fourier transformed. Suppression of the residual

H*HO peak was achieved with a WEFT [19, 20] pulse sequence. Imino-proton

spectra were recorded (-3 - +16 °C) using a " Redfield 214" weak pulse

[21, 22]; data were collected using the alternate-delay-accumulation

(ADA) technique. NOE experiments were carried out at 13 °C, employing a

pre-irradiation pulse of 0.7 s following Alma et al. [23].

RESULTS AND DISCUSSION

Assignment

The spectrum of the non-exchangeable protons was assigned with the aid

of extensive decoupling experiments carried out at different temperatures

and one-dimensional NOE experiments at 13 °C [24-26]. Assignment of the

1 J!i .MIL- A

HV(4) HTI2I HVOIHTltl H3'I2)

.4

H3-niH3"(4) • HJH) HC12)

JAUAMl A_ A|bA- JL
50 t9 46 18 17 '6 U 1? 11 ID 09

-t3 I -U -15 ppm(7M*>

Fig. 1. Deoxyribose resonances of the 500-MHz spectrum of d(T-A'-T-A') at
34 °C (lower trace) and a computer simulation (upper trace). The assign-
ment is indicated between the traces
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Table 1. Chemical shifts (ppm) of the resonances of the base3 and
deoxyribose protons of the DNA tetramer d(T-A'-T-A'). Values are
given relative to Me4NCl (ppm)

Residue

dT(l)

dA'(2)

dT(3)

dA'(4)

atom

HI1

H2'
H2"
H31

H4'
H5'
H5"
5-Me
H6

HI '
H2'
H2"
H3'
H41

H51

H5"
H8

HI'
H21

H2"
H3'
H41

H51

H5"
5-Me
H6

HI1

H21

H2"
H3'
H4'
H51

H5"
H8

Chemical shift

16 °C

2.852
-1.390
-0.883
1.453
0.890
0.513
0.468

-1.389
4.237

2.972
-0.377
-0.485
1.810
1.182
-
-

4.840

2.894
-1.227
-0.876
1.587
0.926
-
-

-1.525
4. 125

3.044
-0.454
-0.676
1.526
1.009
-
-

4.786

2
-1
-0
1
0
0
0
-1
4

2
-0
-0,
1,
1

4.

2.
-1.
-0.
1.
0.

-1.
4.

3.
-0.
-0.
1.
1.

4.

23 °C

.825

.451

.902

.445

.857

.504

.467

.358

.203

.942

.382

.478

.806

.182
-
-
.838

,859
.277
903
579
989
-
-
481
136

028
460
684
530
009
-
-
812

at

2
-1
-0
1
0
0
0
-1
4

2
-0
-0
1
1

4

2
-1
-0

1
0

-1
4

3.
-0,
-0.
1.
1.

4.

34 °C

.796

.462

.902

.447

.886

.502

.473

.340

.193

.921

.390

.462

.803

.186
-
-

.833

.823

.296

.909

.582

.961
-
-
.450
.158

.015

.469
,695
.531
.009
-
-
825

2
-1
-0
1
0
0
0
-1
4

2
-0
-0
1
1

4

2
_ ̂

-0
1
0

-1
4

-0.
-0.
1.
1.

4.

49 °C

.763

.434

.887

.454

.886

.510

.483

.326

.199

.907

.403

.444

.798

. 188
-
-

.830

.787

.292

.901

.584

.931
-
-
.428
.187

.004
482
,708
,529
,009
-
-
830

a) chemical shift values are derived from first-ordar analyses.
-) could not be assigned unambiguously.

H5' and H5" proton signals of residues dA'(2), dT(3) and dA'(4) was

prohibited by severe signal overlap. The assignment of the H2' and H2"

proton signals followed from coupling constant considerations.

Resolution enhanced 500-MHz spectra, recorded at 16 °C, 23 °C, 34 °C

and 49 'C, were computer simulated using a LAOCOON-type program in order
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Table 2. Coupling constant data (Hz) for the DNA tetramer d(T-A'-T-A')

• i

Residue atoms

dT(l) 1'2•
I1 2"
2'2"
2 '3 '
2"3'
3.4.
3'P
4'5'
415.1

5'5"

dA'(2) 1•2•
I1 2"
2f2"
2'3'
2"3'
314.

3'P

dT(3) 1'2'
1'2"
2'2"
2'3 '
2"3 '
3'4'
3'P

dA'(4) 1'2'
1'2"
2' 2"
2'3'
2"3'
3 '4'

J at

16 °C

8.3
6.0

-14.3
6.2
2.6
2.8
6.8
3.6
4.8

-12.5

8.4
5.8

-13.9
5.9
2.7
2.8
5.8

8.5
5.9

-14.2
6.4
2.6
3.0
6.8

6.9
6.5

-14.0
6.5
4.0
3.5

23 °C

8.4
5.9

-14.2
6.3
2.5
2.8
6.4
3.6
4.8

-12.6

8.6
5.6

-13.9
5.8
2.5
2.8
5.5

8.3
6.0

-14.3
6.6
2.7
2.9
6.6

7.0
6.5

-14.0
6.5
3.9
3.6

34 °C

8.6
5.9

-14.3
6.2
2.4
2.7
6.2
3.6
4.8

-12.6

8.8
5.7

-13.9
5.7
2.3
2.7
5.1

8.4
5.9

-14.1
6.8
3.0
3.2
6.5

7.1
6.5

-13.9
6.5
3.9
3.5

49 °C

8.6
5.9

-14.2
6.1
2. 1
2.8
6.2
3.6
4.8

-12.6

9.0
5.4

-14.1
5.8
2.1
2.8
4.7

8.3
6.0

-14.2
6.9
2.5
3.5
6.3

7.3
6.4

-13.9
6.4
3.8
3.5

to obtain accurate proton-proton and proton-phosphorus coupling con-

stants, together with chemical shift data (Tables 1 and 2); the plot

routine of this program allows for the reproduction of Gaussian line

shapes [16]. Fig. 1 shows the excellent agreement between calculated and

the experimental spectrum, obtained at 34 °C. Further computational

methods will be discussed in the following section.

The conformational notation and numbering of the residues accords with

recent IUPAC-IUB [28] recommendations.
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Shift profiles

Chemical shift vs temperature profiles are a useful tool in the study

of conformational changes as well of other temperature- and concentra-

tion-dependent properties of oligonucleotides [29-31]. Two main types of

processes should be clearly distinguished. Firstly, intramolecular

base-base stacking, referred to as "stacking" in this paper, constitutes

a concentration-independent conformational process. Secondly, there

exists a group of intermolecular-association processes. In order to

separate the influence of stacking and of intermolecular association on

the chemical shift of a proton, it is necesary to construct shift pro-

files at — at least -- two sufficiently different sample concentrations

[17].

At this point it appears worthwhile to compare the shift profiles of

d(T-A'-T-A') with those observed earlier for the unmodified compound

d(T-A-T-A) [16], Fig. 2. At low concentration the profiles are remarkedly

similar, indicating that the stacking properties of both compounds are

grosso modo the same. The concentration dependencies of several signals

display significant differences, however.

In d(T-A'-T-A'), at temperatures below 25 °C, one notes a particularly

large concentration effect on the chemical shift of the HI 1, 5-CH3 and H6

protons of the thymine residues, Fig. 2A; these effects were not seen for

the resonances of the parent compound d(T-A-T-A) [16]. Since end-to-end

aggregation would not give rise to strongly shifting signals of the

protons of the inner residue dT(3), this observation points to the

formation of substantial amounts of duplex structure or structures at low

temperatures. The presence of duplex d(T-A'-T-A') is confirmed by the

detection of imino-proton signals (next section). Moreover, the direction

and relative magnitude of the observed shift changes qualitatively agree

with predicted values for B-type duplex formation, calculated according

to Arter and Schmidt [32]. An exception is found in the signals of 5-CH3

(1) which move upfield in contrast to the prediction of a downfield shift

for H5(l) for both A- and B-DNA models (it should be noted that the

published tables [32] do not contain information concerning 5-CH3, so

that a proper comparison is precluded). Strong indications for the

presence of B-type stacking pattern are obtained from an analysis of

spin-spin couplings of the sugar protons (see below) as well as from the

observed inter- and intra-residue NOEs.

In the course of our earlier work on the parent molecule d(T-A-T-A)

[16] a strong NOE was found between H2"(4) and H5'/5"(l), as well as
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several weak NOEs between other protons of the terminal residues dT(l)

and dA(4). These NOEs were interpreted in terms of formation of

head-to-tail aggregates. Analogous experiments carried out on the high-

-concentration sample of d(T-A'-T-A') did not reveal detectable NOEs

between the terminal residues. It is therefore concluded that the

tendency to form head-to-tail aggregates is much diminished in

d(T-A'-T-A') compared to d(T-A-T-A). For this reason the concentration

dependence of the chemical shifts of d(T-A'-T-A') will be treated in

terms of duplex formation.

I '

Fig. 2. Chemical shift versus temperature profiles of various proton
resonances of (A) d(T-A'-T-A') and (B) d(T-A'-T-A')/d(T-A-T~A). (A) Solid
lines are high-concentration profiles (11 mM); dashed lines are the low-
concentration observations (2.4 mM). (B) Solid lines are the low-
concentration profiles of d(T-A'-T-A') (2.4 mM); dashed lines are the
low-concentration observations of d(T-A-T-A) (2 mM)
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Thermodynamic analysis

In order to obtain thermodynamic data on the intermolecular associ-

ation phenomena, the shift profiles of those protons displaying a large

concentration effect, i.e. the HI' protons of dT(l), dT(3) and dA'(4),

the H6 and 5-CH3 protons of dT(l) and dT(3) and the H8 proton of dA'(A),

were analysed in a least-squares calculation by means of the differ-

ential-concentration-temperature-profile method developed by Hartel et

al. [17]. The results are shown in Table 3. The T m values extracted from

the seven proton probes are in good mutual agreement. From the parameters

in Table 3 the population of duplexed species is estimated at 40% for

d(T-A'-T-A'), 11 mM at 0 °C. From the thermodynamic results on the parent

compound d(T-A-T-A), [Mellema, J.-R. et al., unpublished results], one

calculates a population of associated species of only 26% under the same

conditions. The latter figure probably includes a significant contri-

bution from head-to-tail aggregate species. In any case, the conclusion

is warranted that the introduction of the 2-amino group on the adenine

bases, i.e. the formation of a third hydrogen bond between opposing A'

and T bases, significantly promotes the stability of the double-helical

structure.

Table 3. Thermodynamic parameters deduced from the chemical shift versus
temperature profiles of several protons of d(T-A'-T-A'). Values of T m are
calculated for 1 M DNA concentration

Residue

dT(l)

dT(3)

dA'(4)

atom

HI '
5-CH3
H6
HI'
5-CH3
H6
HI'
H8

- AH"

kJ.mol"1

76
50
93
80
76
-
63
76

J.mol-l.K"-
244
168
298
252
244
-

202
244

1 K
308
311
309
310
309
-

318
314

Imino-proton resonances

The NMR spectrum of d(T-A'-T-A'), 11 mM, recorded in H2O/ 2H 2O (95/5)

at 0 °C, displays two broad signals of equal intensity at 13.5 and 12.5

ppm (relative to DSS) (not shown). These signals broaden even more at 7
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°C and cannot be detected at 12 'C. This observation indicates a certain

degree of duplex formation, albeit the detection of imino-proton

resonances is disturbed by intermediate exchange with the solvent.

Conformation of the deoxyribose rings

The five endocyclic vicinal couplings of each residue were used in a

computer-assisted pseudorotation analysis of the deoxyribose rings by

means of the program PSEUROT [33-35]. Further details of the procedure

used are described elsewhere [33, 35]. Suffice it is to note that the

geometry of a given sugar is described by two parameters, the phase angle

of pseudorotation P and the amplitude of pucker $m. The program PSEUROT

calculates P and 3?m for each conformer, as well as the populations, in a

least-squares fit to the observed couplings. The results of the pseudo-

rotation analyses are listed in Table 4. It is seen that all residues

favour the S-type conformation and display a slight tendency toward

increasing conformational purity on lowering the temperature, except

residue dT(3). These findings accord with the notion of increasing B-DNA

type stacking at lower temperatures. However, it should be pointed out

that in none of the residues full conformational purity is attained.

Characteristically, the 3'-terminal residue dA'(4) displays the well

documented [16] 7:3 ratio of S to N conformational types. The pseu-

dorotation parameters can be translated into the backbone angle 6,

(C5'-C4'-C3'-03'). It was shown recently that the variation of the value

of the backbone angle 5 associated with the S-type conformer in

single-helical fragments can be predicted [16] by means of a simple

additivity scheme (£5). Fig. 3 shows that the various values in

d(T-A'-T-A') also follow this rule.

Table 4. Pseudorotation parameters and value of the backbone angle S$
(degrees)for, and the molar fraction, pS (%), of the S-type conformer
of d(T-A '-T-A'). Pseudorotation parameters of the minor, N-type, con-
former were fixed at PJJ 0° and % 35° (see text)

Residue

dT(l)
dA'(2)
dT(3)
dA'(4)

PS

154
158
145
161

a>s

35
37
35
34

«S

139
143
134
143

16°C

85
88
80
68

23 "C

84
86
79
67

pS

34°C

82
83
80
66

49°C

81
81
82
65
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cSI

150-

V.5-

W -

135 —

T—A'—T—A'
Fig. 3. Correlation of the variation of the backbone angle S$ observed
for d(T-A'-T-A') with the expected variation derived from the base se-
quence according to sum function 2g [16]. Experimental values are shown
by unbroken lines, the predicted ones by broken lines

Conformation of the backbone

Severe overlap of the H4', H5' and H5" proton resonances prohibited

detailed computer simulation of this spectral region. Nevertheless, an

impression concerning the conformational preference about the C4'-C5'

bond y could be gained. Comparison of the widths of the H-4' proton

signals with and without {^P} broadband decoupling yielded estimated

values for the sum, S, of J4151 and J4>5ii, together with values for the

long-range coupling ^J^i-g. Table 5 shows these values, obtained at 34 °C,

together with values for the y+ population, Py+, calculated from the

approximate sura rule [27], eqn (1):

py+ = (13.75 - £)/10.05 (1)

The high percentage y+ rotamer, in conjunction with the values of ̂ J^p,

indicate a normal right-handed stacking pattern: y+, fl1.

Table 5. Coupling constants (Hz) and rotamer
populations along the backbone angle y (%).
S = J4.151 + J^ign

Residue

dT(l)
dA'(2)
dT(3)
dA'(4)

2
2
2

_

. 4

. 1

.6

5
6
6

. 8

.5

.0

Py +

_

80
72
77
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CONCLUSIONS

The solution conformation of the tetramer d(T-A'-T-A') was investi-

gated and a comparison with the parent compound d(T-A-T-A) [16] was made.

Analysis of the shift profiles revealed that the compound exists in a

temperature-dependent blend of three main forms: at high temperature

random coils appear to predominate; lowering the temperature promotes

single-helical stacking; a further decrease (below 16 °C) gives rise to

duplexed species (population = 40% at 0 °C). A comparison of the observed

shift profiles and NOEs of d(T-A'-T-A') and d(T-A-T-A) and the obser-

vation of imino-proton resonances in the NMR spectrum of d(T-A'-T-A'),

leads to the conclusion that substitution of dA by dA' increases the

tendency towards duplex formation.

An analysis of proton-proton and proton-phosphorus coupling constants

and of NOEs shows that the compound adopts a right-handed B-DNA type

geometry. The temperature dependence of populations y+, p*- and of S-type

sugar ring conformer accords with B-DNA type stacking. Inspection of the

conformational parameters of the backbone angles |5, y, S and of the sugar

rings of d(T-A'-T-A') and d(T-A-T-A), indicates that substitution of dA

by dA1 appears to have no perceptible influence on the conformation of

the backbone and sugar ring. The sequence dependent variation of the

sugar ring, and thus of the backbone angle 6, reported by Mellema et al.

[16], is also present in the title compound.
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CHAPTER 3

! Conformational Analysis of the Octamer d(G-G-C-c-G-G-C-C)

in Aqueous Solution

ABSTRACT

Proton NMR studies in H2O and 2H20 were carried out on the self-

-complementary DNA octamer d(G-G-C-C-G-G-C-C) and compared with similar

studies on the dimethylated analogue d(G-G-m5C-m5C-G-G-C-C) [Sanderson,

M.R., Mellema, J.-R., van der Marel, G.A., Wille, G., van Boom, J.H. and

Altona, C. (1983) Nucleic Acids Res. II, 3333-3346]. Base, HI', H2' and

H2" resonances were assigned by means of NOESY and COSY experiments.

Chemical shift vs temperature profiles were used to analyze the temper-

ature-dependent conformational behaviour and to extract thermodynamic

• parameters for the duplex-to-coil transition. Analyses of proton-proton

couplings were used to discriminate between Ji'2' an& J x ' 2" an<* D e t w een

i the H2 ' and H2" resonances as well as to obtain conformational parameters

for the sugar rings. From the NOESY and COSY experiments, the temperature

profiles and the analysis of the coupling data it is concluded that (a)

the compound adopts a B-DNA type helix in solution (b) the sugar rings in

the intact duplex display limited conformational freedom (c) methylation

of the cytidine bases at the C5 position has no measurable effect on the

conformational behaviour of the octamer, nor on the conformation of the

sugar rings; however, methylation does increase the stability of the

duplex in aqueous solution under conditions of low salt concentration.

INTRODUCTION

Recent advances in DNA synthesis have opened the possibility to study

oligonucleotides of known specific sequence. So far, X-ray crystal-

lography and high-field NMR spectroscopy have proved powerful tools in

the study of the crystalline and solution structure of oligonucleotides,

respectively. 2D NMR techniques have opened the way to the study of long

DNA fragments. 2D correlation (COSY) experiments have been found useful

to establish scalar connectivities between protons. In this way sets of

proton resonances can be distinguished, each set belonging to a different

sugar residue. In addition, 2D NOE (NOESY) experiments allow one to find

intra- and inter-residual connectivities between base and sugar protons
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and thus to assign many of the resonances in the proton spectra [1-30].

NOESY signal intensities serve to determine the helical type [3, 15] and

local structural features of oligonucleotide fragments [5, 7, 31, 32]

and, finally, to find answers to questions concerning possible dif-

ferences between the structure that occurs in the crystalline state and

in aqueous solution [1, 14, 16, 33-35].

The X-ray crystallographic study of the self-complementary octaroer

d(G-G-C-C-G-G-C-C) [36] has demonstrated that this compound adopts an

A-DNA like structure in the crystalline state. It was deemed of interest

to see whether or not the A-type structure of this molecule is preserved

in solution. Therefore, we studied the conformation of d(G-G-C-C-G-G-C-C)

in solution by means of *H-NMR spectroscopy. In addition, from chemical

shift vs temperature profiles thermodynamic parameters of the duplex-

-to-coil transition were extracted on a per residue basis [37]. Our

earlier results [13] and data on the dimethylated analogue d(G-G-m5C-m5C-

-G-G-C-C) were used as a reference to analyze the effects of dimethyl-

ation on the temperature-dependent conformational behaviour of the title

compound.

MATERIALS AND METHODS

Sample preparation

The octamer d(G-G-C-C-G-G-C-C) was synthesized by a modified phospho-

triester method [38]. After purification, the compound was passed over a

Dowex cation exchange resin (Na+ form) to yield the sodium salt; 5.5 mg

of the octamer were taken up in 0.4 ml of 6.1 mM Na2HP04, 3.9 mM NaM^EO^.,

83.9 mM NaCl, 0.1 mM EDTA (disodium salt) pH-7.0 buffer in H20, a trace

of Me4NCl was added as internal shift reference; the Me4NCl scale is

converted to the DSS scale by the addition of 3.18 ppm to the quoted

values at 25 °C. For the observation of non-exchangeable proton reso-

nances the sample was lyophilized four times from 99.75% 'l-̂ O, once from

99.95% 'H20 and finally taken up in 0.4 ml of 99.95% !H20. Dissolved

oxygen was removed by a quadruple ireeze-pump-thaw cycle; finally the

sample was sealed under dry nitrogen in a 5 mm NMR tube. The observation

of the exchangeable proton resonances was carried out on the sample

described above, after lyophilization and the addition of 0.4 ml

(90/10).

One-dimensional NMR spectroscopy
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Imino-proton spectra were recorded at 300 MHz on a Bruker WM-300

spectrometer using a time-shared long pulse in combination with the

alternate-delay-accumulation (ADA) technique [39]. NMR spectra of the

non-exchangeable resonances were recorded at 500 MHz and 300 MHz on a

Bruker HM-500 and WM-300 spectrometer, respectively. Suppression of the

residual H2H0 peak was achieved with a solvent saturation pulse prior to

acquisition or by means of the DASWEFT pulse sequence [40]. Free-

-induction decays (FIDs) were apodized with Gaussian windows, zero-filled

(32K) and Fourier transformed. In order to study the chemical shifts as a

function of temperature, a series of spectra was recorded at 500 MHz (0 -

40 °C) and at 300 MHz (40 - 100 °C) at 5 degrees intervals. Exact

temperatures were determined from the H2H0 residual peak chemical shift

relative to Me4NCl as described earlier [37].

Two-dimensional NMR spectroscopy

The assignment of the base, HI1, H2' and H2" resonances was

accomplished at 30 °C by means of a combination of 2D NOE (NOESY) and 2D

chemical shift correlation (COSY) experiments, performed esssentially as

described elsewhere [41-44]. The NOESY spectrum was recorded at 500 MHz

using a mixing time T = 0.6 s. The absolute-value COSY experiment was

performed at 300 MHz, employing a 45° observation pulse. The two-

-dimensional spectra were recorded on 2K datapoints in the f2 dimension

and on 512 data points in the fl dimension. Each FID consisted of 64

scans. The time-domain spectra were apodized by means of a sine function

in both directions and zero-filled to 4K (f2) and 2K (fl) before Fourier

transformation (Bruker DISNMRP program).

RESULTS AND DISCUSSION

Assignment

The general principles and strategy for the assignment of proton

spectra of oligonucleotides by 2D NMR (NOESY and COSY) have been

described in detail by several authors [i, 2, 4-16], and need not be

repeated here. Suffice it is to say that a judicious choice of mixing

time in the NOESY experiment allows the selective observation of short

(< 0.45 nm) interproton contacts; the COSY experiment on the other hand

reveals the scalar coupling between protons.

In the following, the residues are numbered in the 5' -*- 3' direction.
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The intra- and inter-residue NOEs observed between the base (H8/H6) and

HI' protons provided the necessary information to complete the sequential

assignment of these protons. Inspection of Fig. 1A reveals cross peaks

corresponding to interresidue base(n)-Hl'(n-1) and intraresidue base(n)-

-Hl'(n) NOEs. The H6(4)-H1'(4) NOE is lost in an overlap of peaks. Never-

theless, the H6(4) and HI'(4) resonances were assigned unambiguously by

means of cross peaks (Fig. IB) between H6(4) and H2'/H2"(4) in combina-

tion with those corresponding to H8(5)-H2 '/H2"(4-) and H8(5)-H1'(4)

interactions. The H5 resonances were assigned from H6-H5 cross peaks in

the COSY spectrum as well as from intraresidue NOEs between H6 and H5,

together with interresidue base(n)-H5(n+l) cross peaks. The H2'/H2"

region proved more difficult; severe overlap in the base-H2'/H2" (Fig.

IB) and the Hi'-H2'/H2M (not shown) region in the NOESY spectrum

precluded an unambiguous assignment of the H2' and H2" resonances.

However, the correlations between the HI1 and H2'/H2" protons in the COSY

experiment, Fig. 2, gave a clear-cut solution. Discrimination between the

H2' and H2" resonances followed from proton-proton coupling constant

considerations (see below). Note the striking difference between the

Hl'-H2' and the HI'-H2" correlation peaks in the COSY spectrum as a

result of the different fine structure of H2' and H2" resonances in the

NMR spectrum of a DNA fragment which adopts predominantly a B-DNA type

helix [45].

4 0 ppm

•25

•30

H 1 h 4 0 ppm

-•-05

Fig. 1. Correlation area between (A) the H8/H6 protons and the HI'/H5
protons and (B) between the HB/H6 protons and the H2'/H2" protons in the
NOESY spectrum of d(G-G-C-C-G-G-C-C)
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Fig. 2. Correlation area between the HI' protons and the H2'/H2" protons
in the COSY spectrum of d(G-G-C-C-G-G-C-C)

The chemical shift values of the assigned protons are collected in

Table 1. Inspection of Table 1 shows that the H2' resonance of all

residues, except for the 3'-terminal residue, occurs upfield relative to

the corresponding H2" resonance. This finding applies to the NMR spectra

of double helical B-DNA fragments in all our studies as well as to those

spectra reported by others [3-11, 46], with few apparent exceptions [7,

8, 10]; these "exceptions" all pertain to purine residues, that show a

small chemical shift difference between the H2' and H2" resonances.

Moreover, at least some of the assignments in question may be regarded

with some doubt because these were based upon the different intensities

of H2'-base/Hi1 and H2"-base/Hl' NOEs, obtained from ID experiments.

Indeed, after completion of this work it was gratifying to find that a

recent reassignment [47] of the H2'/H2" resonances of d(G-G-A-A-T-T-C-C)

has removed one of the "exceptions" referred to above [7],

The rule-of-thumb proposed here, together with the differently shaped

Hl'-H2' and Hl'-H2" cross peaks in the COSY experiment of a typical B-DNA

fragment, will prove useful in the discrimination between H2' and H2"

resonances in future studies where NOE experiments do not allow an un-

ambiguous assignment.

A comparison of the chemical shifts of the various resonances in the

^-NMR spectrum of d(G-G-C-C-G-G-C-C) (Table 1) with those pertaining to

the dimethylated analogue d(G-G-m5C-rn5C-G-G-C-C) [13] reveals significant

differences only for the H6 resonances of residues d(m->C(3)) and

d(m^C(4))j these differences (± 0.22 ppm) are ascribed to shielding by

the neighbouring C5-CH3 b o n d i n t h e modified compound.
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Table 1. Chemical shifts of the base, HI', H2' and H2" resonances of
d(G-G-C-C-G-G-C-C) at 30 °C. Values are given relative to Me4NCl (ppm)

Residue

G(l)
G(2)
C(3)
C(4)
G(5)
G(6)
C(7)
C(8)

6 for

H8/H6

4.699
4.691
4.245
4.218
4.672
4.571
4.218
4.468

2.
2.

2.
2.

H5

176
391

215
567

HI'

2.553
2.782
2.859
2.389
2 471
2.754
2.835
3.066

H2'

-0.633
-0.520
-1.087
-1.217
-0.493
-0.600
-1.058
-0.928

H2"

-0.460
-0.447
-0.701
-0.847
-0.420
-0.460
-0.733
-0.928

Chemical shift profiles

Chemical shift versus temperature profiles over the temperature range

0 - 100 °C were constructed in order to study the temperature-dependent

conformational behaviour of the octamer, and the possible effects of

methylation of residues dC(3) and dC(4) thereon. Fig. 3 shows these

profiles for the base and HI' resonances. Note that the dG(l)-H8

resonance disappeared from the NMR spectra above 64 °C due to exchange

with the solvent. Line broadening of the H5 resonances of residues dC(3)

and dC(7) prevented the determination of their chemical shifts in the

temperature interval 50 - 65 °C.

With some interesting exceptions, the shift profiles display a

sigmoidal shape which reflects the random coil to duplex transition upon

cooling; the plateau region below 45 'C then corresponds to the duplexed

octamer. A radically different behaviour is observed for the resonances

of residue dC(8), which appear to reflect the existence of a more complex

(i.e. three- or mujti-state) temperature-dependent equilibrium in the

interval 0 - 4 5 °C. Only in the lower range of this interval do the

shifts of the H6 and H5 resonances of residue dC(8) approach those

displayed by the other pyrimidine residues. This behaviour is thought to

be associated -- among other factors — with the pronounced confor-

mational freedom of the deoxyribose rings at the 3'-terminus of the

octamer. The relative downfield position of the H6 and H5 resonances of

dC(8) over most of the 0 - 45 "C interval strongly suggests that the

dC<8) residue remains only partially stacked at temperatures where the

remainder of the duplex is already fully formed. If this interpretation
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Fig. 3. Chemical shift versus temperature (°C) profiles of the
HI ' proton resonances of d(G-G-C-C-G-G-C-C)

base and

is correct, these shift profiles indicate that the 3'-terminal base is

gradually engaged in a regular stacking interaction with its 5' neighbour

in the helix upon further cooling. Since the temperature profile of the

HI1 resonance of the 5'-terminal dG(l) residue displays a clear sigmoidal

behaviour, it can be argued that the 5'-terminal base partakes in a

normal stacking interaction with its 3'-neighbour dG(2). From obser-

vations on imino-proton resonances it is known that — in many cases —

the signals of the terminal base pairs upon raising the temperature tend

to broaden and disappear long before the remaining imino-proton reso-

nances follow suit. This phenomenon has been described to "fraying", a

fast opening and closing of the terminal base pairs which allows exchange

with the solvent. The present results appear to indicate that "fraying"

perhaps can be associated with a different stacking interaction of the

3'-terminal base with its 5' neighbour (see also section on imino-proton

resonances below).

Temperature-dependent chemical shift changes in the plateau region

below 45 °C, although smaller than those discussed above, are also

displayed by the resonances of some protons located in the core of the

duplex. Notable examples are the H8 resonances and the HI1 resonance of

residue dC(4). These shift changes are taken to reflect a gradual

freezing in of hot spots of conformational freedom in the intact duplex.

The precise nature of this freedom remains unclear for the time being.

The shape of the shift profiles, as discussed above, closely parallels

those reported for the dimethylated analogue [13]. Hence it is concluded

that neither the duplex structure nor the temperature-dependent conforma-
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tional changes are significantly influenced by the methylation of

residues dC(3) and dC(4).

Imino-proton resonances

In order to study the temperature-dependent behaviour of the imino-

proton resonances, a series of spectra was recorded of d(G-G-C-C-G-G-C-C)

in H2O/*H2O (90/10): Fig. 4 shows some of these spectra at various

temperatures. At 3 °C, the spectrum displays three peaks designated a, b

and c. On raising the temperature, the intensity of signal b decreases

and disappears from the spectrum in the temperature region 14 - 21 °C;

peak c broadens at 33 °C and disappears before 38 'C. Finally, peak a

broadens at 49 "C and disappears from the spectrum above 54 °C. The three

resonances at 3 °C appear to correspond to only three protons; this is

taken to indicate that the imino protons of the terminal base pairs, even

at this temperature, are already in fast exchange with the solvent

(fraying).

- (G-G-C-C-G-G-C-CI

3-IC-C-CG-C-C-G-GI

12 5 [ppml

Fig. 4. The low field region of the % spectrum of d(G-G-C-C-G-G-C-C) in
* (90/10). Chemical shift scale is relative to DSS

Thermodynamic analysis

The sigmoidally shaped chemical shift versus temperature profiles,

Fig. 3, as well as those reported for the dimethylated analogue [13] were

analyzed in terms of thermodynamic parameters describing the duplex to

random coil transition with the aid of a non-linear least-squares curve

fitting procedure [37], In a modified version of the computer program
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ASSTAK [37] the chemical shift, S0^s, versus temperature is given by eqn

(1) [37]:

6obs = 5free

in which 6free *s the chemical shift of a given proton in the random

coil, Aa is the additional shift increment of this proton in the duplex

and p is the fractional population of the duplex. The relation between p

and the equilibrium constant K of duplex formation has been given else-

where [37, 48].

In pilot calculations all four variables, vis. 5f r e e, Aa, T m and AS°,

were allowed to vary in the least-squares curve-fitting procedure, which

was applied to the shift profiles of the H6, H5 and HI1 resonances of all

residues, except dC(8), individually. The small chemical shift changes

observed for resonances of some protons in the duplex plateau region

below 45 "C were ignored in order to carry out a proper two-state

analysis of the title compound and its analogue. These first calculations

resulted in a small dispersion in AS° ( ± 63 J.mol"-'- ,K~^), and in T m (+ 5

K). The error analysis indicated that these variations were not statisti-

cally significant; moreover, according to these statistics, the AS° term

does not differ significantly for the two compounds. Therefore, in the

final analyses of the shift profiles of each compound the entropy term

was constrained to assume the mean value for the different protons: AS° =

- 609 J.mol~*.K~^ for both compounds. The results are presented in Table

2. The AH° and T m values derived from different proton types and from the

different residues of each of the two compounds are selfconsistent. A

small, but significant, difference between the two compounds is noted.

Methylation at C5 of residues dC(3) and dC(4) causes the T m value to in-

crease by 9 K. Of course, from a thermodynamic point of view this amounts

to only 2.5% in AH° or AS° or in both; it goes without saying that our

procedure does not allow a clear-cut distinction to be made between these

possibilities. It should be noted here that similar observations have

been reported by Tibanyenda [49]: at all low salt concentrations the

B-DNA duplex of d(m5C-G)3 is more stable than the B-form of d(C-G)3.

Finally, our values determined for d(G-G-C-C-G-G-C-C) compare well with

those predicted from thermodynamic parameters derived from optical

melting studies on long DNA fragments by Gotoh et al. [50]. For the title

compound in 195 mM (19.5 mM) NaCl, a total AH° -233 (-231) kJ.mol"1, a

AS° - 617 J.mol"1.K"i and a T m 387 (374) K (1 M sample concentration) may

be calculated. In making these predictions we considered only the hexa-
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Table 2. Thermodynamic parameters of duplex formation of d(G-G-C-C-G-G-
-C-C) and d(G-G-m5C-m5C-G-G-C-C). In determining these parameters the
entropy term was constrained at AS° - 609 J.mol"^.K~^ (see text). Values
of T m were calculated for 1 M sample concentration. All values are
averages for the H6, H5 and HI' protons belonging to different residues

Compound protons - AH°

d(G-G-C-C-G-G-C-C)

d(G-G-m5C-m5C-G-G-C-C)

H6
H5
HI'
mean

H6
H5
HI'
mean

kJ.mol"1

223
223
223
223

231
227
227
227

K
365
366
367
366

373
377
376
375

meric core of the octamer and the stacking of the 5'-terminal base there-

upon; the possible effect of JH20 compared to H2O on AH° and AS° was

ignored [51].

Sugar ring conformation

General considerations

It is generally accepted [52] that A-DNA type helices, among other

features, are characterized by N-type (roughly C3'-endo) and B-DNA type

helices by S-type (roughly C2'-endo) sugar conformations; the Z-DNA type

helix displays alternating sugars: -S-N-S-N- [34]. In earlier papers [13,

14, 53) we have shown that in a B-DNA duplex as well as in a covalent

RNA-DNA hybrid these preferences should not be interpreted in an absolute

sense, because the deoxyribose sugar displays a certain degree of oonfor-

maLional freedom in the intact duplex, i.e. displays ring flip between a

major and a minor sugar conformation, which flip is fast on the NMR time

scale.

The determination of the sugar geometry and relative conformational

populations rests upon the analysis of vicinal proton-proton coupling

constants. As is explained elsewhere [53-55] the exocyclic proton-proton

torsion angles B^H a r e related to the endocyclic deoxyribose torsions,

ffij, by a set of five equations. The endocyclic torsion angles are mutu-

ally related by the two-parameter pseudorotation equation [56], eqn (2):
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«j = S m cos (P + 4n(j-2)/5) ; j = 0-4 (2)

in which <Em represents the amplitude of pucker, P the phase angle and the

endocyclic torsions are numbered clockwise, starting with C4'-O4'-C1'-C2'

(j = 0). Thus for any chosen sugar geometry, expressed by P and <Em, all

relevant SJJJJ values can be deduced. With the aid of the extended Karplus-

like equation [57, 58], which takes account of the effect of electronega-

tivity and orientation of substituents, the corresponding ^JHH v a l u e s a r e

predictable with satisfying accuracy (rms < 0.5 Hz). The program PSEUROT

[58-60] is used to analyze the vicinal proton-proton couplings Ji'2'»

Jl'2"> ^2'3'' ^2"3' ant* ^3'4f *n t e r m s °f the pseudorotation parameters

(P and 3>m) and the relative populations of the N- and S-type conformers

(pN, pS). Unfortunately, complicating factors, like e.g. signal overlap,

often prohibit the extraction of these individual couplings from the

spectra of double-helical fragments. Therefore we have sought to develop

a general method that allows the determination of the populations of the

N- and S-type forms and gives an estimate of the geometry of the most

abundant conformer from sums of couplings, vis. SJI (= Jj'21 + Jl'2")>

^2' (= -Jl ' 2' + J2'3' + J2'2") an<* S 2 " (= J1'2" + J2"3' + J2'2")* These

sums of couplings correspond to the distance between the outer peaks of

the HI', H2' and H2" resonances, respectively, (except for £2' anc* ^2" *n

the case of a small chemical shift difference between the H2' and H2"

resonances) and can be obtained even from a simple absolute-value COSY

experiment. In cases where also values for Jj'2' a n d J1'2" have been

determined by means of computer simulation of the splitting patterns of

the HI' resonances -- as in the present work — a more refined analysis

can be carried out. Table 3 lists a set of predicted couplings and sums

of couplings. In calculating these coupling data a mean puckering

amplitude 9Sm 35° was assumed throughout. The actual range encountered in

B-DNA type single helices is 32 - 40° [53]. Since the phase angle of the

S-type sugar conformer, Pg> is known to vary according to the character

of two neighbouring bases in the sequence [12], the predicted individual

couplings and sums of couplings are given for the approximate end points

of the Pg range of values encountered so far in our work (120 - 180*)

[61]. PJJ probably encompasses a fairly narrow range of values (0 - 18°).

For lack of more precise information on this minor sugar conformer in

B-DNA fragments, it appears to be best to use the mean of the two values

given in Table 3; see also [45].
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Table 3. Predicted proton-proton couplings and sums of couplings (Hz) in
the deoxyribose ring in its major conformational types. The calculations
were carried out by the use of the extended Karplus equatioi [57, 58];
the initial values were corrected for the Barfield through-space effect
[66]. Ej. i * ^I'T.* **" ̂ l ^ " * ̂ *2' = J ĵ  12 • + t^2t3l "** ̂ 2'3' al*d ^2" = ^1'2" +

J2"3' + J2I2"> ' n e average value of 14.0 Hz was used for |J2' 2"I• N-type
conformer Pjf 0 - 18°, % 35° and S-type conformer Pg 120 - 180°, $ s 35°

Parameter N form S form

Jj.2* 1.5 - 2.1 10.0 - 9.5
Jl'2" 7.7 - 8.4 5.9 - 5.8
Zi> 9.2 - 10.5 15.9 - 15.3
S2> 22.7 - 23.6 31.8 - 29.0
Zl» 31.4 - 32.0 21.2 - 21.1

Inspection of Table 3 reveals the following rules: a) a Z\ > value of

13.3 Hz or more indicates a predominance of the S-type conrormer, pS >

0.6. The larger one of the two couplings present in the HI' resonance in

that case can be assigned safely to Ji'2'J b) f° r a given residue, a

predominant S-type sugar means that S2' > £2"- This rule allows an

unambiguous discrimination between H2' and H2" resonances; c) J112r and

E2" remain virtually constant over the full range of S-type conformers

that are generally encountered and thus serve as an excellent marker for

the S-type fraction, pS; d) the actual value of 23' i s predicted to vary

with the S-type sugar geometry, Pg; hence it may be used to obtain an

estimate of the S-type geometry, once the fractional population S-type

conformer, pS, is known from Jj12' (or £}•) and £2"' * n practice, given a

set of experimental values for Ji'2'> Jl'2"> *-l ' > ^2' ant* ^2" °^ a 8i-ven

residue, the conformational space is searched for possible sugar rings

whose calculated values for these parameters fit the experimentally

determined ones [45, 53]. In the case where no fit is found it follows

that the sugar ring is not conformationally pure, but exists as a blend

of two conformers. The data are then interpreted in terms of an N t S

equilibrium and fitted to the two main degrees of freedom: i) population

S-type conformer, pS, and ii) the geometry of the most abundant

conformer, expressed as its phase angle PmajOr> using a graphical method

and sum rules deduced earlier [45, 53, 62].

Conformational analysis of the sugar ring

In the present study, all HI1 resonances were simulated at 30 'C and
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at 95 °C using a LAOCOON-type computer program and yielded accurate

values for Jj.'2'> J1'2" anci sl' > S 2 ' a n d ^2" values were obtained from

cross sections of the Hl'-H2'/H2" correlation peaks in the COSY spectrum

with an accuracy of ± 0.9 Hz. The isolated position of the H2' and H2"

resonances of residue dC(4) in the ID spectrum allowed the determination

of J2'3'i J2"3'» ^2' and ^2" at 30 °C by computer simulation. Table 4

lists the proton-proton coupling data for d(G-G-C-C-G-G-C-C), together

with Ji'2'> J1'2" a n d ^1' values for the dimethylated analogue at 30 °C

[13]. Inspection of Table 4 shows that the value of E|> exceeds 13.3 Hz

for all residues, indicating that the sugar rings of all residues favour

the S-type conformation and hence that both compounds adopt predominantly

a B-DNA type helix in solution. The discrimination between Ji'2" and

J|'2" as well as between the H2' and H2" resonances follows from the

experimentally determined £±i values, in combination with the £2' and £ 2 "

Table 4. Vicinal proton-proton coupling constants and sums of couplings
in the octamer d(G-G-C-C-G-G-C-C) together with the molar fraction of the
S-type conformer of d(G-G-C-C-G-G-C-C) (pS) and of d(G-G-m5C-m5C-G-G-C-C)
(pS1). Values of £j1 were obtained from the simulation of HI1 resonances;
these of £2' a n d £2" w e r e obtained from a COSY spectrum

residue T J1'2' J1'2" s l ' S 2 • S 2 " Psa pS'b

°C Hz %

30
95
30
95
30
95
30
95
30
95
30
95

9.7
7.8
8.9
8.0
8.1
8.5
8.8
8.5
10.0
7.8
8.5
7.8

5.0
6.2
5.5
6.3
5.8
6.1
6.2
5.9
5.1
6.2
5.6
6.2

14.7
14.0
14.4
14.3
13.9
14.6
15.0
14.4
15.1
14.0
14.1
14.0

30

28

-

30°

-

29

22

22

24

23C

21

23

90
75
65
75
75
80
84
85
100
75
80
75

90

85

85

85

100

80

G(2)

C(3)

C(4)

G(5)

6(6)

C(7) 30 7.1 6.3 13.4 - 24 65 60
95 7.8 6.4 14.2 75

C(8) 30 6.7 6.7 13.4 < 13 >d 65 65
95 6.5 6.5 13.0 65

a) estimated accuracy ± 4 %.
b) calculated from coupling data in [13]; estimated accuracy ± 4 %.
-) overlapping correlation peaks prohibited the determination of

these values.
c) determined from ID spectrum; J2'3' '7.1 Hz, J2»3' - 2.3 Hz.
d) Isochronous H2'/H2" resonances, value corresponds to

(Ji'2' * Jl'2"
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values, with the aid of the criteria described above.

The analysis of the proton-proton coupling data of both compounds in

terms of the fractional population of the S-type conformer was carried

out by means of the graphical method [45], except for the coupling data

of residue dC(4) at 30 °C (see below). Table 4 lists the pS values for

the sugar rings of d(G-G-C-C-G-G-C-C) at 30 "C and at 95 °C, together

with those for the dimethylated analogue at 30 "C. Scrutiny of Table 4

reveals that, with the exception of residue dG(5), none of the sugar

rings in the duplex state of the octamers attains conformational purity:

the sugar rings spend 10 - 35% of their time in the N-type conformation;

increased conformational freedom is observed for the sugar rings of

d(G-G-C-C-G-G-C-C) in the random coil. The nearly identical pN/pS ratio

displayed by the sugar rings of the corresponding residues of the two

compounds indicates that the methylation of residues dC(3) and dC(4) has

no significant effect on the conformation of the sugar rings, except

perhaps for the sugar ring of residue dC(3). No indications are found for

abnormal sugar geometries. The data are consistent with phase angles in

the normal range, vis. 130° < Fs < 160°.

The conformation of the sugar ring of residue dC(4) at 30 °C could be

investigated in more detail: the computer program PSEUROT was used to

determine the fractional population as well as the pseudorotation

parameters of the S-type sugar conformer from the observed coupling data.

Since the N t S equilibrium is heavily biased towards the S-type confor-

mation (see above), the pseudorotation parameters of the minor, N-type,

conformer are ill determined and were fixed to assume predetermined

values [38]. The analysis yielded the following parameters:Pg 130°, $g

36°, pS 84%.

NOE measurements

In a previous section cross peaks in the 2D NOE spectrum were used in

a sequential assignment of the base and HI' resonances. Since NOE

intensities depend, among other factors, upon the inverse sixth power of

the interproton distance, the NOE intensity pattern contains structural

information. We are aware of recent [5, 7, 63-65] attempts to quantify

this information and extract a detailed structural model for DNA frag-

ments from NOE measurements. In the present paper, following Haasnoot et

al. [15], relative NOE intensities are used only as a criterion that

allows clear distinction to be made between A-DNA and B-DNA helical

types. Table 5 lists some representative interproton distances for the
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Table 5. Some interproton distances (nm) for A- and B-WA type helices. Dis-
tances were calculated from hydrogen coordinates, generated from heavy atom
skeleton by means of program BUILDER [van Kampen, P.N., Mellema, J.-R., de
Leeuw, F.A.A.M. and Altona, C., unpublished results; see also ref. 67]

Proton

base

H8

H6

sugar

HI1

H21

H2"
H31

HI"
H21

H2"
H3'

A-DNA

intra
(n)-(n)

0.39
0.39
0.47
0.28

0.37
0.37
0.45
0.26

inter
(n)-(n-l)

0.40
0.16
0.32
0.34

0.40
0.16
0.35
0.35

B-JDNA

intra
(n)-(n)

0.38
0.21
0.35
0.43

0.37
0.19
0.34
0.40

inter
(n)-(n-l)

0.35
0.37
0.22
0.48

0.34
0.38
0.22
0.48

two helical types. It is easily seen that, for a B-DNA type helix, one

predicts strong intraresidue H8/H6(n)-H2'(n) cross peaks in the NOESY

spectrum and, in addition, an approximately equally strong H2"(n-1)-

-H8/H6(n) interresidue cross peak for each consecutive step along the

nucleic acid strand, where n is the residue number (numbering starts at

the 5'-terminus). For A-DNA the situation is entirely different. Weak

intraresidue H6/H8(n)-H2'/H2"(n) cross peaks are expected, whereas now

the interresidue H2'(n-1)-H8/H6(n) NOE is predicted to be relatively

strong. Of course, these predictions rest upon the validity of the

following conditions; a) outspoken conformational preferences of the

sugar ring, N-type for A-DNA and S-type for B-DNA; b) anti conformation

of the base with respect to the sugar ring throughout the strand. These

conditions are certainly met in the canonical A and B forms of DNA. From

the above analysis it follows that the H8/H6-H21/H2" region of a NOESY

spectrum of a typical B-DNA duplex should be characterized by two strong

cross peaks for each base H8/H6 resonance position, except for the

5'-terminal residue.

In Table 6 those NOEs which are predicted to be strong for either a

B-DNA or an A-DNA type helix are compared with the observed NOEs. From

the correspondence between the various observed NOEs with predictions for

B-DNA, as well as from the absence of NOEs which would indicate an A-DNA

type helix, it is concluded that the compound adopts predominantly a

B-DNA type helix in solution.
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Table 6. Comparison between the predicted and observed NOEs between the
H8/H6 and the H2 ' and H2" protons of d(G-G-C-C-G-G-C-C)

Protons

H8/H6(n)

H8(l)
H8(2)
H6(3)
H6(4)
H8(5)
H8(6)
H6<7)
H6(8)

intra
H2'(n)

*
+
+
+

+

+
*

B-DNA

inter
H2"(n-1)

*
+
*

+

*

+
+

A-DNA

inter
H2'(n-1)

*
-
-

+/-
*

+ /-
-

+) observed NOE corresponds to the predicted one.
-) observed NOE does not correspond to the predicted one.
*) no comparison possible because of overlap between

correlation peaks.

CONCLUSIONS

The solution conformation of the octamer d(G-G-C-C-G-G-C-C) was in-

vestigated and a comparison was made with the dimethylated analogue

d(G-G-m^C-m^C-G-G-C-C). Analysis of the chemical shift vs temperature

profiles revealed that the compound exists as a duplex below 45 °C and as

a random coil above 90 °C. The analysis of the base-H2'/H2" NOEs and of

the proton-proton couplings demonstrated that the compound adopts pre-

dominantly a B-DNA type helix in solution, contrary to the A-DNA type

structure found in the crystalline state [36]. The sugar rings in the

intact duplex and in the random coil are not conformationally pure:

although favouring the S-type sugar conformation, some sugars spend up to

35% of the time in the N-type sugar conformation; the sugar of the

3'-terminal residue displays a relative large conformational freedom.

Comparison of the observations made for the title compound and those

made for the dimethylated analogue [13] indicates that methylation of the

bases of residues dC(3) and dC(4) has no measurable effect on the

geometry and temperature-dependent changes of the duplex nor on the

conformation of the sugar rings. Methylation however increases the

stability of the duplex of the dimethylated compound relative to the

title compound.
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CHAPTER 4

Influence of N6-Methylation of Residue dA(5) on the
Conformational Behaviour of d(C-C-G-A-A-T-T-c-G-G)

in Solution Studied by 1H-NMR Spectroscopy:
The Duplex Form

ABSTRACT

One- and two-dimensional NMR studies at 300 MHz and 500 MHz were

carried out on the two oligonucleotides d(C-C-G-A-A-T-T-C-G-G) and

d(C-C-G-A-m6A-T-T-C-G-G) in aqueous solution. NMR spectra were observed

at 10 mM sample concentration over the temperature range 273 - 368 K.

Assignments are given of the base, HI', H2' , H2", H3' and of some H4'

resonances, based upon a combination of two-dimensional correlation

spectra (COSY) and two-dimensional nuclear Overhauser effect spectra

(NOESY); imino-proton resonances were assigned with the aid of a 2D NOE

experiment. Chemical shift vs temperature profiles were constructed in

order to gain insight into the influence of N^-methylation of residue

dA(5) on the temperature-dependent conformational behaviour of the

decamer and to determine thermodynamic parameters for the duplex-to-coil

transition. The NOESY spectra, the imino-proton spectra and the shift

profiles of the two compounds, under conditions where each forms a B-DNA

type duplex, are very similar. This is taken to indicate that the in-

fluence of N6-methylation of residue dA(5) on the local structure of the

duplex must be small. However, the temperature dependence of the (non-)

exchangeable proton resonances of the two compounds reveals that methyl-

ation slows down the duplex t single strand exchange. Furthermore, a

thermodynamic analysis of the two compounds indicates that N"-methylation

slightly decreases the stability of the duplex relative to the monomeric

forms (Tm is reduced from 332 K down to 325 K at 10 mM sample concen-

tration). Proton-proton couplings were obtained by means of one-dimen-

sional and two-dimensional NMR experiments and were used in a confor-

mational analysis of the sugar ring of each residue of the two compounds

in the duplex form. The analyses indicated that all sugar rings display

conformational flexibility in the intact duplex: population S-type sugar

conformation ranges from 70% - 100%. A more refined analysis of the sugar

rings of the parent compound revealed a sequence-dependent variation of
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the sugar geometry. This variation does not follow well the trend predic-

ted by the Calladine/Dickerson S3~sum rule [Dickerson, R.E. (1983) J.

Mol. Biol. 166, 419-441; Calladine, C.R. (1982) J. hoi. Biol. 161,

343-352], moreover the actual variations appear to be smaller in solution

than those expected on the basis of known X-ray structures.

INTRODUCTION

There is considerable interest in the sequence-dependent properties cf

DNA and in the possible role that these variations play in the biological

functions of DNA. Thus far, much specific information is supplied by

X-ray diffraction studies of single crystals of DNA oligomers [1]. Such

studies have furnished interesting information concerning the possible

interplays between base sequence on the one hand and geometrical vari-

ations of backbone and sugar conformation on the other [2, 3]. However,

in considering such results, one should keep in mind the existence of

several complicating factors.

Several examples are now known of duplexes that completely change

their structural preference upon going from aqueous solution into the

crystalline state; e.g. B-DNA •* Z-DNA and B-type •+ A-type DNA. The former

case is exemplified by the finding that an NMR sample of the hexamer

d(m->C-G-m->C-G-m-'C-G), that contained no detectable amount of the Z form

under the low-salt conditions used, after standing in the cold room at

about 5 °C for several months yielded crystals that proved to be Z DNA

upon X-ray examination [Mellema, J.-R. and de Graaff, R.A.G., unpublished

results]. The duplexes d(G-G-C-C-G-G-C-C) [4] and d(G-G-T-A-T-A-C-C) [5]

crystallize as A-type duplexes, whereas simultaneous NMR studies [6, 7]

have demonstrated that these compounds adopt a B-DNA type duplex in

aqueous solution. In fact, the only examples known of DNA oligomers that

retain their B-type upon crystallization are furnished by the dodecamer

d(C-G-C-G-A-A-T-T-C-G-C-G) and by its br5C(9) derivative [8-10]. In the

second place, packing forces and/or different solvation in the crystal

with respect to the aqueous solution may cause specific local

deformations in the crystalline duplex that are not mirrored in the

solution structure [11, Westhof, E., private communication].

From the above observations one draws the obvious conclusion that

careful comparisons of X-ray and NMR data are called for in order to

provide insights into similarities and differences of conformations in

the crystalline state and in solution. In this vein, several NMR studies
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have been carried out on the self-complementary dodecamer d(C-G-C-G-A-A-

-T-T-C-G-C-G), mentioned above [10, 12-16]. This oligomer incorporates

the -G-A-A-T-T-C- sequence, which is cleaved by the restriction enzyme

EcoRl. Thus, this particular sequence probably contains sufficient infor-

mation for specific recognition by a protein. What came as a surprise,

perhaps, is the fact that an optical study [17] revealed that the do-

decamer, under suitable conditions of temperature, low oligonucleotide

concentration and low ionic strength, may revert from a B-type duplex

into a hairpin-like structure. Such hairpins have since then been detec-

ted by NMR methods in two analogous sequences, vis. d(C-G-C-G-A-T-T-

-C-G-C-G) [18] and d(C-G-C-G-T-A-T-A-C-G-C-G) [19].

Several other studies have been focussed upon smaller oligomers that

contain the -G-A-A-T-T-C- sequence; vis. d(G-G-A-A-T-T-C-C) [20-22] and

d(G-A-A-T-T-C-G-C-G) [23]. These studies all agree in that, in solution,

the duplexes in question prefer to adopt a B-DNA type structure and that

sequence-dependent conformational features are present in the structure

of these duplexes. Thus far, the information obtained about these

sequence-dependent features appear to be mostly of a qualitative nature,

however.

Of special interest are sequences that contain N°-monomethylated

adenine bases. Such bases constitute a relatively common phenomenon in

bacterial DNA. Several lines of evidence indicate that the introduction

of an N"-methyl group may affect the stability and/or local structure of

the DNA helix and hence its biological activity [24-26]. NMR studies on

the DNA oligomers d(G-G-(m6)A-T-C-C) [27, 28] and d(G-G-(m6)A-T-A-T-C-C)

[29, 30] suggest however, that the effect of methylation on the basic

structure of these duplexes must be small or absent. Nevertheless, a

conformational change corresponding to an unwinding of the DNA duplex by

0.5 degree per methyl group present has been reported for the enzym-

atically methylated plasmid pBR322 [31]. In addition, spectroscopic

methods have shown that N6-methylation reduces the stability of the

duplex and drastically changes the dynamics of helix formation and

transient base-pair opening [27-30, 32, 33].

The primary aim of the present study on the decamer d(C-C-G-A-

-A-T-T-C-G-G) was to analyze quantitatively the expected sequence-

-dependent variation in the geometry of the deoxyribose ring by means of

vicinal proton-proton coupling constants, including the effect of

N^-methylation of residue dA(5) thereon. Moreover, ^-NMR spectroscopy

was used to investigate the effect of methylation on the temperature-
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-dependent conformational behaviour of the title decamer. From chemical

shift vs temperature profiles, thermodynamic parameters pertaining to the

duplex-to-coil transition were extracted on a per residue basis [34]. In

the course of our work it became clear that, next to the expected B-type

duplex and random coil forms, a third (monomeric) species could be

induced to make its appearance under suitable conditions. The study of

this third form will be reported upon in our companion paper [35].

MATERIALS AND METHODS

Sample preparation

The oligonucleotides under investigation were synthesized by the im-

proved phosphotriester method [van der Marel.G.A. and van Boom, J.H.,

unpublished]. After purification the compounds were passed over a Dowex

cation-exchange resin (Na+ form) to yield the sodium salt. Measurements

of the non-exchangeable proton resonances were carried out on samples

taken up in 0.4 ml 99.95% sH20, 10 mM sample concentration, after a

threefold lyophllization from 99.75% !H20. NMR samples for the obser-

vation of imino-proton resonances were prepared by dissolving the

compound in 0.4 ml H2O/2H2O (95/5), 10 mM sample concentration, after

lyophilization from 99.75 X 2H20. Me4NCl was added as an internal

reference and the pH and pD values were adjusted to 6.9 (meter reading).

The Me4NCl scale can be converted to the DSS scale by addition of 3.18

ppm to the proton chemical shift values at 25 °C. The sample

concentrations were checked by means of ultraviolet absorption

spectroscopy. The NaCl concentration was approximately 60 mM.

NMR spectroscopy

1H-NMR spectra at 300 MHz and 500 MHz were recorded on a Bruker WM-300

and on a Bruker WM-500 spectrometer, respectively. Both instruments were

interfaced with an ASPECT-2000 computer. Imino-proton spectra were

recorded at 500 MHz by means of a time-shared long pulse in combination

with the alternate-delay-accumulation (ADA) technique [36]j a series of

spectra over the temperature range 271 K - 333 K were recorded at 5

degrees intervals. In order to study the chemical shift of the non-

-exchangeable proton resonances as a function of temperature, a series of

spectra were recorded at 300 MHz over the temperature range 273 K - 368 K

at 5 degrees intervals; another set of spectra between 317 K and 333 K
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was recorded at 500 MHz. Exact temperatures were determined from the

chemical shift of the HJH0 peak relative to Me4NCl as described earlier

[34]. Difference selective-population transfer experiments were performed

at 300 MHz, 305 K, following Andersen et al. [37]; block-difference free-

-induction decay accumulation with an initial selective decoupler pulse

alternatively placed at the high and low frequency lines of HI' reso-

nances were obtained with a preparatory delay of 2.0 s, a "mixing time"

of 70 ms, a 40 ms selective observation pulse and a 72° non-selective

acquisition pulse. NOE-difference spectra were recorded at 500 MHz (305

K) , as described by Alma et al. [38]. A low-power irradiation pulse of

0.6 s was used for NOE buildup; the 'delays alternating with nutations

for tailored excitations' (DANTE) pulse in combination with the water-

-eliminated Fourier transform (DASWEFT) pulse sequence [39] served to

reduce the H2O signal. The on- and off-resonance FIDs in the difference

selective-population transfer and NOE experiments were subtracted in

series of 32 scans during acquisition with the aid of the appropriate

phase program [Haasnoot, C.A.G., unpublished results]. In this way large

numbers of FIDs, typically 10,000 - 20,000, could be accumulated without

dynamic range problems.

Two-dimensional ^H-NMR experiments were performed at 500 MHz (except

for the COSY experiment of d(C-C-G-A-m6A-T-T-C-G-G) which was performed

at 300 MHZ) essentially as described elsewhere [40-43]. NOESY spectra

were recorded at 300 K, mixing time T - 0.6 s; COSY spectra were recorded

at 305 K, 45" observation pulse for the COSY spectrum of d(C-C-G-A-A-T-T-

-C-G-G) and a 90° observation pulse for d(C-C-G-A-m^A-T-T-C-G-G). A time-

-shared long pulse [36] was employed as a selective observation pulse in

order to reduce the intensity of the H2O resonance in the NOESY spectrum

of d(C-C-G-A-m6A-T-T-C-G-G) in H2O/
JH2O (95/5) at 277 K. The two-di-

mensional spectra were recorded on 2K datapoints (f2) and on 256

datapoints (fl); each FID consisted of 128 scans. The time-domain spectra

were apodized by means of a sine function in both directions and zero

filled to 4K (f2) and 2K (fl) before Fourier transformation (Bruker

DISNMRP program).

RESULTS AND DISCUSSION

Assignment

The sequential NOESY method, in combination with COSY experiments, was

used to assign the base, HI1, H2', H2", H3' and some H4' resonances in
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Fig. 1. Correlation area between the H8/H6/H2 protons and the Hl'/H5/H3<
protons in the NOESY spectrum at 300 K (left-hand side) together with the
correlation area between the Hl'/H3' protons and the H2'/H2"protons in
the COSY spectrum at 305 K (right-hand side) of (A) d(C-C-G-A-A-T-T-C-
-G-G) and (B) d(C-C-G-A-m6A-T-T-C-G-G). The 5 degrees difference in
temperatures at which the NOESY and COSY experiments vere performed
results in small chemical shift differences for the HI ' resonances of
residues dC(2) and dG(9)

the spectra of the two compounds, The general principles and strategy for

such an assignment procedure have been described in detail by several

groups of workers and need not be repeated here. Suffice it is to say

that the NOESY experiment gives rise to cross peaks indicative of short

(< 0.45 nm) interproton contacts (e.g. between the base and sugar protons
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on neighbouring residues), whereas cross peaks in the COSY spectrum

reveal scalar couplings between protons belonging to the same residue. In

the following discussion the residues are numbered from the 5' terminal

in the direction of the 3' terminal. Fig. 1A,B shows the correlation

peaks between the base signals and the HI ' and H3' signals in the NOESY

spectra (300 K) of d(C-C-G-A-A-T-T-C-G-G) and d(C-C-G-A-m6A-T-T-C-G-G),

respectively, together with the correlation peaks between the HI' and H3'

signals and the H21 and H2" signals in the corresponding COSY spectrum

(305 K). The base and HI1 resonances were assigned from the observed

intraresidue base(n)-Hl'(n) NOEs and interresidue base(n)-Hl'(n-1) NOEs.

The inter- and intra-residue NOEs between the base and H3' protons, in

combination with Hi'(n)-H3'(n) NOEs, were used to assign the H3'

resonances. Some H4' resonances could be assigned unambiguously from the

HI'(n)-H4'(n) correlation peaks in the NOESY spectra in combination with

correlation peaks in the COSY spectra between H3' and H4' resonances. The

H2' and H2" resonances were assigned with the aid of the Hl'-H2'/H2"

correlation peaks in the COSY spectra. However, the HI' resonances of

residues dA(5) and dG(10) in the parent compound are isochronous and

therefore recourse was taken to base(n)-H2'(n) and base(n)-H2"(n-l) NOEs

in order to assign the H2' and H2" resonances of these residues. The

assignment, discussed above and depicted in Fig. 1A,B and in Table 1, was

corroborated by the remaining cross peaks in the two-dimensional spectra

(not shown). The observation of relatively strong interresidue base(n)-

-H2"(n-1) and intraresidue base(n)-H2'(n) NOEs along the strands of the

two compounds clearly indicates [6] that the two compounds adopt predom-

inantly a righthanded B-DNA type duplex. Furthermore, the close simi-

larity of the NOESY spectra of the two decamers excludes any major change

in the conformation of the duplex as a consequence of the N6-methylation

of dA(5), but see below. Similar observations have recently been made in

the case of the hexamer d(G-G-m6A-T-C-C) vs d(G-G-A-T-C-C) [27, 28] and

in the case of the octamer d(G-G-m6A-T-A-T-C-C) vs d(G-G-A-T-A-T-C-C)

[29, 30].

Table 1 lists the chemical shift values of the assigned resonances at

300 K. The discrimination between the H2' and H2" resonances follows from

NOEs and from proton-proton coupling constant considerations [44], vide

inira. Inspection of Table 1 reveals that the H2' resonance of all

residues, except the 3'-terminal dG(10), occurs upfield from the corre-

sponding H2" resonance, in accordance with a rule proposed earlier by us

[6], A comparison between the chemical shifts at 300 K of the base and
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Table 1. Chemical shifts of the assigned resonances in the spectra
of d(C-C-G-A-A-T-T-C-G-G) and of d(C-C-G-A-m6A-T-T-C-G-G) at 300 K.
Values are given relative to Me4NCl (ppm)

Residue

C(l)
C(2)
G(3)
A(4)
A(5)
T<6)
T(7)
C(8)
G(9)
G(10)

C(l)
C(2)
G(3)
A(4)

m6A(5)
T(6)
T(7)
C(8)
G(9)
G(10)

N6-Me(5)

8 for

H8/H6

4.
4.
4.
4.
4.
3.
4.
4.
4.
4.

4.
4.
4.
4.
4.
3.
4.
4.
4.
4.
-0.

540
289
693
952
927
928
205
258
668
618

546
294
698
930
849
958
206
251
675
622
465

H5/H2/5-Me

2.
2.

4.
4.

-1.
-1.
2.

2.
2.

4.
4.

-1.
-1.
2.

766
473

116
453
895
627
473

769
475

084
399
919
629
460

2
2
2
2
2
2
2
2
2
2

2
2
2
2
3
2
2
2
2
2

HI'

.815

.322

.251

.834

.969

.699

.904

.421

.468

.969

.817

.305

.403

.854

.025

.749

.908

.475

.455

.978

-1
-1
-0
-0
-0
-1
-1
-1
-0
-0

-1
-1
-0
-0
-0
-1
-1
-1
-0
-0

H2'

.150

.170

.515

.469

.615

.210

.047

.233

.555

.675

.155

.160

.500

.500

.626

.190

.042

.262

.540

.672

-0
-0
-0
-0
-0
-0
-0
-0
-0
-0

-0
-0
-0
-0
-0
-0
-0
-0
-0
-0

H2"

.678

.855

.430

.251

.280

.640

.679

.870

.483

.835

.672

.832

.380

.269

.248

.580

.655

.875

.480

.838

H3'

1.473
1.620
1.796
1.872
1.796
1.604
1.689
1.630
1.768
1.448

1.467
1.614
1.805
1.860
1.789
1.639
1.703
1.639
1.765
1.440

H4'

0.933
-
-

1.280
1.280
-
-
-
-
-

0.939
-
-

1.291
1.291
-
-
-
-
-

-) could not be assigned unambiguously.

HI1 resonances in the spectra of the two decamers reveals that methyl-

ation results in small but significant upfield shifts for the base

resonances of dA(4) and dA(5) (0.08 ppm) and downfield shifts for the HI'

resonances of dA(4), dA(5) and dT(6) (0.02 - 0.05 ppm). In addition,

small downfield shifts are noted for the HI1 resonances of dG(3) and

dC(8) (0.05 - 0.15 ppm) in the modified compound. These differences are

partly ascribed to the different shielding properties of the m6A relative

to the unmodified base. However, the long-range effects (the distances

involved range from 0.8 - 1.3 nm) may be taken to indicate that

N6-methylation of residue dA(5) introduces subtle changes in the relative

orientation of one or more of the base pairs dG(3).dC(8), dA(4).dT(7) and

dA(5).dT(6). It ia tempting to suggest that these changes are related to

the earlier reported unwinding of DNA as a result of N6-mothylation of

adenine bases [31].
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Chemical shift profiles

Chemical shift vs temperature profiles were constructed in order to

study and compare the temperature-dependent conformational behaviour of

d(C-C-G-A-A-T-T-C-G-G) and of d(C-C-G-A-ra6A-T-T-C-G-G).

Non-exchangeable protons of d(C-C-G-A-A-T-T-C-G-G)

The change in chemical shifts of the base protons of the unmodified

decamer could be monitored throughout the melting process from 273 K to

368 K, Fig. 2A. Unfortunately, severe overlap in the HI' region at tempe-

ratures above 320 K precluded accurate measurements of HI' shifts in the

high-temperature range. Therefore, the shift profiles of the HI' reso-

nances were constructed only up to 320 K (not shown).

The shift profiles of the base protons (Fig. 2A) display an approxi-

mately sigmoidal shape, as expected for a normal duplex-to-coil tran-

sition. The melting temperature of the decamer at 10 mM sample concen-

tration is 332 K. At all temperatures, exchange between the duplex and

coil forms remains close to the fast-exchar.ge limit on the proton NMR

time scale for all protons observed. The plateau region above about 350 K

corresponds to the coil situation, whereas the plateau region observed

below about 315 K, also seen for the HI' resonances, is associated with

the intact duplex form. The thermodynamic analysis of the intermediate

region will be given below. Here it should be noted that the resonances

of some protons located in the core of the intact duplex display small,

but outspoken, temperature-dependent shift changes at temperatures below

315 K. For example, upon lowering the temperature the H2(A) signal moves

upfield, whereas H8(5) and H6(6) resonances shift to lower field. Similar

observations have been reported for the resonances of protons in the

cores of the duplexes d(G-G-m5C-m5C-G-G-C-C) [45], d(G-G-C-C-G-G-C-C)

[6], d(G-G-A-T-A-T-C-C), (G-G-m6A-T-A-T-C-C) [30] and d(m5C-G-C-A-m5C-

-G-T-G-C-G) [46] as well as for the 3 iP signals of phosphorus nuclei

located in the core of d(C-G-C-G-A-A-T-T-C-G-C-G) [16]. It thus appears

that bases located in the core of an intact duplex may experience effects

of small and local conformational changes on cooling. No rationalization

for this behaviour can be offered for the time being.

Non-exchangeable protons of d(C-C-G-A-m6A-T-T-C-G-G)

The temperature-dependent behaviour of the chemical shifts of the base

resonances of d(C-C-G-A-m6A-T-T-C-G-G) is shown in Fig. 2B. The plateau
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Fig. 2. Chemical shift versus temperature profiles of the base proton
resonances of (A) d(C-C-G-A-A-T-T-C-G-G) and (B) d(C-C~G-A-m6A-T-T-C-G-G)

regions observed below about 320 K for the shifts of the base resonances,

as well as for the shifts of the HI' resonances (not shown), agree with

the existence of an intact duplex. These plateau regions display much the

same characteristics as those observed for the unmodified decamer below

315 K (see above). However, interesting differences in behaviour are seen

in the intermediate region. For example, between 321 K and 326 K severe

line broadening and overlap in the base region and a doubling of methyl

resonances was observed in the spectra recorded at 300 MHz (Fig. 3). In

spectra, recorded at 500 MHz in this temperature interval, two sets of

resonances could be distinguished both in the base and in the methyl

region (not shown). The intensity of the new resonances increases with

temperature, while the intensity of the set assigned to the duplex form

decreases at the same time. Above 32S K, the resonances of the duplex

form are no longer observed at 300 MHz and 500 MHz, and the shifts of the

new aet of resonances change only slightly with increasing temperature up
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dIC-C-G-A-A-T-T-C-O-GI dlC-C-G-A-AVT-T-C-G-GI

326K

-1.0 -IS -20 -10 -15 -20 Ippm)

Fig. 3. High-field region of the 300-MHz 2H-NMR spectra of (A) d(C-C-G-
-A-A-T-T-C-G-G) and (B) d(C-C-G-A-m6A-T-T-C-G-G) in 'H20 showing the
methyl resonances. Peaks marked * in (B) correspond to the methyl reso-
nances of the monomeric species of d(C-C-G-A-m6A-T-T-C-G-G)

to 350 K This observation is taken to indicate that the new resonances

correspond to a new monomeric species rather than to a different

double-stranded form. The observed small downfield shift changes for

these resonances upon raising the temperature then reflect the complete

transition of this monomeric species towards the random coil form [35].

As a consequence of a doubling of base proton resonances in the

transition region (316 K - 326 K), the direct link between the assigned

resonances of the duplex form and the resonances observed for the mono-

meric species is lost for the modified decamer. However, it may be argued

that the chemical shift of the base resonances of d(C-C-G-A-A-T-T-C-G-G)

and of d(C-C-G-A-m6A-T-T-C-G-G) will be virtually identical in their

respective random coil forms at high temperature, except for the H8 and

H2 resonances of residue d(m6A(5)). A careful scrutiny of the high

temperature part of the respective profiles (Fig. 2A,B) indeed reveals a

close similarity. For this reason it appears safe to assign the base

proton resonances of the N^-methylated compound in the random coil form

upon analogy with the unmodified compound.

A comparison of Figures 2A and 2B reveals that d(C-C-G-A-A-T-T-C-G-G)

and d(C-C-G-A-m^A-T-T-C-G-G) display quite similar chemical shift changes

for all protons upon going from the duplex into the monomeric form. This

means that the difference in spectroscopic behaviour, i.e. fast exchange

for the unmodified compound and slow exchange for the methylated decamer
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in the temperature interval 316 - 328 K, reflects a profound difference

in the respective activation energies for the exchange process. The

dramatic slowing down of the helix-coil exchange caused by N^-methylation

of dA(5) bears strong resemblance to recent observations concerning

d(G-G-m6A-T-C-C) [27, 28] and d(G-G-m6A-T-A-T-C-C) [29, 30] and their

non-methylated analogues.

At this point it appears necessary to discuss briefly some of the

results obtained from our parallel NMR studies on d(C-C-G-A-A-T-T-C-G-G)

and d(C-C-G-A-m6A-T-T-C-G-G) at low sample concentration (< 2 mM) (see

accompanying paper [35]). These spectra display two sets of resonances

for both decamers at temperatures between about 270 K and 320 K. One set

of resonances is assigned to the same duplex form as described presently,

whereas the second set of resonances corresponds to a hairpin-like struc-

ture in fast exchange with the random-coil formj i.e the monomeric

species are in slow exchange with the double-stranded form. From the

thermodynamic results obtained in the studies at low sample concentration

[35] it is concluded that the second set of resonances, that is observed

when the temperature is increased beyond about 316 K in the spectra of

the 10 mM sample of d(C-C-G-A-m^A-T-T-C-G-G), discussed above, cor-

lesponds to a mixture of hairpin and coil forms; the population of

hairpin amounts to at most 6% at 330 K and decreases to zero above about

350 K. Our conclusion that the 10 mM spectra of d(C-C-G-A-m6A-T-T-C-G-G)

in a certain temperature range reflect the existence of three distinct

species, vis. duplex, hairpin and random coil, parallels conclusions

deduced from line-broadening studies on d(G-G-m^A-T-A-T-C-C) reported

earlier [30]. However, in the latter case the three species were identi-

fied with a duplex, random coil and a single-stranded species with the

N-methyl group cis relative to Nl. Since we observe a third species also

in the case of the non-methylated decamer (at sufficiently low nucleotide

and salt concentration) the existence of a cis-N-methyl conformation

cannot serve as an explanation for the observations, at least not for our

compounds. It would be of interest to see whether or not d(G-G-A-T-A-T-

-C-C) and d(G-G-m^A-T-A-T-C-C) would display a doubling of peaks under

conditions known [17] to favour the hairpin structure, especially since a

recent study of the DNA fragment d(C-C-T-A-T-A-G-G) has revealed that

thia octamer occurs exclusively as a monomeric hairpin form at low sample

concentration (0.8 mM) and in the absence of salt [Orbons, L.P.M. et al.,

unpubllahod rosulta]. Finally, it should bo mentioned that tho thormo-

dynamic analysis of the concentrotion-indopondont hairpin-to-coil tran-
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sition of the unmethylated decamer has demonstrated [35] that the rnono-

meric species of this compound practically exclusively adopts the random

coil form above about 320 K. Since the fraction dimeric species of the

non-methylated compound at 10 mM sample concentration starts to decrease

significantly only above about 320 K (Fig. 2A), the shift profiles of the

base resonances can be used to obtain thermodynamic parameters for the

two-state duplex-to-coil transition (see next section).

Thermodynamic analysis

The chemical shift vs temperature profiles of the base resonances of

d(C-C-G-A-A-T-T-C-G-G) served to extract thermodynamic parameters of the

two-state duplex-to-coil transition by means of a least-squares curve-

-fitting procedure developed in our laboratory [34]; further particulars

of this procedure have been described in detail [6, 34]. Suffice it is to

note that, with the aid of a modified version of the model ASSTAK, the

shift profiles are analysed in terms of 5f r e e, the chemical shift of a

given proton in the random-coil form, &a, the additional shift increment

o£ this proton in the duplex form, AS", the entropy change associated

with the duplex-to-coil transition, and T m (AH° follows from the usual

relation).

Not unexpectedly, the shift profiles of those protons that experience

a relatively small chemical shift change (Aa < 0.14 ppm) appeared un-

suited for this type of analysis, since the least-squares curve-fitting

procedure indicated a large root-mean-square (rms) error for the derived

chemical shift and thermodynamic parameters. These protons were omitted

from further consideration. The shift profiles of those proton resonances

that experience chemical shift changes in the low-temperature plateau

region were discarded, since these do not appear to monitor a proper

two-state transition. In preliminary calculations all four parameters

mentioned were allowed to relax; this procedure resulted in a small dis-

persion in AS' (± 42 J.mol"1. K"1) and T m (± 3 K) values. Since the error

analysis indicated that these variations were statistically insignifi-

cant, the entropy term was constrained to assume the mean value: AS* -

-756 J.mol'l.K"*. (i.e. per mole duplex). The resulting thermodynamic and

chemical shift parameters are collected in Table 2. One sees that the Tm

values derived from the different protons show satisfactory mutual

agreement i Tm • 351 t 3 K. It should be remembered that this Tm value

refers to a standard state of 1 M single-strand concentration; at 10 mM

concentration one obtains Tm - 332 K. It is noted that the Tm value
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Table 2. Thermodynamic and chemical shift parameters of duplex formation
of the DNA decanter d(C-C-G-A-A-T-T-C-G-G). The entropy term was con-
strained at AS° = - 756 J.mol duplex'-'-.K"1 (see text). Values of Tm were
calculated for 1 M single-strand concentration. Values of Sf r e e are given
relative to Me4NCl. [Na+] = 60 mM

Proton

C(2) H6
C(8) H6
T(7) H6
T(7) 5-Me
T(6) 5-Me
A(5) H2
mean
predicted

- AH°b

kJ.mol"1

269
269
265
265
265
265
266

a

T

K

354
353
351
348
350
351
351
352

sfree

ppm

4.494
4.519
4.380

-1.336
-1.445
4.610

/

-0.
-0.
-0.
-0.
-0.
-0.

206
265
173
299
461
361

a) calculated from data in reference [47].
b) estimated accuracy + 15 kJ.mol" .

presently obtained for d(C-C-G-A-A-T-T-C-G-G) agrees well with that

predicted from thermodynamic parameters derived from optical studies on

long DNA tragments [47], Table 2, notwithstanding the fact that the

prediction ignores the effect of terminal base pairs as well as any

different effect of 2H2O as compared to H2O [48].

Unfortunately, thermodynamic parameters for the duplex-to-coil tran-

sition of d(C-C-G-A-m6A-T-T-C-G-G) could not be obtained by means of the

procedu_-« described above, since the chemical shift profiles are dis-

continuous. However, some information concerning the influence of N^-

-methylation of dA(5) on the stability of the duplex relative to the coil

can be obtained. From integration of the methyl resonances of the duplex

and single-stranded species of the methylated decamer in the 10 mM

spectra recorded between 322 K and 328 K, the T m for the duplex-to-coil

transition, defined as the temperature at which the equilibrium constant

for the duplex t coil equilibrium equals 1, was determined as T m = 325 +

2 K, i.e. 7 degrees lower than found for the non-methylated decamer at

the same concentration. If an equal entropy term AS° is assumed for the

duplex-to-coil transition [47, 49], the difference in T m values corre-

sponds to a 3.4 kJ destabilization in the enthalpy of dissociation per

mole m^A. This value compares well with those reported for d(G-G-m°A-T-A-

T-C-C): 4 - 5 kJ per mole m6A [30], and for poly d(m6A).polyd(T): 3.8 kJ

per mole m^A [33]. However, it should be kept in mind that the present
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data do not exclude the possibility that this destabilization partly

originates from an entropic factor. A more complete set of thermodynamic

quantities, obtained for both decamers under low salt and low sample con-

centration conditions, is given in the companion paper [35].

Imino-proton resonances

The five imino-proton resonances observed in the 10 mM spectra of

d(C-C-G-A-A-T-T-C-G-G) and d(C-C-G-A-m6A-T-T-C-G-G) are presented in Fig.

4A and Fig. 4B, respectively. The imino-proton signals of the methylated

decamer were assigned by means of a standard NOESY experiment [50] (not

shown). The close similarity of the spectra of the two compounds over the

temperature range 271 - 314 K allowed the assignment of the imino-proton

signals of the unmethylated decamer by analogy.

In both series of spectra the resonances assigned to the terminal base

pairs, peak 1, appears broadened already at 271 K. It broadens even

further on raising the temperature and disappears beyond about 290 K,

i.e. 42 degrees below the T m of the parent compound. This is ascribed to

transient opening (fraying) of the terminal base pairs [51]. It is noted

that the temperature profile of H8(10) in both duplexes shows a normal

plateau region up to the onset of cooperative melting above 310 K. This

means that the time-average duplex structure of the terminal base pairs

d(C-C-G-A-A-T-T-C-G-GI
"•IG-G-C-T-T-A-A-G-CCI , IC-C-G-A-.-A- T -T-C-C-G)
' ' 3 ' S 5 ' ! '" i (G-G-C-T-T -,1-A-A-G-C-CI

"

327K

(ppml U 0 130 120 Ippml

Fig. 4. The low-field region of the 500-MHz *H spectrum of (A) d(C-C-
-G-A-A-T-T-C-G-G) and (B) d(C-C-G-A-m6A-T-T-C-G-G) in H2O/'H2O (95/5).
Chemical shift scale is relative to DSS
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remains largely intact at temperatures where their imino-proton signals

have long disappeared. Similar remarks can be given concerning the be-

haviour of base pairs dC(2).dG(9), peak 2 in Fig. 4A,B. In this case the

onset of fraying occurs at about 310 K, this is several degrees below the

temperature at which the imino-proton signals of the hexameric core show

signs of broadening. Nevertheless, the T m of the next-to-terminal base

pairs does not differ from those found for the residues in the hexameric

core. It thus appears that exchange of the irnino protons of base pairs 2

with the solvent is somehow assisted by fraying of base pairs 1. We have

not measured the pH dependence of the line widths but, judging from

results obtained on related duplexes [28], the observations described

above are characteristic for a situation where base pairs open and close

only a few times before exchange takes place [LeRoy, J.L., private com-

munication].

Interesting differences in behaviour of the two duplexes are seen

above about 320 K. The imino-proton signals of the core of the parent

decamer broaden simultaneously and are no longer visible at 327 K, 5

degrees below the T m of 332 K. In contrast, the corresponding signals of

the methylated decamer, resonances of the base pairs 3, 4 and 5, are

still observable at 327 K, 2 degrees above the T m of 325 K. These obser-

vations are taken to mean that N^-methylation ot residue dA(5) in the

present decamer considerably slows down the transient exchange of the

core imino protons with the solvent under conditions where the population

of monomeric species already comprises more than one half of the total.

Similar conclusions have recently been reported for d(G-G-m^A-T-A-T-C-C)

[32].

Sugar ring conformation

General considerations

From X-ray studies [52] as well as from NMR observations [53] it is

known that the f ive -membered furanose ring occurs in two ranges of

conformations, usually referred to as S-type (roughly C2'-endo) and

N-type (roughly C3'-endo) forms. An overall changeover from one con-

formational type into the other produces major conformational structural

changes in the naturally occurring nucleic acids, e.g. from B DNA

(S-type) to A DNA (N-type). Earlier we have shown that in intact B-DNA

duplexes [6, 45] as well as in the SNA part of the RNA-DNA covalent

hybrid duplex [54], the deoxyribose rings do not remain conformationally
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fixed, but display ring flip between a major and a minor conformation,

which flip is fast on an NMR time scale.

The determination of the sugar geometry and of the relative molar

fraction of the N- and S-type sugar puckers in solution rests upon the

analysis and interpretation of vicinal proton-proton coupling constants.

To this end various approaches have been developed in our laboratory. In

favourable cases, i.e. where all individual vicinal proton-proton

couplings along the bonds Cl'-C2', C2'-C3' and C3'-C4' (i.e. Jj'2. Ji<2">

J2'3>. J2"3' and J3141) can be determined with reasonable accuracy, the

program PSEUROT [55-57] is used to extract the pseudorotation phase angle

E and the amplitude of pucker S m [58] as well as the relative fraction of

the N- and S- type conformer. In cases where the individual couplings are

not obtainable with the required precision, recourse is taken to a

previously developed sum rule [44] in combination with a graphical method

[Rinkel, L.J. and Altona, C. (1986) J. Biomol. Struct. Dyns, in the

press, see also ref. 6]. This nethod requires the measurement of three

(or four) sums of couplings, vis. 2j1, £2'» ^2" (and £3•)> a n d allows a

determination of the fraction S-type conformer, pS, and of an estimate of

the geometry of the most abundant conformer (expressed as its phase angle

P m a j o r ) . The sums of couplings (S^ > = Ji'2' + Jl'2"> ^2' = ^1'2' + -^2'3'

+ J2I2"» ^2" = ^i *2n + ^2"3' + ^2'2" a n^ ^3' ~ J 2 • 3' + *^2"3' *** ̂ 3'4f)

correspond to the distance (in Hz) between the outer peaks of the

respective resonances (except for £2* anc* ^2" in the case of a small

chemical shift difference between the H2' and H2" resonances) and usually

can be determined easily even from absolute value COSY spectra, without

elaboratr* computer simulation of splitting patterns. However, we wish to

point out that a simulation of the HI1 resonances, in order to obtain

accurate values for Jj'2' and Jl'2"> enhances the precision of this

approach and should be carried out whenever possible.

Determination of coupling constants

Simulation of the HI1 region in the one-dimensional 500 MHz spectra of

the two decamers by means of a l.AOCOON-type computer program yielded

accurate values for J J ^ I and Jpji1 of ali residues, except dC(8) and

dG(9) of the methylated compound. The overlap between various HI'

resonances and between some HI1 and H5 signals was reduced by selective

homonuclear decoupling of appropriate H2'/H2" and H6 signals. In the

H2'/H2" region of d(C-C-G-A-A-T-T-C-G-G) (500 MHz, 305 K) the H2' signals

of residues dC(l), dT(7) and dC(8) and the H2" signals of residues dG(3),
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dA(4), dA(5) and dG(10) occurred sufficiently isolated to allow the

determination of either J2'3' o r J2"3' f o r these residues by computer

simulation of the splitting patterns. The J2»3' of residues dC(2) and

dT(6) was determined from difference selective-population transfer

experiments, whereas J2'3' ^ o r these residues was obtained from the

Hl'-H2' correlation peaks in the COSY spectrum and from NOE-difference

experiments. Most of the remaining J2'3' and J2"3' values for d(C-C-G-

-A-A-T-T-C-G-G) as well as almost all of the £2' a n d S 2 " values for

d(C-C-G-A-m6A-T-T-C-G-G) were obtained from the appropriate cross peaks

in the COSY spectra (estimated accuracy 0.9 Hz). The collected proton-

-proton coupling data are listed in Table 3.

Table 3. Vicinal proton-proton coupling constants (Hz) for
d(C-C-G-A-A-T-T-C-G-G) and d(C-C-G-A-m6A-T-T-C-G-G)

Residue

c(l)
C(2)
G(3)
A(4)
A(5)
T(6)
T(7)
C(8)
G(9)
G<10)

Jl'2'

7.9
9.3
10.4
9.5
8.5
8.2
9.0
8.6
9.6
7.8

6
5
5
5
6
6
6
6
5
6

•2"

.0

.5

.0

.4

.2

.0

.0

.2

.3

.3

J2'3'

6.2
6.5
5.6
-
5.3
6.8
6.7
6.8
6.2
5.3

H

3
2
1
2
2
3
2
3
2
3

113 1

.8

.6

.5

.7

.4

.4

.4

.0

.0

.0

residue

c<n
C(2)
G(3)
A(4)

m6A(5)
T(6)
T(7)
C(8)
G(9)
G(10)

7
9
10
9
8
8
9

7

'2'

.9

.3

.1

.5

.6

.1

.1
-
-
.8

J1'2"

6.2
5.6
5.1
5.6
5.9
6.2
6.1
-
-
6.1

29
30
29
30
30
30
31
30
-
27

24
23
21
22
23
23
22
23
22
24

-) overlapping (correlation) peaks prohibited the determination
of these values.

Examination of Table 3 reveals a close similarity (|Aj| < 0.2 Hz)

between the respective Jj'2' a n d J1'2" values of corresponding residues

of the two decamers. It is noted that, for the title compounds, £j<

exceeds 13.8 Hz for all residues that could be analyzed in the above

manner. This observation indicates [6] that the corresponding sugar rings

exist In ths S-type conformer for most of the time (pS > 0.7). Hence, it

is concluded that both duplexes favour a B-DNA type structure. Having

established the preponderance of S-type conformers, one can proceed and

discriminate between Jj >2• and Ji'2M •• well as unambiguously assign H2'

and H2" resonances of a given residue on the basis of the observed 2

values.
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Analysis of the coupling constants
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The proton-proton coupling data of d(C-C-G-A-A-T-T-C-G-G) were ana-

lyzed by means of a modification of the program PSEUROT. The lack of

accurate individual coupling data for d(C-C-G-A-m^A-T-T-C-G-G) precluded

such an analysis for this decaraer; the experimentally determined J ] ^ 1 .

Jl'2"> El<>E2' a n d ^2" v al u es were analyzed with the aid of the graphical

method (see above). In view of the fact that the N $ S equilibrium is

heavily biased towards the S-type conformer for both compounds, the

pseudorotation parameters of the minor (N-type) conformer are ill-

-determined and must be constrained to assume predetermined values (PJJ •

0*, % « 35*). The results of these analyses are presented in Table 4. It

xS seen that the sugar rings of all residues, except for dG(3) in both

compounds, display a significant, but varying, amount of conformational

flexibility in the intact duplex. Although the canonical B-DNA type

duplex requires all deoxyribose rings to adopt the S-type conformation,

this is not true for the present duplexes; the average sugar adopts the

N-type conformation up to 30% of the time. A comparison of the pS values

of corresponding residues in the two compounds indicates that the

influence of N°-methylation on the conformational freedom of the sugar

Table 4. Pseudorotation parameters (Pg and $$) and molar fraction
(pS) of the S-type sugar conformation in d(C-C-G-A-A-T-T-C-G-G) to-
gether with the molar fraction S-type conformer (pS') in d(C-C-G-
-A-m^A-T-T-C-G-G). Fseudorotation parameters of the minor, N-type,
conformer were fixed at PJJ « 0* and % » 35* (see text)

Residue

C(l)
C(2)
G(3)
A<4)
A(5)
T<6)
T(7)
C(8)
G(9)
G(10)

«?sa *sa

degrees

152
149
145
147
181
131
155
132
145
192

38
38
40
38
36
39
38
39
38
39

pS*

%

70
86
100
90
88
73
85
78
90
82

residue

C(l)
C(2)
6(3)
A(4)

m6A(5)
T(6)
T(7)
C(8)
G(9)
G(10)

pS l b

%

73
66
98
90
85
80
87
81C

91c
78

a) estimated accuracy: Ps ± 5*. ffis ± 2' and pS ± 2%.
b) estimated accuracy; pS' ± 4%.
c) calculated from the sum rule; pS - (31.7 - Z2»)/10.7 144].
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ring appears negligible, except perhaps for residue dT(6). The present

results parallel those obtained recently for other B-DNA type duplexes,

e.g. d(G-G-C-C-G-G-C-C) and d(G-G-m5C-m5C-G-G-C-C) [6, 45] and d(m5C-G)3,

and d(br-*C-G)3 in the B form [59]. In these latter studies the duplexes

displayed a similar conformational freedom, no significant influence of

base modifications on the value of pS was observed. A closer look at

Table 4 also reveals an interesting overall correlation between the base

type, i.e. purine or pyrimidine, and the pS value of the attached sugar.

Omitting the 51 and 3' terminal residues, one finds for the purines a

range of 85 - 100% (average 92 %) and for the pyrimidines 73 - 87%

(average 83%). These findings, corroborated by other data on intact

B-type duplexes obtained in our laboratory, suggest that -- as a rule—

pyrimidine residues display a roughly 10% greater conformational flexi-

bility than the purine residues.

Sequence-dependent backbone angle S (C5'-C4'-C3 '-03 ')

Examination of base-stacking patterns and stereochemical clashes in

the X-ray structure of the B-DNA duplex d(C-G-C-G-A-A-T-T-C-G-C-G) led

Calladine [3] to propose a set of rules, one of which pertains to a

variation of the backbone angle S. It was suggested that cross-chain

clashes between purine bases of adjacent base pairs produced by propellor

twist can be relieved, among other mechanisms, by a sliding of the

purines along their long axes. This sliding supposedly leads to an

increase of 6 at the purine side of the base pair concomitant with a

decrease of similar magnitude at the pyrimidine side. For each given base

pair, the difference Afi « sstrandl ~ 5strandll w a s taken to serve as a

measure for the magnitude of this effect. Dickerson [2] developed a sum

function (£3) in order to account quantitatively for the observed

sequence-dependency of AS: the bases at each R-Y step are assigned the

unit values +1 and -1, respectively, whereas the values -2 and + 2 are

assigned to each base in an Y-R step. According to the X-ray studies,

each unit value in the £3 function thus generated corresponds to 15.6' in

A6, centered around 0° by definition. This procedure is exemplified below

for the title compound:

5 ' C — C — G — A — A — T — T — C — G — G 3 '

£ 3 ( u n i t ) 0 - 2 + 2 0 + 1 - 1 0 - 2 + 2 0

£ j ( u n i t ) 0 0 + 1 0 0 - 1 0 0 + 1 - 1
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The present title compound shares, with respect to the £3 rule, the

central -G-A-A-T-T-C- part of the dodecamer discussed above. For this

reason it is of special interest to extract values from the NMR data

obtained for this compound in aqueous solution. The determination of 6 is

carried out with the aid of the pseudorotation parameters P and 3>m (Table

4) in conjunction with eqn (1) [44]:

6 = 120.6' + 1.1 cos(P + 145.2°) (1)

Eqn (1) is based upon an improved pseudorotation equation [60]; the

constants of eqn (1) were determined from a least-squares fit to a large

crystal structure data set [52]. This approach was already used in recent

studies concerning the variability in sugar ring geometry and 6 in a

series of 16 single-helical DNA fragments (incorporating 61 residues

altogether [61, 62]). It was found that S variations are confined to a

relatively small range (141* ± 9°); moreover, these variations are

sequence dependent and can be predicted well with the aid of a simple

additivity scheme £5. The sugars at each R-R and R-Y step are assigned

the values +1 -1. The unit of this sum function corresponds to 5° of 5

difference from 6 m e a n (141°). See above for the application of this

procedure to the title compound.

Table 5. Comparison between the observed values of S (degrees) and
those predicted from the base sequence via the Sg-sum function, de-
veloped for single helices 161], together with values of S in the
-G-A-A-T-T-C- part in d(C-G-C-G-A-A-T-T-C-G-C-G) in the solid state

Residue

C(l)
C(2)
G(3)

A(4)
A(5)
T(6)
T(7)
C(8)
G(9)
G(IO)

NMR

predicted

141
141
146
141
141
136
141
141
146
136

observed

140
138
136
136
154
125
142
126
135
160

X-ray

observed

a)
156
139
120
95
102
116

b)
142
138
114
105
122
127

a) data takon from [2].
b) data from [11, tfosthof, E,, private communication],
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4CI-

150-

100 —

C C G A A T T C G O

Fig. 5. Comparison of the observed sequence-dependent variation of back-
bone angle S of the S-type conformation in d(C-C-G-A-A-T-T-C-G-G) in
solution, indicated by o, with the expected variation derived from the Z$
sum function, indicated by x, together with observed values for S in the
central -G-A-A-T-T-C- part of d(C-G-C-G-A-A-T-T-C-G-C-G) in the crystal-
line state: • and O Indicate values from [2] and (11, Westhof, E.,
private commmunicationj, respectively

In the following, the 6 values obtained for d(C-C-G-A-A-T-T-C-G-G) are

compared to values predicted from the base sequence via the Eg-sum

function and with values for 6 reported for the -G-A-A-T-T-C- part of

d(C-G-C-G-A-A-T-T-C-G-C-G) in the crystalline state [2, 11, Westhof, E.,

private communication], Table 5 and Fig. 5. The observed A£ values for

the title compound are compared with values for AS predicted from the

base sequence via the 23-sum function.

The NMR results clearly reveal a variation in the value for 6 of the

different residues of d(C-C-G-A-A-T-T-C-G-G) in aqueous solution (125* <

6 < 160'). Comparison of the 5 values with those predicted via the Eg-sum

function for the constituent single-helical strands shows that the duplex

formation induces a considerable amount of additional S variation,

especially at the central -A-T- step. The value 6mean obtained in the

present work (Smean 139' "mean for the six core residues 137°)

compares well with those recently seen in the B-DNA duplex of d(m5C-G>3

(Sinean " 136'> l59J a n d o f d(C-A-C-A-T-G-T-G) (5 m e a n " 133*) [63, Rinkel,

L.J. et al., unpublished results]. All of these 6 m e a n values remain

substantially larger than S m e a n found for the hexameric core of d(C-G-C-

-G-A-A-T-T-C-G-C-G) in the crystalline state (6 m e a n - 121* [2] and 125'

(11, Westhof, E., private communication]). Inspection of Table 5 reveals

that the relatively small value of 6mean found in the X-ray studios arc a

consequence of the small value of S in the -A-T-T- part as compared to

values for the corresponding residues in the solution study. The reason

tor these discrepancies is not clear nt preaent, but it may be notod in
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Table 6. Comparison between the observed
values of hS in d(C-C-G-A-A-T-T-C-G-G)
in solution and those predicted from the
base sequence via the Sj-sum function

Base pair observed predicted

degrees

dC(l).dG(10)
dC(2).dG(9)
dG(3).dC(8)
dA(4).dT(7)
dA(5).dT(6)

- 20
+ 3
+ 10
- 6
+ 29

0
- 31
+ 31

0
+ 16

passing that a limited amount of sugar ring flip might remain undetected

in an X-ray study at 0.2 nm resolution, although this could influence the

geometrical parameters found.

Examination of the AS values in Table 6 reveals that the various

values of AS in solution are relatively small, except for the dA(5).dT(6)

and the terminal basepairs. It may be mentioned here that the observation

of a relatively large conformational change at the central -A-T- step is

consistent with earlier reported ^-NMR spectra [12] and 3 iP chemical

shift data [16] on d(C-G-C-G-A-A-T-T-C-G-C-G) and 2D-N0E data on d(G-G-

-A-A-T-T-C-C) [21]. Comparison of the observed AS values with those

predicted on the basis of the base sequence via the S3-sum function

demonstrates that, in the present study, observed and predicted values do

not appear to agree well, Table 6. This finding contrasts with earlier

studies on the alternating, -Y-R-, DNA fragments d(C-A-C-A-T-G-T-G) [63]

and d(in5C-G-m5C-G-m5C-G) [59], In these studies it was shown that the

observed values for A6 fall in line with predicted values, though the

unit of the E3-SUH1 function was found to be 10* for the octamer and 6*

for the hexamer as opposed to the value of 15.6' deduced from the X-ray

analysis (2). At this point it should be noted that the correlation of A 6

with the experimental X-ray values in the central -A-A-T-T- part of the

dodeeamor appears poorer than in the alternating, C-G-C-G, parts.

In summary, it can be concluded that the NMR results decidedly favour

the concept of local variations of geometry in this B-DNA duplex,

pop&ibly mediated via interstrand atorlc effects. However, in contrast to

the alternating sequences the variation of AS in the title compound does
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not agree in a quantitative sense with the Dickerson-Calladine J^-sum

function. At this point it is not clear whether this is a consequence of

the fact that the decamer constitutes a non-alternating sequence, or that

the prediction of any variation in the sugar geometry from the base

sequence, as yet, cannot be performed by means of a simple additivity

scheme. Therefore, more studies appear necessary before the main factors

which contribute to variations of the DNA structure, e.g. hydratlon of

the grooves, electrostatic interactions between adjacent bases etc., are

understood and generalizations can be made.

CONCLUSIONS

The solution conformations of the DNA oligonucleotides d(C-C-G-A-A-T-

-T-C-G-G) and d(C-C-G-A-m6A-T-T-C-G-G) were investigated and compared.

The NOESY and imino-proton spectra as well as the chemical shift vs

temperature profiles demonstrate that both compounds adopt a B-DNA type

duplex at low temperature and that N°-methylation of residue dA(5) does

not result in major changes in the conformation of the duplex. However,

the analysis of the spectra of the two compounds in !H20 and in H2O/2H2O

(95/5) reveals that N^-methylation slows down the rate of duplex Z

monomer exchange and the opening rate of base pairs adjacent to the

modified base pairs. Furthermore, thermodynamic anal _.~es of the

duplex-to-monomer transition indicate that the methylation of residue

dA(5) slightly reduces the stability of the duplex form relative to the

monomeric form.

The analysis of vicinal proton-proton couplings revealed that the

sugar rings of the two decanters display an outspoken conf ormational

freedom in the intact duplex. In addition, the pseudorotation analysis of

the sugar rings of d(C-C-G-A-A-T-T-C-G-G) showed a sequence-dependent

variation in the geometry of the S-type conformer, expressed as phase

angle F5 or backbone angle 6g. The variation of the backbone angle 6 in

the central -G-A-A-T-T-C- part is smalller than that observed in the cor-

responding part of d(C-G-C-G-A-A-T-T-C-G-C-G) in the crystalline state.

Moreover, the values cannot be predicted from the Calladine/Dickerson

E3-aum {unction.
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CHAPTER 5

Influence of N6-Methylation of Residue dA(5) on the

Conformational Behaviour of d(C-C-G-A-A-T-T-C-G-G)

in Solution Studied by 1H-NMR Spectroscopy:

The Hairpin Form

ABSTRACT

The solution conformations of the oligonucleotides d(C-C-G-A-A-T-

-T-C-G-G) and d(C-C-G-A-m^A-T-T-C-G-G) as a function of temperature and

sample concentration were investigated by means of *H-NMR spectroscopy.

The NMR spectra revealed that, at certain combinations of temperature and

low sample and salt concentration, both compounds exist as a B-DNA type

duplex slowly (on the ^H-NMR time scale) interconverting with a monomeric

species. From chemical shift data and imino-proton spectra it is con-

cluded that the monomeric species consists of a mixture of a hairpin form

in rapid equilibrium with the random coil form. The double-helical stem

of the hairpin is formed by the six terminal cytidine and guanine resi-

dues, whereas the four core residues, -A-(m6)A-T-T-, partake in the loop.

Thermodynamic analysis of the chemical shift of the resonances of the

monomeric species vs temperature profiles of the two decamers and mutual

comparison of these profiles indicate the following: a) the influence of

N^-methylation of residue dA(5) on the local structure of the hairpin

must be small; b) methylation decreases the stability of the duplex rela-

tive to the monomeric species: the temperature at which the fraction

duplex equals 0.5 was found to be 312 K for the parent compound and 305 K

for the methylated decamer at 2 mM sample concentration and c) methyla-

tion does not significantly alter the stability of the hairpin form rela-

tive to the random coil form; the Tm of tho hairpin t random-coil equi-

librium ia 308 K for the parent compound and 306 K for the methylated

decamer. A higher fraction hairpin-like structure for the N6-methylated

compound Is observed under identical conditions of temperature and sample

concentration: at 300 K, 2 mM sample concentration the fraction hairpin

form ia 0.12 for d(C-C-G-A-A-T-T-C-G-G) and 0.20 for d(C-C-G-A-m6A-T-

-T-C-G-G). This finding appears to be a consequence of tho reduced

stability of the methylated dimeric species relative to the monomeric

species, and to depend upon the sodium-ion concentration: it becomes more
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pronounced under low-salt conditions.

INTRODUCTION

Recent NMR and other spectrometric studies have revealed that — under

suitable conditions — various DNA oligonucleotides can exist as a slowly

(on the NMR time scale) interconverting equilibrium mixture of different

forms. Documented examples are a) the B DNA t- Z DNA equilibrium [1]; b)

a B-type duplex existing side-by-side with a hairpin-like structure [2,

3]; c) a stacked single strand in equilibrium with an unidentified form

[4] and d) a tripartite equilibrium in which a B- and a Z-type duplex

partake next to a monomeric hairpin structure [5].

As a consequence of slow interconversion, the various molecular spe-

cies present are revealed by their own characteristic set of resonances.

The appearance or disappearance of a particular species upon variation of

experimental conditions, e.g. temperature, sample concentration or ionic

strength, in such a case is monitored by the relative resonance intensi-

ties rather than by chemical shifts. Monomeric species can be distin-

guished from dimeric ones by the simple fact that the population of the

former tend to increase with decreasing sample concentration. In ad-

dition, it was found [6] that dimeric (fully duplexed) species are

stabilized when the ionic strength is increased, at the expense of any

monomeric species present in the mixture. The unambiguous assignment of

an observed monomeric species to its proper structure requires a detailed

analysis, however. For example, from the observation of separate sets of

resonances in the ^H spectrum of d(G-G-m^A-T-A-T-C-C) [7, 8], it was con-

cluded that this compound exists as a mixture of a duplex and a single-

-stranded species; the observed line widths of the thymine methyl reso-

nances were taken to indicate that the single-stranded species consist of

a random coil form and a monomeric species wherein the conformation of

the N-CH3 group of the adenine base is cis to Nl. The present work now

casts some doubt upon the nature of this latter monomeric species. In a

companion paper [9] we report upon structural and thermodynamic aspects

of the decamer d(C-C-G-A-A-T-T-C-G-G) and of its N6-methylated analogue

d(C-C-G-A-m6A-T-T-C-G-G), studied by means of ^-NMR spectroscopy. Two

sets of resonances, corresponding to slowly interconverting dimeric and

monomeric species, were observed in the spectra of the 10 mM sample of

the methylated compound in a small range of temperatures near Tm. Under

the same conditions, the parent compound did not display a doubling of
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NMR signals. However, further work revealed that the observed difference

of behaviour between the parent decamer and its methylated analogue is

one of degree, not of kind. At low concentration (̂  2mM), both compounds

display a doubling of resonances, well below the melting temperature of

the duplex.

We now report a detailed '•H-NMR study of both decamers carried out at

low sample concentration (̂  2 mM). It will be shown that, under suitably

chosen conditions of temperature, nucleotide concentration and ionic

strength, both decamers exist as a mixture of a dimeric species (B-DNA

type duplex) in slow equilibrium with monomeric species. The monomeric

species itself consists of two forms: a random coil form in rapid ex-

change with a hairpin-like structure. The double-helical stem of the

hairpin is formed by three base pairs, whereas the central -A-(m°)A-T-T-

core partakes in the loop:

(G-G-C^. T_ T J

In addition, we present a thermodynamic analysis of the hairpin t random

coil equilibrium of both decamers which, together with our earlier re-

sults [9], allows insight into the effect of N^-methylation of residue

dA(5) on the relative stabilities of the duplex, hairpin and random coil

forms.

MATERIALS AND METHODS

Sample preparation

The oligonucleotides under investigation were prepared by the improved

phosphotriester method [van der Marel, G.A. and van Boom, J.H., unpub-

lished]. After purification the compounds were passed over a Dowex

cation-exchange resin (Na+ form) to yield the sodium salt. The following

NMR samples of the two decamers were prepared after a threefold lyophi-

lization from 99.75% 2H2O: d(C-C-G-A-A-T-T-C-G-G): 1 mM and 2 mM in

99.95% 2H2O; d(C-C-G-A-m
6A-T-T-C-G-G): 0.5 mM and 2 mM in 99.95% 2H2O and

in H2O/2H2O (90/10); the pH values of the 2H2O and the H2O/
JH2O samples

were adjusted to 7.0 and 6.0 (meter reading), respectively. Me4NCl was

added as an internal reference; the M64NC1 scale can be converted to the

DSS scale by the addition of 3.18 ppm to the proton chemical shift values

at 25 "C. The sodium chloride concentration was approximately 12 mM and 3
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mM, for the 2 mM and 0.5 mM samples, respectively.

NMR spectroscopy

•̂ H-NMR spectra were recorded at 300 MHz on a Bruker WM-300 and at 500

MHz on a Bruker WM-500 spectrometer; both instruments were interfaced

with an Aspect-2000 computer. In order to study the temperature depen-

dence of the proton NMR spectra and of the chemical shift values of the

non-exchangeable proton resonances, a series of spectra of the samples of

both decamers in ' ^ 0 were recorded at 300 MHz over the temperature range

273-368 K at about 5 degrees intervals. Imino-proton spectra of the

samples of d(C-C-G-A-m6A-T-T-C-G-G) in H2O/aH2O were recorded at 500 MHz

by means of a time-shared long pulse in combination with the alternate-

-delay-acquisition (ADA) technique [10]. Exact temperatures were deter-

mined from the chemical shift value of the water peak relative to Me^NCl

described earlier [11]. One-dimensional selective-saturation transfer

experiments were carried out at 300 MHz: a 1 s selective saturation pulse

was employed in the one-dimensional NOE-difference pulse sequence pro-

posed by Alma et al. [12].

RESULTS AND DISCUSSION

Nonexchangeable protons

The base-proton resonance regions in the NMR spectra of d(C-C-G-A-m^A-

-T-T-C-G-G) and d(C-C-G-A-A-T-T-C-G-G), 2mM sample concentration, re-

corded at various temperatures, are shown in Fig. 1A and in Fig. 2A,

respectively. The same spectral regions of the two compounds, recorded at

a constant temperature (* 295 K) for various sample concentrations are

displayed in Figs. IB and 2B. Both series of recordings display an

interesting phenomenon. For the sake of clarity, let us take the thymine

methyl resonances of d(C-C-G-A-m^A-T-T-C-G-G) as an example, these are

found in the high-field region (-1.2 - -2.0 ppm) on the right-hand side

of Figs. 1A,S. At low temperature (275 K) and 2 mM sample concentration,

two separate methyl sign-Us are seen, as expected for the intact self-

-complementary double helix [9]. Upon increasing the temperature, two

more sharp singlets appear and gradually start to grow in intensity at

the expense of the original signals. At 315 K hardly a trace remains of

the latter. Similar remarks can be made concerning the H8/H6/H2 spectral

region (4.0 - 5.0 ppm). It should be added that these intensity changes
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Fig. 1. Low- and high-£ield region of the 300-MHz lH-NMR spectra of
d(C-C-G-A-nfiA-T-T-C-G-G) in 2H20 shewing the base and methyl resonances,
respectively, (A) as a function of temperature at 2 mil sample concen-
tration and (B) as a function of sample concentration at " 295 K. Peaks
marked * correspond to resonances of the monomeric species

are completely reversible through several heating/cooling cycles. The

ratio of the intensities of "new" vs duplex signals also depends upon the

sample concentration at constant temperature, Fig. IB. At 294 K, the

spectrum of the 10 mM sample displays only duplex resonances. Upon five-

-fold dilution of the sample a set of new peaks is already clearly

visible both in the thymine methyl region as well as in the H8/H6/H2

region. Upon further dilution (0.5 mM) the new set of peaks completely

dominates the spectra; the duplex resonances having dwindled to in-

significance. At this stage it is relevant to recall a recent study by

Marky et al. [6] concerning the thermally induced structural transitions

in the dodecamer d(C-G-C-G-A-A-T-T-C-G-C-G). There it was found that

ultraviolet and circular dichroism curves exhibit biphasic behaviour at

low salt (i 10 mM Na +), whereas at high salt (2 100 mM Na+) a monophasic

transition was observed. The latter corresponds to the cooperative
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Fig. 2. Z,ow- and high-field region of the 300-MHz *H-NMR spectra of
d(C-C-G-A-A-T-T-C-G-G) in "HzO showing the base and methyl resonances,
respectively, (A) as a function of temperature at 2 mM sample concen-
tration and (B) as a function of sample concentration at - 295 K. Peaks
marked * correspond to resonances of the monomeric species

duplex to single-strand conversion. In order to investigate a possible

connection between the findings of Marky et al. [6] and the present data,

the Na+ concentration was increased to 200 mM by the addition of 2.35 mg

NaCl to the 0.4 ml sample of d(C-C-G-A-m6A-T-T-C-G-G) (2 mM). Indeed, the

NMR spectra now display strong duplex signals up to T m of the duplex,

while no trace of the "new" peaks remains, Fig. 3. Clearly, a close

parallel exists between the behaviour of the dodecamer and the closely

related title compounds. At this point it is important to note that the

spectra of the unmodified decamer d(C-C-G-A-A-T-T-C-G-G) display exactly

the same phenomena, Figs. 2A,B, aside from a few small differences which

are ascribed to different stabilities of the duplex form of the two com-

pounds (see the section on thermodynamics).

From the above observations we conclude that the doubling of reso-

nances observed for certain combinations of temperature and sample

concentrations, under conditions of low ionic strength, indicates the
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Fig. 3. The high-field region of the 300-MHz ^-NMR spectra of
d(C-C-G-A-ofiA-T-T-C-G-G) in 'H2O (2 nM) showing the methyl resonances at
(A) low (ca 12 nit) and (B) high (ca 200 ntt) ionic strength at 295 K and
314 K. Peaks marked * correspond to resonances of the monomeric species

coexistence of slowly — on the NMR time scale — interconverting species

in aqueous solutions of both compounds. One of the species in each case

can be identified safely with the intact B-DNA duplex that was investi-

gated simultaneously by us in great detail [9], i.e. the species stable

at high concentration, low temperature and/or high ionic strength is a

dimeric form. In contrast, the alternate species becomes strongly

favoured at low ionic strength when the sample concentration is

drastically reduced and/or the temperature is increased. From this fact

it can be concluded that we have here a monomer ic form or mixture of

rapidly intercunverting monomeric forms. The remainder of this paper is

devoted to the study of the properties and thermodynamics of this mixture

of tnonomeric species. It will be shown that the monomer ic species

actually consists of two interconverting forms: a hairpin structure,

favoured at low temperature, in rapid equilibrium with a "coil" form,

favoured at high temperature.

Selective saturation transfer experiments

A sample of d(C-C-G-A-nAA-T-T-C-G-G) (2 mM) was used to carry out

selective saturation-transfer experiments at 305 K. The results of two

such experiments, in which either one of the two methyl resonances of the

duplex speciea was saturated, are presented in Fig, 4. Substantial

transfer of magnetization is observed between the irradiated methyl peak

of the duplex and a corresponding methyl resonance of the monomerlc

species. In addition, smaller normal NOEs are seen between the methyl
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Fig. 4. The high-field region of the 300-MHz 1H-NMR spectra of d(C-C-G-
-A-m6A-T-T-C-G-G) in 'H2O (2 mM) showing the methyl resonances (A) in a
reference spectrum and in difference spectra resulting from selective
saturation-transfer experiments wherein the methyl resonance of (B)
residue dT(7) and (C) residue dT(6) of the duplex form was saturated.
Peaks marked * correspond to resonances of the monomeric species

resonances of the two adjacent thymine residues in the duplex, as

expected. These experiments allow an unambiguous assignment of the methyl

resonances of the monomeric species. Moreover, taken together with the

complete reversibility of the spectral changes with temperature, these

experiments strongly indicate that the duplex occurs in thermodynamic

equilibrium with the monomeric forms.

Chemical shift profiles

Chemical shift profiles of the proton resonances assigned to the

monomeric species in the spectra of d(C-C-G-A-A-T-T-C-G-G) (2 mM) and of

d(C-C-G-A-m6A-T-T-C-G-G) (0.5 mM) are shown in Figures 5A.B together with

the shift profiles of the methyl resonances of the duplex form. For the

sake of clarity, the data for the remaining base proton resonances of the

duplex species are omitted from these figures. The latter signals could

be monitored from 275 K up to about 315 K for the nonmethylated compound

and up to about 298 K for d(C-C-G-A-m6A-T-T-C-G-G)j above theae temper-

atures the signals have lost so much of their intensity that they are no

longer observed at these concentrations. In fact, only the plateau region

of the intact B-DNA duple.*? is seen here and no trace has remained of the

normal sigmoidal melting curve that was observed previously for d(C-C-

-G-A-A-T-T-C-G-G) at 10 mM concentration [9]. It will be shown chat tins

behaviour is a consequence of the fact that the duplex form la no longer

present, see Fig. 6.
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Fig. 5. Chemical shift versus temperature profiles of the base proton
resonances of the monomeric species ( ) and of the methyl resonances of
the dimeric species (—) in the spectra of (A) d(C-C-G-A-A-T-T-C-G-G)
and (B) d(C-C-G-A-m6A-T-T-C-G-G)

The high-temperature region of the shift curves deserves special

attention. One would expect that, regardless of the composition of the

various species present at low temperature, heating of the samples will

eventually produce a monomeric random-coil form. This means that the

individual proton melting curves of the duplex [9] and of the monomeric

species should coincide above a certain temperature. The experiments bear

out our expectations, Fig. 6. At all temperatures above, 340 K the shift

profiles displayed by the monomeric species of d(C-C-G-A-A-T-T-C-G-G) (2

mM) art identical with those measured for the dimer at '0 mM. The

profiles constructed for the methylated compound behave in a similar

manner (not shown). Since the base proton resonances of both compounds at

10 mH sample concentration have been assigned unequivocally [9], these

findings allow us to make a straightforward assignment of the cor-

responding signals of the monomeric species at low temperature by

following the temperature dependence of each line. The assignments of the
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Fig. 6. Chemical shift versus temperature profiles of the resonances of
some base protons in the spectra of d(C-C-G-A-A-T-T-C-G-G) at 10 nH
sample concentration ( ) and of the corresponding base protons of the
monomer 1c species in the spectra of the same compound at 2 mM sample
concentration (—)

methyl resonances thus obtained accord with those made on the basis of

the saturation-transfer experiments, discussed above.

In control experiments, the shift profiles of the base protons of the

monoroeric species of d(C-C-G-A-A-T-T-C-G-G) and d(C-C-G-A-m6A-T-T-C-G-G)

at 2 mM and 0.5 mM (Fig. 5A,B) were compared with those constructed at

sample concentrations of 1 mM and 2 mM, respectively. The curves co-

incided exactly (not shown)] this fact indicates that the monomer-to-

-monomer transition is independent of nucleotide concentration, as

expected, and also independent of ionic strength (see below).

Now let us return to Figs. 5A,B. The shift profiles of many of the

individual bass protons of the monomeric species display a typical

sigmoidal behaviour, which fact suggests a two-state equilibrium. We are

now faced with the following question*! what is the structure of the

low-temperature form of the monomer7 Is it a single-helical stacked form

or a hairpin-Ilka structure? A comparison of the low-temperature chemical
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shifts displayed by the monomeric species of d(C-C-G-A-m6A~T-T-C-G-G)

with those of the corresponding duplex provides the first clue to the

answer. Table 1 displays the base proton shifts of the duplex (at 288 X)

and of the monomer (at 290 K). Such comparison appears valid because our

thermodynamic studies {vide infra) indicate that the fraction of the

low-temperature structure of the monomer amounts to more than 0.9 at 290

K. Inspection of Table 1 reveals large shift differences (up to 0.5 ppm)

between duplex ajid monomer for most of the base protons located in the

central part of the chain, i.e residues dG(3) - dC(8). In contrast, the

base protons of the terminal residues display a comparable shift value

both in the duplex and in the monomer ic form. The duplex- and ir.onomer-

-shift values of K8/H6 of residues dC(l), dC(2), dG(9) and dG(10) differ

less than 0.07 ppm. This finding lends experimental support to the idea,

already suggested by Marky et al. [6] in the case of d(C-G-C-G-A-A-T-

-T-OG-C-G), that the low-temperature form of the monomeric species of

d(C-C-G-A-ra6A-T-T-C-G-G) is best described by a hairpin-like structure.

In a recent study of d(C-G-C-G-T-A-T-A-C-G-C-G) [21 it was found that

there was a very small shift difference between the chemical shift values

of base protons of the first three base pairs in the duplex and in the

Tablt 1. Chemical shifts of the base proton
resonances of the duplex form and of the
monomer Ic species of d(C-C-G-A-m6A~T-T-C-G-G).
Values ar« given relative to M«4NC1 (ppm)

Proton

C(l)-H6
C(2)-H6
G(3)-H8
A(4)-H8

-H2
m6A(5)-H8

-H2
-6-Me

T(6)-H6
-5-M«

T(7)-H6
-5-M«

C(8)-H6
G(9)-H8
C(10)-H8

a) at 268 K,

duplex*

4.547
4.301
4.709
4.939
4.OSS
4.861
4.391

-0.465
3.978

-1.929
4.207
-1.640
4.246
4.630
4.618

b) at 290

monomers'3

4.604
4.310
4.372
4.729
4.589
4.698
4.660
-0.230
4.006

-1.800
4.322

-1.249
4.4S4
4.729
4.698

K.

difference

-0.057
-0.009
•0.337
•0.210
-0.S34
•0.163
-0.269
-0.2SS
-0.028
-0.129
-0.115
-0.391
-0.206
-0.040
-0.068



corresponding residues in the stem of the hairpin which consists of 4

basepairs. In contrast, chemical shift differences up to 0.2 ppra were

found for residues which partake in the hairpin loop of this compound.

Ktnce, it is envisaged that the double-helical stem of the hairpin of

d(C-C-G-A-m6A-T-T-C-G-G) consists of three base pairs and that the loop

is formed by residues dA(4), d(ra6A(5)), dT(6) and dT(7) (a schematic

structure is depicted in Fig. 7). The near equality of the H8/H6 chemical

shift* of residues (1), (2), (9) and (10) with those in the regular

duplex indicates that, although minor conformational differences are

present, the structural features at the end of the stem do not differ

much from those of the duplex. The relative upfield and downfield shifts

observtd for H6 of dG(3) (0.34 ppm) and for H6 of dC(8) (-0.21 ppm),

respectively, cannot be interpreted as yet with confidence, although from

these magnitudes it seems clear that the neighbouring dA(4) and dT(7)

residues partake in the loop and not in the stem.

Perhaps unfortunately, a similar comparison of the base-proton shifts

in the duplex and monomer of d(C-C-G-A-A-T-T-C-G-G) is precluded, because

the monomer resonances of this compound, except for the methyl reso-

nances, could not be followed below a temperature of about 300 K.

However, the close similarity of the shift profiles of corresponding

protons of the two compounds in the monomeric state (Figs. SA,B and Table

2) leaves no doubt that the hairpin structures of the two title compounds

must bt very similar. Thus, N6-methylation of dA(5) does not result in

aajor conformational changes in the loop structure of the hairpin.

Mxehaogtablt protonm

Fig. 7 shows the imlno-proton region in the spectra of d(C-C-G-A-m6A-

-T-T-C-G-G), concentration 0.5 mM, at several representative tempera-

tures. Ths signals marked 1 - 5 appear at the same position in the

spsctra of the 10 mM sample and have been assigned already [9] to the

duplex base pairs 1 - 5 , respectively. Moreover, the integrated inten-

sities of these psaks at various temperatures are found to remain

constant relative to the intensities of the methyl signals of the duplex

form. In addition, new signals are observed in the 13.0 - 13.5 ppm region

of the spsctrum, i.«. precisely where one would expect resonances to

occur arising from G.C bass pairs in the stem of the hairpin. As a

stacksd slngls-stranded species would not give rise to peaks in this

region, ws feel confidant that the new signals are indicative of the
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o (C-C-G-A.rAA-T - r -C-O-OI alC-C-G'*""*

a (G-G-C-r . r -m
6A-A-G-C-CI IG-G-C

9K J I JK I

(ppml ICO 130

rig. 7. ZVie low-field region of the 500-MHz lH spectrum of d(C-C-G-A-m6A-
T-T-C-G-G) in H]O/*H20 (90/10) *t 0.5 aH sample concentration. Peaks
marked * correspond to the roonomeric species. Chemical shift scale is
relative to DSS

hairpin structure. Since the imino-proton peaks from the hairpin stem are

crowded together with the lines from the regular duplex and display low

intensity, assignment to individual base pairs was precluded. It is of

extra interest to observe a new resonance at " 10.8 ppm in the spectrum

recorded at 272 K, i.e. at the position expected for an unpaired thymine

H3 located in the interior of a hairpin loop [13-15]. The above obser-

vations are corroborated by the imino-proton spectra recorded for the 2

nM sample of d(C-C-G-A-m^A-T-T-C-G-G) (not shown). As the temperature is

raised, the imino-proton signals associated with the base pairs in the

hairpin stem broaden above 289 K and disappear above 302 K. Thus, a rapid

exchange with the solvent appears to occur already a few degrees below

the T m (306 K) of the hairpin structure (see next section).

TherwxSynamic analysis

The chemical shift profiles of the set of resonances of the monomeric

•peclea of d(C-C-G-A-A-T-T-C-G-G) and of d(C-C-G-A-m6A-T-T-C-G-G) ( Figs.

5A,B) which monitor the hairpin-to-coil transition, were used to obtain

thermodynamic parameters for this transition by means of a non-linear

least-squares curve-fitting procedure [llj. In the model used, the

observed chemical shift, S0DB, versus te-oeraturo is given by eqn (1)

i n ] ,

6obs " 6 free + P d̂ <J>
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in which 6free equals the chemical shift of a given proton in the random

coil A(j stands for the additional shift increment of this proton in the

hairpin form and p represents the fractional population of the hairpin

form. The relation between p and the equilibrium constant K of the

hairpin t coil equilibrium is given by eqn (2) [11]:

p - K/(l + K) (2)

The equilibrium constant K is related to free energy, enthalpy and

entropy according to eqn (3):

K - exp(-AG*/RT) - exp(AS*/R(l-Tm/T)) (3)

where T m - AH*/AS*.

As described earlier [U]> the curve fitting is carried out in terms

of four variables Sfree> Ad> AS* and T m (AH* follows from the usual re-

lationship) and can only successfully be applied to shift profiles which

monitor a pure two-state equilibrium and to protons that display a suf-

ficiently large (> 0.2 ppra) chemical shift change (Ad)- In the present

study, the H8 resonances of residues dG(3), dA(4) and dA(5) meet these

conditions. In pilot calculations all four parameters mentioned above

were allowed to vary; this procedure resulted in a small dispersion in

AS* (± 30 J.mol~l.K~l) cf both compounds. The error analysis indicated

that these variations were not statistically significant; moreover,

according to these statistics, the respective AS* terms do not differ

• ignificantly for the two decanters. Therefore, in the final analyses of

the shift profiles of each compound the entropy term was constrained to

assume the mean value for the different protons: AS* - - 30S J.mol"1.K"1.

The results of these latter calculations are presented in Table 2. It is

seen that the T n values for the different protons of each compound mutu-

ally agree. In addition, the mean thermodynamic values for the two com-

pounds are virtually identical within experimental error. This finding

indicates that N^-methylation of dA(5) does not significantly influence

the stability of the hairpin form relative to the random coil. The

chamlcal shift values in Table 2 show that the value of 6free o f t h e H 8

resonances for the corresponding residues dG(3) and dA(4) of the two

compounds are identical within experimental error (0.007 ppm), as

•xpactad. Th« different value of Gfree f o r t n* H 8 resonances of residues

dA(5) art taken to indicate that N6-methylation of the adenine base

induces an upflald shift of the H8 resonance of about 0.06 ppm in the

random-coil form, as compared to 0.08 ppm in the intact duplex (9].
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Table 2. Thermodynamic and chemical shift parameters
of the hairpin t random coil equilibrium of (A)
d(C-C-G-A-A-T-T-C-G-G) and (B) d(C-C-G-A-m6A-T-T-C-G-G).
In determining these parameters the entropy term was
constrained at AS° = - 305 J.mol"*.K"-1 for both com-
pounds (see text). Values of 5f r e e are given relative
to Me4NCl

A

B

Proton

G(3)-H8
A(4)-H8
A(5)-H8

mean

G(3)-H8
A(4)-H8
A(5)-H8

mean

T a

K

310
308
307
308

308
304
307
306

- AH°b

kJ.mol"1

94
94
94
94

94
93
94
93

5freeC

ppm

4.603
4.947
5.077

4.604
4.950
5.020

AdC

-0.217
-0.204
-0.261

-0.257
-0.267
-0.329

a) estimated accuracy ± 1 K.
b) estimated accuracy ± 5 kJ.mol
c) estimated accuracy ± 0.007 ppm.

-1

The three-state thermodynamic analysis of the equilibrium mixtures of

the two compounds was carried out as follows. First, the fractions of DNA

in the duplex form and in the total of the monomeric species as a

function of temperature were calculated from the relative integrated

intensities of the methyl resonances of the two species, Fig. 8. Except

at the extremes of the temperature range (where the methyl resonances of

either the duplex form or the monomeric species displayed low inten-

1.0-1

0.5-

F -

0.0- - 1 I I | i i > i |

T (K) 300 350

Fig. 8. The calculated fraction duplex form of d(C-C-G-A-A-T-T-C-G-G)
( ) and of d(C-C-G-A-nfiA-T-T-C-G-G) ( ) as a function of temperature
and sample concentration. The 10 mM samples contained ca 60 mM NaCl, the
diluted samples 12 mM or less
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sities) this procedure yielded reliable information. The T m and the slope

of the curves near Tffl could be determined with confidence. These data

were compared with the populations predicted for a three-state equilib-

rium system by means of the program DUPSTAK [Pieters, J.M.L. et al. ,

unpublished results]. The input T m and AS° values of the duplex-to-coil

transition were varied in small steps (Tm: ± 1 K, AS": + 2 J.mol"*.K"
1),

whereas the T m and AS° of the hairpin t coil equilibrium were kept fixed

at the values given in Table 2. It turned out that the experimental

population vs temperature curves could be reproduced well, but only

within a quite narrow range of chosen parameters for the duplex-to-coil

transition: AS° ± 2 J.mol'^.K"1 and T m + 1 K (AH° follows from the usual

relationship). Outside the limits stated no satisfactory agreement with

the experimental populations could be found. Thus it appears that our

fairly crude approach may yield surprisingly accurate thermodynamics. For

a three-state case the equalities AHf + AHJ - AHJ = 0 and ASJ + AS§ -

AS§ = 0 must be satisfied at all temperatures. From these equalities AH0

and AS° for the hairpin-to-duplex transition were deduced.

The thermodynamic results obtained for both compounds at various

nucleotide and sodium chloride concentrations are shown in Table 3, see

also Scheme I. The variation of the fractions hairpin and random coil

forms is displayed in Fig. 9A,B. Table 3 shows convincingly that

N6-methylation of residue dA(5) of d(C-C-G-A-A-T-T-C-G-G) induces a 2 - 4

kJ.mol"^ (per mole m^A) decrease in |AH°| of the duplex relative to the

coil forms [9]. These findings remain true for all sodium chloride

concentrations over the range investigated (3 - 60 mM) and it seems

likely that our results can be safely extrapolated to physiological ionic

strengths. It is noted that the log[Na+] dependency of the Tm's of the

two duplexes appears to lie within the usual range. At first sight it may

appear surprising that the relative stability of the hairpin appears

unaffected by the ionic strength of the solvent (Table 3 and Fig. 5A,B),

because the stem of the hairpin should reflect duplex properties. This

conclusion, however, is in line with the recent finding [16] that the

melting enthalpy of the hairpin, formed by the fragment d(A-T-C-C-T-

-A-T4-T-A-G-G-A-T), is insensitive to salt concentration up to 0.3 M

NaCl. One could also argue the viewpoint that melting of a C.G- rich stem

of a hairpin, such as we have for the title compound, is bound to show a

smaller salt effect than an A.T- rich stem. No evidence on this point

appears available as yet. From the foregoing discussion it should not be

concluded that the effect of N6-methylation of dA(5) on the stability of
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Table 3. Thermodynamic parameters for the three-state random coil (re)/
/hairpin (hp)/duplex (dh) equilibrium of (A) d(C-C-G-A-A-T-T-C-G-G) and
(B) d (C-C-G-A-m6A-T-T-C-G-G) at various nucleotide single strand con-
centrations (Co) and sodium chloride concentrations. The data given for
10 mM nucleotide concentration are adapted from [9], T m values for equi-
libria involving the duplex form are normalized to 1 M single-strand
concentration

Equilibrium

Al

A2

Bl

B2

B3

dh
hp
dh

dh
hp
dh

dh
hp
dh

dh
hp
dh

dh
hp
dh

t re
t re
I hp

t re
t re
t hp

t re
t re
t hp

t re
t re
?hp

t re
t re
t hp

- AH"

kJ-mol"1

133
94
39

127
94
33

129
93
36

125
93
32

123
93
30

- AS"

J.mol-i.K-;
378
305
73

378
305
73

378
305
73

378
305
73

378
305
73

I'm

1 K
351
308
531

337
308
458

341
306
487

331
306
435

325
306
404

1)

2)
3) Cc

C o = 10 mM, [Na+] * 60 mM.
2 mM, [Na+] - 12 mM.

0.5mM, [Na+] » 3 mM.

1.0-1 I.O—i

T (K) 350

Fig. 9. The calculated fraction hairpin form (H) and random-coil form (R)
of (A) d(C-C-G-A-A-T-T-C-G-G) and (B) d(C-C-G-A-m6A-T-T-C-G-G) as a func-
tion of temperature and sample concentration ( , 10 mM; — , 2 mM and
-.-, 0.5 oM sample concentration). See also legend to Fig. 8.

the duplex is exclusively due to an enthalpy difference. The present data

simply do not exclude the possibility of a — small — AS" contribution.
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The consequences of such small changes in relative stabilities of the

various species, partaking in a three-state thermal equilibrium (Table

3), upon the relative populations (Fig. 8, 9) appears striking, however.

The present results confirm and extend earlier conclusions by Engel

and von Hippel [17]. From monomer behaviour, these authors predicted that

the addition of a methyl group at the N^-amino group of adenine should

bring about a " 6.2 kJ per mole destabilization of a Watson-Crick

hydrogen-bonded double helix. In contrast, their experimental data,

extrapolated to poly(d(m6A-T)) and similar duplexes, appeared to indicate

[18] that the actual destabilization involves only about 1.5 - 4 kJ.mol"-1-

of unfavourable free energy, depending upon the local base sequence. Up

till the present study, however no experimental information concerning

the possible influence on stability of m°A present in the loop of a

hairpin structure was available. The previous tacit assumption [18] that

the loop stability remains unaffected by N^-methylation is now validated

by the present experimental findings.

CONCLUSIONS

The temperature- and concentration-dependent conformational behaviour

of the oligonucleotides d(C-C-G-A-A-T-T-C-G-G) and d(C-C-G-A-m6A-T-T-C-

-G-G) in aqueous solution was studied by means o£ NMR spectroscopy.

Marked changes in the %-NMR spectra of the compounds in H2O and in 3H2<3

indicate that both decamers exist as a B-DNA duplex slowly intercon-

verting with monomeric species. The monomeric species consists of a

hairpin form at temperatures below about 270 K and exists as a random

coil form above about 350 K; between 270 K and 350 K, the monomeric

species occurs as a mixture of the two forms which exchange rapidly on

the NMR time scale. From an analysis of chemical shift data and of imino-

-proton spectra it is concluded that the terminal cytidine and guanine

residues form the double-helical stem of the hairpin, whereas the loop is

formed by the central -A-(m^)A-T-T- part. Thermodynamic analysis of

chemical shift vs temperature profiles and of ^-H-signal intensities vs

temperature profiles indicate that the influence of N^-methylation of

residue dA(5) on either the conformation or on the relative stability of

the hairpin form must be small. Methylation does destabilize the duplex

form of the title compound by about 2 - 4 kJ.mol"* relative to both

monomeric species. The imino-proton spectra [9] indicate that this

destabilization does not result from a mismatched or everted base, the
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so-called "bulge" defect, [18-20].

From the above discussion it is clear that a stretch of DNA sequence,

which locally incorporates an m^A nucleotide, may more easily adopt a

hairpin structure as alternative to a straight Watson-Crick duplex than

would an unmodified DNA. In other words, a palindromic sequence in DNA,

wherein one or more of the adenines are methylated at the N^ position, is

predicted to display a significantly greater tendency to form a double

hairpin loop (cruciform structure) than would its nonmethylated counter-

part. Thus recognition events could be controlled in part by specific

adenine methylation [18].
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CHAPTER 6

Influence of the Base Sequence on the

Conformational Behaviour of DNA Polynucleotides

in Solution

ABSTRACT

NMR studies were carried out on samples of the non-self-complementary

tetramers d(C-A-C-A), d(T-G-T-G), d(G-A-G-A) and d(T-C-T-C) and of 1:1

mixtures of the complementary tetramers d(C-A-C-A).d(T-G-T-G) and

d(G-A-G-A).d(T-C-T-C) at two DNA concentrations and of the self-comple-

mentary octamers d(C-A-C-A-T-G-T-G) and d(G-A-G-A-T-C-T-C). Assignments,

based upon ID NOE, ID homonuclear-decoupling, 2D COSY and 2D NOESY

experiments are given of the resonances of most of the base and sugar

protons. Chemical shift vs temperature profiles, constructed for all

samples, yielded insight into the temperature- and concentration-

-dependent conformational behaviour of the compounds and were used to

obtain thermodynamic parameters pertaining to the stacked-single strand 2

random coil and duplex X random coil equilibria. Vicinal proton-proton

couplings were analyzed in terms of the conformation of the deoxyribose

rings in the single-stranded tetramers and duplexed octamers.

The NOE patterns, chemical shift profiles, imino-proton resonances and

coupling data revealed that the compounds adopt B-DNA like structures.

The ratio duplexed : stacked single-strand : random coil depends upon

external conditions as well as upon base sequence. The thermodynamic data

indicate that: (a) in terms of single-helical stacking, the R-R steps (Tm

321 - 328 K) appear more stable than the Y-R or R-Y steps (Tm 308 - 316

K) and the Y-Y steps score least (Tm 290 - 300 K ) , and (b) the duplexes

consisting of alternating, d(Y-R)n, strands are more stable, in terms of

AH°, compared to the d(R-R)n.d(Y-Y)n duplexes. The analyses of the

couplings demonstrated that the sugars of the single-stranded tetramers

and duplexed octamers occur as a blend of N- and S-type conformers, with

a preference for the S-type (C2'-endo) sugar conformation: upon duplex

formation, no significant shift in the N-type : S-type ratio was

observed. The fraction S-type sugar conformation of a given residue, pS,

in the stacked-single strands was found to depend upon the nature of its

own base and that of the adjacent residues: sugars in an R-R stretch

display high values of pS (90 - 100%), whereas those in Y-Y stretches
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show relatively low values (" 65%). It appears that good stacking inter-

actions between bases go hand-in-hand with high values of pS.

The geometry of the S-type sugars, and thus of the backbone angle 63,

in the single-stranded tetramers displays a base-sequence-dependent

variation. The observed variation of 8g agrees qualitatively with the one

predicted from the base sequence via the Zg-sum function [Mellema, J.-R.,

Eieters, J.M.L., van der Marel, G.A., van Boom, J.H. and Altona, C.

(1984) Eur. J. Biochem. 143, 285-301], An enhanced variation of 6S was

found for the residues in the duplex of d(C-A-C-A-T-G-T-G). Comparison of

the 63 values observed for residues of d(C-A-C-A-T-G-T-G) and for cor-

responding residues of the tetramers revealed that the values of 5g for

pyrimidine residues decrease sharply, whereas those of the purine

residues show little change upon duplex formation. This finding is taken

to indicate that the sugar rings of the pyrimidine residues, relative to

those of the purine residues, have a greater capacity to assimilate

structural changes associated with duplex formation of this octamer. The

observed variation of Sg in the single-stranded tetramers and in

d(C-A-C-A-T-G-r-G) are compared with those predicted from the base

sequence via the £5- and the 23-sum functions.

INTRODUCTION

NMR and X-ray studies have shown that the base sequence of a given DNA

oligonucleotide plays an important role in determining the overall

helical type, vis. A-, B- or Z-DNA type helix, [I, 2] as well as local

structural variation in A- and B-type helices [3-5]. In addition, UV/CD

spectroscopy and theoretical studies [6-11] have demonstrated that the

duplex stability of DNA, next to the CG:AT ratio, also depends upon the

base sequence. Since the discovery that base-sequence-dependent struc-

tural variations are present in DNA, the possible occurrence of sequence-

-dependent structural variations in DNA in aqueous solution has been the

focus of NMR studies [12-16], as these base-sequence-dependent structural

variations are thought to play an important role in vivo. Moreover, the

effect of base sequence on dynamic aspects of DNA is receiving increasing

attention [17-20], Various groups of investigators appear to agree that

duplex DNA displays a certain measure of structural variation in solu-

tion. However, much of the knowledge thus far obtained, primarily from

analyses of %-{^H3 NOE intensities, gives at best a qualitative

insight.
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Our approach to the elucidation of the conformational behaviour of DNA

in solution, based upon the combined analyses of ^H-f^H} NOE patterns and

*H-*H vicinal couplings, has become a powerful tool [21, 22]. This method

yields reliable conformational data for the furanose ring, and hence

about the overall DNA helical type, and has furnished many details con-

cerning the base-sequence dependence of the geometry of the sugar and the

backbone angle S (C5'-C4'-C3'-03') in single-stranded as well as in

double-stranded DNA oligonucleotides [21-26]. In addition, the analysis

of proton-proton couplings allows insight into the conformational flexi-

bility of the sugar in terms of the equilibrium distribution of the N-

and S-type sugar conformations, which occur side-by-side in fast ex-

change. It is likely that this conformational freedom, and hence of the

backbone, will play a fundamental role in the dynamic aspects of nucleic

acid structure, a subject of increasing interest.

The present study is concerned with the influence of base sequence on

intramolecular base-base stacking, duplex formation and on the confor-

mational behaviour of the sugar ring in some duplex and single-stranded

DNA polynucleotides: d(C-A-C-A), d(T-G-T-G), d(G-A-G-A), d(T-C-T-C),

d(C-A-C-A-T-G-T-G) and d(G-A-G-A-T-C-T-C). In addition, comparison of the

conformational behaviour of the sugar rings in the duplex octamers and in

the constituent single-stranded tetramers furnished information about the

effect of duplex formation on the geometry and on the conformational

purity of the sugar rings. Thermodynamic parameters for base-base

stacking and duplex formation were extracted from chemical shift vs

temperature profiles with the aid of the newly developed three-state

model DUPSTAK [Pieters, J.M.L. et al., unpublished results]. Vicinal

proton-proton couplings were used to analyze the conformation of the

sugar rings in the single-stranded tetramers and in the duplex octamers,

and, together with through-space dipolar proton-proton couplings, served

to establish the helical type of the duplexes.

MATERIALS AND METHODS

The polynucleotides under investigation were synthesized by a phospho-

triester approach [27, 28]. After purification, the compounds were passed

over a Dowex cation-exchange resin (Na+ form) to yield sodium salts. NMR

samples were lyophilized three times from '^0 (99.75%) and taken up in

0.4 ml 'HjO (99.95%); a trace of tetramethylammoniumchloride (Me4NCl) was

added as an internal reference (the chemical shift of the methyl peak of
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Me4NCl is 3.18 ppm relative to 4,4-dimethyl-4-silapentanesulphonate (DSS)

at 298 K) and the pH was adjusted to » 7.0 (meter reading). NMR samples

for the observation of non-exchangeable proton resonances were prepared

at the following single-strand polynucleotide concentration: 2 mM and 10

mM for the four non self-complementary tetramers, 4 mM and 20 raM for the

1:1 mixtures d(C-A-C-A).d(T-G-T-G) and d(G-A-G-A).d(T-C-T-C) and for both

octamers at 10 mM. The observation of the imino-proton resonances was

carried out at the highest concentrations described above after

lyophilization and the addition of ^ O / ' ^ O (90/10); the pH was

readjusted to pH *• 6.5 (meter reading).

1H-NMR spectra were recorded at 500 MHz on a Bruker WM-500 and at 300

MHz on a Bruker WM-300; both instruments were interfaced with an Aspect

2000 computer. In order to study the chemical shift as a function of

temperature, a series of spectra were recorded at 300 MHz over the

temperature range 273 - 368 K at 5 degrees intervals. Exact temperatures

were determined from the chemical shift of the H2H0 peak as described

earlier [29]. NOE-difference experiments [30] were carried out at 500 MHz

using a low-power irradiation pulse (0.5/0.7 s) for NOE build up.

Imino-proton resonances were observed at 300 MHz with a time-shared long

pulse in combination with the alternate-delay-acquisition (ADA) technique

[31]. Absolute-value NOESY and COSY spectra of the two octamers were

recorded at 300 K, essentially as described elsewhere [32-35]: the NOESY

experiments were performed at 500 MHz with a mixing time T = 0.6 s

(d(C-A-C-A-T-G-T-G)) and T = 0.5 s (d(G-A-G-A-T-C-T-C)); the COSY spectra

were measured at 300 MHz using a 45° observation pulse. The two-dimen-

sional spectra were recorded on 2K datapoints (f2) and 256 datapoints

(fl); each FID consisted of 128 scans. The time-domain spectra were

apodized by means of a sine function in both directions and zero-filled

to 4K (f2) and 2K (fl) before Fourier transformation (Bruker DISNMRP

program).

Several resolution-enhanced 500-MHz spectra (see text) were computer

simulated with the aid of a LAOCOON-type computer program. Computational

methods used for the analysis of proton-proton coupling data and of the

chemical shift vs temperature profiles will be discussed in the following

sections.
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RESULTS AND DISCUSSION

Assignment

Tetramers

All non-exchangeable proton resonances in the spectra of the tetra-

mers, except for several of the overlapping H5'/5" signals, were assigned

by means of extensive homonuclear-decoupling experiments carried out at

various temperatures in combination with NOE-difference experiments. In

this way, sets of proton resonances, which belong to different residues

of a given compound, could be distinguished; the sets belonging to the

5'- and 3'-terminal residues were easily recognized ay the absence of a

vicinal phosphorus coupling to the H5'/5" and H3' protons, respectively.

In the following, the residues are numbered in the 5'+ 3' direction. The

interresidue base(n)-Hl'(n-1) and intraresidue base(n)-Hl'(n) NOEs ob-

served in the NOE-difference spectra of d(C-A-C-A).d(T-G-T-G) and of

d(G-A-G-A), recorded at 280 K with a 0.7 s preirradiation pulse, allowed

the assignment of the base resonances and the discrimination between the

sets of resonances belonging to residues (2) and (3). Unfortunately,

NOE-difference experiments failed to yield an unambiguous assignment of

the base resonances and discrimination between the sets of proton reso-

nances of residues dC(2) and dT(3) in the spectra of d(T-C-T-C). The

assignment of these particular resonances followed from the temperature

dependence of their chemical shifts in the spectra of d(G-A-G-A).

.d(T-C-T-C) as compared to the corresponding resonances in the spectra of

d(G-A-G-A-T-C-T-C), and from the chemical-shift values of the proton

resonances at 360 K. The chemical-shift values of the assigned signals

are collected in Table 1.

Octamers

The assignment of the base proton, HI1, H2 ' , H2", H3 ' and some H41

resonances in the spectra of the octamers was accomplished by a combi-

nation of NOESY and COSY experiments. The general principles and strategy

used in this procedure havs been described in detail by several authors

and need not be repeated here. Suffice it is to note that the COSY

experiment reveals scalar couplings between protons, e.g. between

deoxyribose protons attached to the same residue, whereas the NOESY

spectrum allows the detection of short interproton distances (< 0.45 nm),

e.g. between base(n) and Hl'(n-l). The intraresidue base(n)-Hl ' (n)/'H3 ' (n)
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Table 1. Chemical shifts of the assigned resonances in the spectra of
d(C-A-C-A)a, d(T~G-T-G)b, d(G-A-G-A)c and d(T-C-T-C)d (10 mM sample
concentration). Values are given relative to Me4NCl (ppm)

Residue

C(l)
A(2)
C(3)
A(4)

T(lj
G(2)
T(3)
G(4)

G(l)
A(2)
G(3)
A(4)

T(l)
C(2)
T(3)
C(4)

6 for

e
H8/H6

4.
5.
4.
5.

4.
4.
4.
4.

4.
4.
4.
5.

4.
4.
4.
4.

289
149
355
149

242
807
230
807

535
934
586
093

435
652
471
696

0

H5/H2/5-Me

2.678
4.901
2.627
4.888

-1.337

-1.434

4.736

4.803

-1.307
2.828

-1.292
2.895

2.
3.
2.
3.

2.
2.
2.
3.

2.
2.
2.
3.

3.
3.
3.
3.

f
HI'

793
101
900
173

899
910
920
Oil

592
794
419
152

034
084
084
104

f
H2'

-1.510
-0.364
-1.326
-0.440

-1.369
-0.377
-1.150
-0.440

-1.041
-0.627

<-0
-0.463

-0.847
-0.909
-0.852
-0.902

f
H2"

-0.905
-0.455
-0.875
-0.628

-0.873
-0.511
-0.835
-0.706

-0.851
-0.582

.760>S
-0.668

-0.668
-0.606
-0.673
-0.771

f
H3f

1.381
1.811
1.574
1.540

1.476
1.808
1.615
1.527

1.569
1.768
1.726
1.561

1.584
1.670
1.670
1.372

e
H41

0.900
1.214
1.023
1.053

0.896
1.180
1.000
1.009

0.924
1.146
1.086
1.054

0.926
1.120
1.150
0.964

a) at 298 K; b) at 297 K; c) at 307 K and d) at 308 K.
e) estimated accuracy 0.003 ppm.
f) obtained by computer simulation of 500-MHz spectra,

estimated accuracy better than 0.002 ppm.
g) near-isochronous H2'/2" resonances.

and interresidue base(n)-Hl'(n-l)/H3'(n-1) NOEs, Fig. 1, were used for

the sequential assignment of the base proton, HI' and H3' resonances.

Some H4' resonances could be assigned unambiguously on the basis of

intraresidue HI'(n)-H4"(n) NOEs in combination with H3'-H4' correlation

peaks in the COSY spectrum (not shown). The H2' and H2" resonances could

easily be assigned from the Hl'-H2'/H2" correlation peaks in the COSY

spectrum, except for the H2'/H2" resonances of the adenosine residues of

d(C-A-C-A-T-G-T-G). However, the observed intraresidue NOEs between

H8(2)-H2'(2)/H2"(2) and between H8(4)-H2'(4)/H2"(4) allowed the assign-

ment of these adenosine resonances (not shown). The NOESY spectrum of

d(G-A-G-A-T-C-T-C) shown in Fig. IB lacks cross peaks at the G-H8

position because the sample used here had been exposed to high tempera-

tures in earlier experiments. The assignment of these resonances in-

dicated in Fig. IB follows from NOE-difference spectra recorded earlier
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Fig. 1. Correlation area between the H8/H6/H2 protons and the Hl'/H5/H3'
protons in the NOESY spectrum Cleft-hand side) together with the cor-
relation area between the Hl'(/H3') protons and the H2'/H2" protons in
the COSY spectrum (right-hand side) at 300 K of (A) d(C-A-C-A-T-G-T-G)
and (B) d(G-A-G-A-T-C-T-C)

at 300 K with a 0.5 s preirradiation pulse. The resonances of the H3'

protons of the guanine residues were assigned with the aid of the

observed intraresidue HI'(n)-H3'(n) NOEs in the NOESY spectrum (not

shown). The chemical shift values observed at 300 K are collected in

Table 2. Discrimi.^5 ion between the H21 and H2" resonances followed from

NOEs and proton-proton coupling constant considerations (see below and
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of intermolecular-association processes which involve e.g. duplex

formation and higher-order association of molecules. These latter types

of processes are dependent upon the polynucleotide concentration.

In the present paper, the chemical shift vs temperature profiles of

the base and HI' proton resonances in the spectra of the samples of the

non-self-complementary tetramers were used to qualitatively separate the

influence of stacking and of higher-order association on the chemical

shift of these protons. Subsequently, those shift profiles which monitor

exclusively the stack Z unstack equilibrium were selected to obtain

chemical shift and thermodynamic parameters describing the stacked-single

strand to random coil transition. These parameters were then used in the

analyses of the shift profiles constructed for the samples of the equi-

molar mixtures of the complementary tetramers, i.e. d(C-A-C-A).d(T-G-T-G)

and d(G-A-G-A).d(T-C-T-C), in order to obtain thermodynamic and chemical

shift parameters pertaining to the duplex-to-random coil transition. The

shift profiles of the base and HI1 proton resonances in the spectra of

the octamers d(C-A-C-A-T-G-T-G) and d(G-A-G-A-T-C-T-C) yielded thermo-

dynamic parameters for the duplex t- random coil equilibrium. In addition,

these profiles allowed insight into the temperature-dependent confor-

mational behaviour of these compounds.

The analyses of the shift profiles were carried out by means of a

non-linear least-squares curve-fitting computer program APLS (written for

interactive use in AEL) [Hartel, A.J., unpublished results, see also ref.

29] in combination with the DUPSTAK model [Pieters, J.M.L. et al. , un-

published results]. In the DUPSTAK model, the relation between the

observed chemical shift, Sobs, and the temperature is given by eqn (1):

6obs = 6free + PxAx + Pd^d t1)

In equation (1), Sfree represents the chemical shift of this proton in

the random-coil form, Ax and Ad stand for the chemical shift increments

in the stacked single-stranded form and in the duplex relative to the

random coil, respectively; p x and p^ represent the fractional populations

stacked single strand and duplex, respectively. The relation between p x

and pj on the one hand and the equilibrium constants and thermodynamic

parameters of the three interrelated equilibria, vis. stacked single

strand Z random coil, duplex +: random coil and duplex t stacked single

strand, will be presented elsewhere [Pieters, J.M.L. et al. , to be

published].
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Chemical shift profiles of the tetramers

Intramolecular base-base stacking: Within the concentration range em-

ployed (2 - 10 mM), the chemical shift vs temperature profiles con-

structed for the four non-self-complementary tetramers are virtually

independent of the polynucleotide concentration, except for d(G-A-G-A),

see Fig. 2 for some examples. This indicates, as expected, that the

temperature dependence of the chemical shift of the base and HI' proton

resonances, except for d(G-A-G-A) at 10 mM, monitors exclusively the

stacked-single strand ~£ random coil equilibrium. Therefore, these

profiles are analyzed with the aid of a simplified version of eqn (1),

i.e. eqn (1A) [29], in terms of 6f r e e
 and the thermodynamic parameters,

ASX, T^JJ (AHX= T^-AS^), and chemical shift parameter, Ax, pertaining to

this equilibrium.

6obs = 5free + PxAx

It should be mentioned that some line broadening (< 5 Hz) was observed

in the spectra of the 10 mM sample of d(G-A-G-A) at low temperature (<

295 K). This line broadening — not observed for the 2 mM sample -- is

probably caused by aggregation. Hence, only the profiles constructed for

this compound at 2 mM concentration were analyzed. In all remaining

cases, the shift data taken at 2 mM and 10 mM concentration were mixed.

The least-squares curve-fitting process yielded convergence, except for

some protons the Ax value of which was too small. The good agreement (rms

difference 1*10"^ ppm) between the observed and the calculated chemical

shift profiles can be seen in Fig. 2. The thermodynamic parameters ob-

tained for the different protons of each residue were averaged, taking

their respective standard deviation into account. These weighted averages

of the different residues of the four tetramers are collected in Table 3.

As explained earlier [23, 38, 39], the thermodynamic parameters can be

interpreted as follows. The value of Tj^ obtained for the 5'-terminal

residues (i.e. residues numbered (i)) and for the 3'-terminal residues

(i.e. residues numbered (A)) ate characteristic for the stacking inter-

action with their respective neighbours. The chemical shift profiles of

Fig. 2. Chemical shift versus temperature profiles of the base and HI '
proton resonances of one residue of each of the tetramers d(C-A-C-A),
d(T-G-T-G), d(G-A-G-A) and d(T-C-T-C). Solid curves are calculated by
means of the DUPSTAK model (see text). D and o represent the points for
the 10 mM and 2 mM samples of the non-self-complementary tetramers,
respectively, and A and + represent the points for the 20 mM and 4 mM
samples of the mixtures of complementary tetramers, respectively. Note
different chemical shift scale for d(T-C-T-C)
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proton signals of the core residues appear to monitor simultaneously two

types of stacking interactions: with their 5'- and 3'-neighbouring bases.

As a consequence, the value of T^x of the two core residues represents

some kind of average of the two steps, which cannot be specified in

detail.

Comparison of the T ^ values determined for the 5'-terminal residues

of the four tetramers reveals that the highest thermodynamic stability is

found for the dG(l)-dA(2) step in d(G-A-G-A) ( T ^ 327 K ) , followed by the

dT(l)-dG(2) step in d(T-G-T-G) and the dC(l)-dA(2) step in d(C-A-C-A)

(,Tmx 316 K ) , and that the dT(l)-dC(2) step in d(T-C-T-C) displays the

poorest stacking properties (T,^ 300 K ) . A parallel trend is found for

the 3'-terminal steps in the tetramers. At this point it should be noted

that the sugar rings of 3'-terminal residues in single-stranded DNA

almost invariably display an outspoken conformational freedom [23], and

this phenomenon perhaps affects the stacking thermodynamics of the

Table 3. Thermodynamic parameters of intramolecular base-base stacking
(subscript x) and of duplex formation (subscript d) for the tetramers
d(C-A-C-A), d(T-G-T-G), d(G-A-G-A) and d(T-C-T-C). Values of T m d were
calculated for 1 M DNA concentration; values of ASj and AHj are given
per mole single strand; - ) : too small value of A x or Ad

Residue

C(l)
A(2)
C(3)
A(4)

T(l)
G<2)
T(3)
G(4)

T(l)
C(2)
T(3)
C(4)

G(l)
A(2)
G(3)
A(4)

316
309
311
307

315,

312,

300.
2S8,
294.
291.

326.
327.
321.
323.

1

.2

.4

.6

.7

.7
-
.2
-

,5
,6
,3
,2

9
5
0
8

rax

<

(1
(1
(1
(1

(2

(1

(2
(2
(3
(3

(1
(0
(0
(1.

.5)
• 7)
• 1)
.0)

• 7)

-1)

.9)
• 1)
• 0)
• 1)

• 1)
• 8 )

• 8 )

.6)

-

J.mol

64
59
60
63

87
-

82
-

114
118
118
141

92.8
97.0
85.3
88.6

-l.K-

(4)
(5)
(3)
(4)

(12)

(5)

(16)
(6)

(19)
(15)

(4)
(4)
(3)
(7)

- £

1 kJ.mol-1

20
18
18
19

27,

26.

34.
34,
34.
41.

30.
31.
27.
28.

.4

.2

.6

.3

.4
-
,0
-

,3
,1
8
1

3
8
4
7

(1.2)
(1.6)
(1.0)
(1.2)
mean

(3.7;

(1.4)

mean

(5)
(2)
(6)
(4)
mean

(1)
(1)
(1)
(2)

337
338
337

337

339

335

338

320

310
309
313

_
-
-
-

T,

]

.1

.2

.2
-
.3

.3
-
.5
-
.0

.4
-
.7
.2
.0

nd

<

(0.
(1.
(0.

(0.

(0.

(0.

(0.

(1.

(0.
(0.
(0.

J

7)
1)
5)

4)

7)

8)

5)

5)

9)
7)
7)

-

.mol

187
166
171
-

173

171
-

182
-

173

132
-

206
171
160

_
-
-
—

AS,

-l.K-

(5)
(5)
(2)

(2)

(4)

(5)

(3)

(7)

(13)
(7)
(5)

1 kJ.i

63
56
57

58,

58.

61.

58.

63.

64.
53
50.

.0

.1

.8
-
.4

.0
-
,1
-
7

0
-
2

1

_
-
-
—

DOl

(1
(1
(0

(0

(1

(1

(1

(1

(4
(2,
(1.

-1

• 7)
• 7)
• 9)

• 7)

.4)

.5)

.0)

•7)

.0)

.1)

.4)
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3'-terminal residue with its 5' neighbour in some way (see also section

on the conformation of the sugar ring). Relatively poor stacking inter-

actions of 3'-terminal residues with their neighbour, concomitant with a

relatively high conformational freedom of the sugar ring, has been

reported earlier [23, 38, 39]. Finally, the order of thermodyiiamic

stability of stacking set by the 5'- and 3'-terminal residues is followed

by the steps involving the core residues.

A comparison with our earlier published results reveals that the

nature of the bases (purine, R, or pyrimidine, Y) involved in a given

step constitutes the main factor that governs the Tmx of the single-

-helical stack. For example, the R-R steps in d(G-A-G-A) ( T ^ 321 - 328

K) closely resemble the dA-dA stack in d(A-A), d(A-A-A) [40] and in

d(T-A-A-T) [38] ( T ^ 322 - 327 K). Similarly, the Y-R steps dC(l)-dA(2)

and dT(l)-dG(2) ( T ^ 317 K) resemble dT(l)-dA(2) in d(T-A-T-A) [23] ( I m

317 K) and dC(l)-dG(2) in d(C-G-T) [39] ( T ^ 311 K). The final thermo-

dynamic picture of the single-helical stack may turn out to be more com-

plicated than these simple parallels would suggest, because next-nearest-

-neighbour interactions have been neglected. Nevertheless, the past and

present results appear consistent with three distinctly different ranges

of Tmx values: R-R 320 - 328 K; R-Y/Y-R 307 - 320 K and Y-Y 290 - 300 K.

Duplex formation: Below about 320 K, the base and HI' proton resonances

in the spectra of the equimolar mixtures of d(C-A-C-A-).d(T-G-T-G) and of

d(G-A-G-A).d(T-C-T-C) display polynucleotide-concentration-dependent

chemical shift changes, Fig. 2. Such changes are observed for signals of

protons of the central as well as of the terminal residues. Therefore,

this observation points to substantial amounts of duplex formation of the

complementary tetramers at low temperature. The presence of duplex

structure is confirmed by the detection of imino-proton resonances in the

spectra of the H2O samples of the mixtures recorded at low temperature

(not shown).

The shift profiles constructed for the base and HI• proton resonances

in the spectra of the 1:1 mixtures of the complementary tetramers (20 mM

and 5 mM single-strand DNA concentration) were computer-analyzed in terms

of 6f r e e, A(j and thermodynamic parameters, ASJ , Tmcj (AHj - Tm£j.AS,5),

pertaining to the duplex-to-random coil transition with the aid of the

DUPSTAK model, eqn (1). In analysing the shift profiles of a given

proton, the parameters Ax, AS X and 1mx were constrained to assume values

deduced previously for that proton via analysis of the shift profiles
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monitoring exclusively the stacked-single strand t random coil

equilibrium (see previous section). In the analyses, convergence was

obtained in the fit of the calculated chemical shifts, 6caic, to the

experimentally observed ones, S O D S, except for those proton resonances

that display too small a shift increment, A,j, upon duplex formation. The

good agreement (rms difference 2*10""^) between 5Calc and 6ot>s is

illustrated in Fig.2. The thermodynamic parameters for the different

residues, obtained by taking the weighted average of its base and HI'

proton analyses, are collected in Table 3. It is satisfying to note that

the T ^ and AHj values of the different residues of d(C-A-C-A) and

d(T-G-T-G) are mutually highly consistent, as demanded by an all-or-none

model for duplex formation. In contrast, the thermodynamic parameters

deduced from the different residues of d(T-C-T-C) display a certain

divergence, for which observation presently no explanation can be given.

From the data in Table 3 it can be concluded that a significant

difference exists between the thermodynamic parameters for the duplexj

random coil equilibrium of d(C-A-C-A) .d(T-G-T-G) on the one hand and of

d(G-A-G-A).(T-C-T-C) on the other hand. The alternating, -Y-R-, duplexed

species appears rather more stable than the non-alternating duplex,

although both duplexes have the same CG:AT ratio.

Chemical shift profiles of the octamers

Thermodynamic analysis: The chemical shift vs temperature profiles of the

base and HI' proton resonances of d(C-A-C-A-T-G-T-G), Fig. 3A, and of

d(G-A-G-A-T-C-T-C), Fig. 3B, display a roughly sigmoidal shape. These

profiles reflect the gradual shifting of the duplex t monomer equilibrium

from the dirtier at low temperature (< " 290 K) to the monomer at high

temperature (> " 350 K). The plateau region observed at low temperature

then corresponds to the intact duplex, and the one observed at high

temperature to the monomer. The shift profiles were computer analyzed in

terms of thermodynamic parameters describing the duplex-to-random coil

transition, i.e. AS^, Tm(j» with the aid of the DUPSTAK model, eqn (1).

This type of analysis requires knowledge of the thermodynamics ( T ^ and

AS£) and chemical shift changes (AJJ) pertaining to the stacked-single

strand t random coil equilibrium of the constituent strands of the

duplex. Unfortunately, these data are not available for the octamers but

only for the constituting tetramers. It appears plausible that the values

of Ax> AS£ and lSmx for the proton of a given residue are probably deter-

mined primarily by the 3'- and 5'-neighbouring bases. Therefore, it
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appears safe to borrow these data from the corresponding protons in the

tetramers. In order to investigate a possible correlation between the

output parameters A<j, AS£ and Tracj and the fixed input parameters Ax, ASX

and 1mx, a series of preliminary calculations was carried out wherein the

input parameters were varied within the range observed so far. Fortu-

nately, it turned out that the thermodynamic output parameters were not

significantly influenced by such a variation (Tmcj ± 3 K, ASj ± 8

J.mol"*.K~l). In the final analysis of the shift profile constructed for

a given proton of the octamers, Ax, AS X and Tj^ were fixed to assume

values determined for the corresponding proton of the tetramers. As ex-

plained earlier [36], the relatively small chemical shift changes ob-

served for some resonances for the intact duplex in the low-temperature

plateau (see below) were ignored in these calculations (i.e. a flat

low-temperature basis line was assumed); the temperature-dependent shift

changes observed for the monomeric species above about 350 K (see below)

are taken into account in the DUPSTAK model.

Table 4 shows the thermodynamic parameters obtained by taking the

weighted average of the proton analyses per residue; no parameters could

be deduced for residues dT(7) and dC(8) of d(G-A-G-A-T-C-T-C) as a con-

sequence of the anomalous temperature dependence of the chemical shift of

the base and HI' proton resonances of these residues (see below). It is

seen that self-consistent values of Tmcj are derived from different resi-

dues of the same compound; a dispersion of ASj values is present, how-

ever. The weighted average thermodynamic parameters of the two octamers

are significantly different and appear to indicate a higher stability, in

terms of AH.J, of the duplex of d(C-A-C-A-T-G-T-G) relative to that of

d(G-A-G-A-T-C-T-C).

The thermodynamic parameters for duplex formation determined for

d(C-A-C-A-T-G-T-G) compare well with those predicted from the base

sequence using thermodynamic data derived from optical melting studies on

long DNA fragments [7], Table 4. In contrast, the stability of the duplex

of d(G-A-G-A-T-C-T-C) appears smaller than predicted, Table 4. In order

to throw more light upon this observation, it is of interest to interpret

the overall AS£ values in terms of contributions from duplexed dinucle-

otide blocks. In the literature [6-8], it was assumed that all

constituent duplexed dinucleotides, i.e. + ' - + , contribute an equal

entropy term to the overall stability of the duplex, but an individual

enthalpy term, AH£; the magnitude of AH£ depends upon the nature of the

bases X and Y. From our data, the entropy term per dinucleotide base pair
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Table 4. Thermodynamic parameters of duplex formation for
d(C-A-C-A-T-G-T-G) and d(G-A-G-A-T-C-T-C). Values of T m d

were calculated for 1 M DNA concentration; values of
and AHJ are given per mole single strand

Residue

C(l)
A(2)
C(3)
A(4)
T(5)
G(6)
T(7)
G(8)
mean
preda

G(l)
A(2)
G(3)
A(4)
T(5)
C(6)
T(7)
C(8)
mean
preda

p

350.
346.
345.
342.
346.
345.
345.
340.
345.
341

336.
343.
342,
338.
339.
343.

341.
348

K

,0
6
2
8
4
4
9
7
7

6
6
9
5
4
4

4

d

(2.
(0.
(0.
(1.
(0.
(0.
(0.
(1.
(0.

(2.
(4.
(2.
(2.
(0.
(0.

-
(0.

.0)
8)
6)
3)
6)
8)
7)
9)
3)

3)
3)
7)
2)
5)
7)

4)

-

J.mol

306
362
396
380
390
438
393
535
387
380

330
460
386
481
266
300
-
-
337
380

A ^

(21)
(13)

(11)
(24)
(10)
(18)
(13)
(63)
(5)

(28)
(104)
(43)
(58)
(2)
(9)

(6)

kJ.

107
126
137
130
135
151
136
182
134
130

111
158
132
163
90
103

115
132

- « ,

mol"l

(7)
(4)
(4)
(8)
(3)
(6)
(5)

(21)
(2)

(9)
(36)
(15)
(20)

(1)
(3)

(2)

a) data from [7] were used in the prediction of Tmtj, AH,§ and ASj.

block, AS^, is calculated as - 111 J.mol"1.K"1 for d(C-A-C-A-T-G-T-G), -

115 J.mol-l.K"1 for d(C-A-C-A).d(T-G-T-G) and as - 107 J.mol-1.K"l for

d(G-A-G-A).d(T-C-T-C). These values of ASj are mutually consistent and

compare well with those reported by others (-AS,$ 108 - 117 J.mol-1.K"1)

[6, 7, 11]. For d(G-A-G-A-T-C-T-C), however, one finds AS,§ -96

J.mol-l.K-i in the case 7 base-paired dinucleotides contribute, or AS£

-112 J.mol-1.K"1 for 6 duplexed dinucleotides. It thus seems as if the

duplex of d(G-A-G-A-T-C-T-C) is stabilized by only six dinucleotide base

pairs blocks, instead of the expected seven. In view of the anomalous

shift profiles displayed by the residues dT(7) and dC(8), see below and

Fig. 3B, it is suggested that the four terminal base pairs contribute

less to the overall duplex stability then do the base pairs in the core.

It should be mentioned, however, that the present analyses do not exclude

the possibility that the AS£ term for the duplexed dinucleotides in the

core also may be less than expected.
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Temperature dependence of chemical shifts: Some interesting deviations

from a pure sigmoidal shape of the shift profiles constructed for the

octamers are noted, Fig. 3. In the first place, the shift profiles of the

resonances of the base and HI' protons of the 3'-terminal and

next-to-3'-terminal residues dC(8) and dT(7) of d(G-A-G-A-T-C-T-C) are

strikingly different from those displayed by the core residues. In

contrast, the shift profiles constructed for the residues at the 3'

terminus of d(C-A-C-A-T-G-T-G) parallel those shown by the core residues.

The absence of a sigmoidal shape and a low-temperature plateau region in

the case of the shift profiles constructed for the base proton and HI'

resonances of residues dT(7) and dC(8) is taken to indicate that these

profiles monitor a more complex (i.e. three-, four- or multi-state)

temperature-dependent conformational transition. Quite similar obser-

vations have been reported for the base proton and HI• resonances of the

3'-terminal residues dC(8) of d(G-G-m5C-m5C-G-G-C-C) [41] and d(G-G-C-C-

-G-G-C-C) [36] and of residue dC(4) of d(G-G-C-C) [42], as well as for

the base proton resonances of residues dC(8) of d(G-G-A-T-A-T-C-C) [43]

and d(G-G-A-A-T-T-C-C) [44]. Taken together, these observations strongly

suggest that the pyrimidine bases at a 3'-terminus consisting of two or

more pyrimidins residues upon cooling are only gradually engaged into a

regular stacking interaction with their 5' neighbour when the remaining

residues are already regularly stacked in the intact duplex [36]. In

other words, upon warming up, 'early melting1 of the 3'-terminal dC

residue occurs when the 3'-terminal end consists of the sequence -C-C,

whereas two residues appear to be involved in such behaviour when the DNA

is terminated by -C-T-C. At this point it should be stressed that: (a)

3'-terminal DNA sequences of the type -R-R, -R-Y or -Y-R appear to

display shift profiles alike those of the core residues, see e.g.

d(C-A-C-A-T-G-T-G) and [26, 42, 45-50] ; (b) from results obtained thus

far, it is judged that no 'early melting' occurs at the 5' terminals of

DNA duplexes, including 5'-terminal C-C- sequences [26, 42, 45], and (c)

stacking appears to remain relatively intact at 5' R-R- ends, although

the opposing 3' -Y-Y end at the same time may be involved in a rapid

stack t- unstack equilibrium. More details concerning the shift profiles

of the base and HI' resonances and the behaviour of the the sugar ring of

3'-terminal residues on the one hand and the nature of the bases at the

3' terminus on the other hand is given in the section on the conformation

of the sugar ring.
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Fig. 3. Chemical shift versus temperature profiles of the base and HI'
proton resonances of the self-complementary octamers d(C-A-C-A-T-G-T-G)
and d(G-A-G-A-T-C-T-C)
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In the second place, it is seen that the chemical shift of the reso-

nances of some protons located in the core of the duplexes of the two

octamers display small, but outspoken, changes in the plateau region

below about 290 K. The direction of these changes for the H8 and H6

resonances of d(C-A-C-A-T-G-T-G) often appears opposite to that

associated with the duplex-to-monomer transition, in contrast to the

chemical shift behaviour of the H2 an H5 resonances of this octamer. It

is noted that all H8/H6 resonances from the core of this octamer steadily

move downfield when the temperature is lowered. Similar effects are seen

for the base signals of core residues in d(G-A-G-A-T-C-T-C). Chemical

shift changes for *H and 31p resonances of nuclei located in the core of

intact duplexes have been reported for other DNA oligonucleotides [26,

36, 41, 43, 46, 47, 51, 52]. These findings suggest that small and local

conformational changes occur in the core of the intact duplex before

melting takes place. The precise nature of these changes remains unclear

for the time being.

Finally, the shift profiles of most resonances display a flat high-

-teraperature plateau above about 350 K, which indicates the almost

exclusive presence of random coil forms. However, it is seen that the

chemical shift values of the resonances of some protons, notably the H2

and HI1 protons of the purine residues of d(G-A-G-A-T-C-T-C), remain

temperature dependent above about 350 K, i.e. in a region where the

octamers occur predominantly as monomeric species. These shift changes

parallel those observed for the corresponding protons of the tetramers

and reflect the completion of the stacked-single strand to random coil

transition.

Conformation of the sugar ring

General considerations: It is generally accepted [1] that the p-deoxy-

ribose ring occurs in two distinct ranges of conformations, referred to

as N-type and S-type sugars [53]. X-ray and NMR studies have demonstrated

that the preference of the sugar rings in a given DNA fragment for either

one of these conformations correlates with the helical type adopted.

N-type sugar conformations are observed in A-DNA type helices, S-type

conformations in B-DNA type helices, and alternating, -N-S-, conformers

in Z-DNA. The preference of the sugar ring to adopt either the N- or the

S-type sugar pucker, however, should not be interpreted in an absolute

sense, at least in the cases of B- and Z-DNA type helices in solution. In

recent papers [21, 22, 24, 26, 36, 54], it was shown that the sugar ring
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of B-DNA duplex fragments in aqueous solution actually occurs as a blend

of N- and S-type conformers, which exist side-by-side in a fast ring-flip

equilibrium situation, with a preference for the S-type sugar pucker.

Thus the preference of a given sugar ring for either N or S means that

this particular sugar spends the larger part of the time in the preferred

type of sugar conformation. Furthermore, studies of DNA in solution and

in the crystalline state have demonstrated that the geometry of S-type

sugar does not remain constant, but displays outspoken base-sequence

dependent variations [5, 24-26]. Therefore, a complete description of the

sugar ring in DNA fragments in solution necessarily includes a deline-

ation of both the relative population and the geometry of the preferred

sugar pucker.

This conformational analysis of the sugar ring rests upon the analysis

of vicinal proton-proton couplings. In cases where the five individual

couplings J\'2'< "̂  1 ' 2"» •^2'3I» ^2"3' ant^ ̂ 3'4' a r e available, these are

analyzed in terms of the relative fractions as well as of the geometry of

the N- and S-type conformers with the aid of the program PSEUROT [55,

56]. In cases where some of the five required individual couplings cannot

be determined, recourse is taken to a graphical method [54j. By means of

this method, the conformation of the sugar ring can be analyzed on the

basis of sums of couplings, vis. Sji (Ji"2' + Jl'2")> S 2 ' (J1'2' + J1'2"

+ J2<2")» ^2" (^i'2" "** ̂2"3I "** *^2'2H^ snd £31 (^2f3f "*" *^2lr3' "*" *^3'4'^ °^

tiiree or more individual couplings. The sums of couplings, 2^, correspond

to the distance in Hz between the outer peaks of Hi{31P} resonances,

except for S21 a n d S 2 " i n t h e c a s e °f a small chemical shift difference

between the H21 and H2" resonances [54], and usually requires only d

simple first-order measurement from ID or 2D spectra. More details of

these procedures have been given elsewhere [54].

Tetramers

Experimental data: Computer simulation of the HI', H2' , H2" and H3'

resonances in the 500-MHz spectra of the 10 mM samples of the four

tetramers, at three or more temperatures, yielded accurate values for

^I'Z'i J1 ' 2"' ^2'2"' •̂ 2'3'> ^2"3 ' 1 J3 * 4. • an<i J3 ' p for all residues,

except for residue dG(3) of d(G-A-G-A). In the spectrum of d(G-A-G-A),

recorded at 320 K, the H2' and H2" resonances of dG(3) are near-

-isochronous and hence only the sums of couplings to these protons ( J j ^ 1

+ Ji>2" and J2'3' + J2"3') c a n ^ e extracted from the spectrum. At lower

temperatures (292 K, 307 K), only the sum of J^12 > and J^ >2"1 i-e- £1'>
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could be determined for this particular residue. The resulting coupling

data are collected in Table 5.

Pseudorotation analysis: As has been described elsewhere [55] it is often

best to constrain the geometry of the minor — and therefore less-well

defined — conformer to assume standard values. Inspection of Table 5

shows that the value of Eji exceeds 13.1 Hz for all residues; this fact

indicates that the N Z S equilibrium is biased towards the S-type con-

former [54], The five endocyclic proton-proton couplings determined for

each residue at various temperatures were analyzed with the aid of the

program PSEUROT. Eilot analyses of the couplings indicated that an

optimum agreement between experimental and calculated couplings was

obtained when the pseudorotation parameters of the minor, N-type,

conformer were kept fixed at P N 9°, % 35°. These values are used

throughout the remainder of this paper. The coupling data of residue

dG(3) of d(G-A-G-A) at 320 K were analyzed in terms of the phase angle of

pseudorotation, Eg. and the fraction of the S-type conformer, pS, by

means of the graphical method. The fraction S-type conformer for this

residue at 292 K and at 307 K was calculated with the aid of eqn(2):

pS « (SJI - 9.8)/5.05 (2)

Eqn(2) was computed on the basis of limiting couplings for Ps 170°, $3

35°. The results of the analyses are shown in Table 6.

Inspection of Table 6 reveals that the sugar rings of all residues,

except for residue dA(2) of d(G-A-G-A) at low temperatures, display a

varying degree of conformational freedom. Although preferring the S-type

sugar conformation, some sugars can spend up to 37% of the time in the

minor, N-type, conformer. Furthermore, it is seen that the sugar rings

display a slight tendency towards increased conformational purity at

lower temperatures. Finally, the sugar rings of the 3'-terminal residues

enjoy a constantly high conformational freedom, pS 66%, in accordance

with earlier findings [23]. It is noted that the non-3'-terminal sugar

rings in the homologous -R-R- sequence display a relatively high confor-

mational purity, pS(R) m e a n 95%, whereas the sugars in the stretch of

pyrimidine residues exhibit a relatively low conformational purity,

pS(y) m e a n 74%, comparable to that of mononucleotides. This strikingly

different behaviour of sugars of purine and pyrimidine residues in the

homologous stretches does not occur in the alternating, -Y-R-, sequences:

the mean value of pS of the purine residues, pS(R) m e a n, and of the
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Table 5. Proton-proton coupling constants (Hz) for the non self-complementary
WA tetramers d(C-A-C-A), d(T-G-T-G), d(G-A-G-A) and d(T-C-T-C) at various
temperatures
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Residue atoms

dG(l) 1'2'
1'2"
2'2"
2'3'
2"3'
3'4'
3'P

dA(2) 1'2'
1'2"
2'2"
2'3'
2"3'
3'4'
3'P

dG(3) Si.

J at
292 K

9.3
5.7

-14.1
5.4
1.3
1.7
5.3

9.8
5.3

-14.0
5.5
1.3
1.1
4.4

14.8
(213'+2"3)/2 -

3'4'
3'P

-

307 K

9.1
5.7

-14.1
5.5
1.5
1.2
5.5

9.5
5.4

-14.0
5.4
1.3
1.0
4.9

14.7
_
_
_

320 K

8.7
6.0

-14.1
5.6
1.6
1.8
6.5

9.0
5.7

-14.0
5.3
1.4
1.5
5.4

14.6
4.1
2.7
5.4

Residue atoms

dA(4) 1'2'
1'2"
2'2"
2 ' 3 '
2"3'
3 '4 '

7.2
6.4

-13.8
6.6
3.8
3.3

7.2 7.0
6.4 6.5

-14.0 -14.2
6.5 6.3
3.9 4.0
3.5 3.8

dT(l)

dC(2)

dT(3)

dC(4)

J at
275 K 287 K 308 K 320 K

2'2"
2 ' 3 '
2" 3 '
3'4"
3'P

2'2"
2 ' 3 '
2"3'
3 '4 '
3'F

1'2'
1'2"
2'2"
2 ' 3 '
2"3'
3 '4 '
3'P

1'2*
I12"
2'2"
2 ' 3 '
2"3'
3 '4 '

7.9 7.7 7.8 7.7
6.1 6.2 6.1 6.3

-14.2 -14.2 -14.2 -14.1
6.2 6.2 6.5 6.7
3.1 3.3 3.3 3.3
3.1 3.1 3.5 3.3
6.5 6.7 6.7 6.7

7.7 7.4 7.5 7.6
6.0 6.0 6.1 6.0

-14.0 -14.0 -14.1 -14.1
6.2 6.2 5.9 5.9
3.3 3.2 3.2 3.1
2.4 3.2 3.2 3.3
6.2 6.6 6.8 6.7

8.2 8.0 8.0 7.8
6.1 6.3 6.0 6.2

-13.9 -13.9 -14.1 -14.0
6.6 6.4 6.3 6.2
2.6 3.1 3.1 3.2
2.8 3.2 3.2 3.2
6.0 6.4 6.4 6.6

6.6 6.7 7.4 6.8
6.6 6.5 6.5 6.5

-14.1 -14.0 -14.1 -14.1
6.6 6.8 6.5 6.5
4.2 4.2 4.1 4.0
3.9 3.6 3.8 3.6
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Table 6. Pseudorotation parameters, value of the backbone angle Ss
(degrees) and molar fraction of the S-type conformer, pS (%), of
d(C-A-C-A), d(T-G-T-G), d(G-A-G-A) and d(T-C-T-C). Pseudorotation
parameters of the minor, N-type, conformer were fixed at PJJ 9° and % 35*
(see text); Sg(pred) from Eg-sum function, see text

Residue

dC(l)
dA(2)
dC(3)
dA(4)

dT(l)
dG(2)
dT(3)
dG(4)

dG(l)
dA(2)
dG(3)a

dA(4)

dT(l)
dC(2)
dT(3)
dC(4)

PS

153
161
157
164

157
157
151
165

174
169
170
160

155
162
155
158

33
35
33
34

35
36
34
32

35
36
35
32

34
35
34
32

283 K
90
88
85
66

275 K
76
76
81
63

298
76
81
81
66

297
85
86
84
66

292
96
100
91
71

287
74
73
76
64

K

K

K

K

pS

307
77
82
79
66

306
85
82
85
66

307
96
99
89
70

308
73
74
77
67

K

K

K

K

330 K
74
79
78
65

320 K
91
94
87
68

320 K
73
74
75
66

5s(exp)

138
143
140
144

141
142
137
143

150
149
148
141

139
144
139
140

6s(pred)

141
146
136
141

141
146
136
141

146
141
141
136

141
141
141
141

a) (near-)isochronous H2'/2" resonances, pS determined from
coupling data at 320 K (see text).

from

pyrimidine residues, Ps(Y)mean> belonging to the same compound —

omitting the 3'-terminal residues, see above — are quite similar, Table

7. These findings are taken to indicate that in B-DNA type single-

-stranded fragments the absolute preference of the sugar ring for the

S-type conformer of a given residue, next to the nature of the base

attached, to a large measure depends upon the nature of the 5'- and

3'-adjacent bases. In order to further illustrate this point, it is

interesting to rank the pS values of the core residues of the four

tetramers (T " 300 K). The highest conformational purity is shown by

residues dA(2) and dG(3) of d(G-A-G-A), followed by the core residues of

d(T-G-T-G) and d(C-A-C-A), and finally, residues dC(2) and dT(3) of

d(T-C-T-C) display the relatively smallest conformational purity. This
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Table 7. Comparison of the average fraction S-type conformer (%) for
purine residues, pS(R)mean, and pyrimidine residues, pS(Y)mean, in the
tetramers at about 300 K, and in the corresponding sequences of the
octamers at 300 K. pS values for 3'-terminal residues were omitted

d(C-A-C-A) d(T-G-T-G) d(T-C-T-C) d(C-A-C-A) d(T-G-T-G) d(G-A-G-A)

tetramer
octamer

79
79

85
86

74
71

81
86

86
85

95
88

order parallels the one found for the stability of intramolecular

base-base stacking, Table 3. Similar qualitative correlations can be

deduced from the reported studies on d(C-G-T) and d(T-C-G) [39],

d(T-A-T-A) and d(A-T-A-T) [23] and d(T-A-A-T) [38]. It thus appears that

a 'good' stacking propensity of bases (high value of T ^ ) correlates with

an increase of the conformational purity of the attached sugar rings,

relative to the constituent mononucleotides, except for the 3'-terminal

residues..

Octamers

Experimental data: The values for Ji'21 and Ji>2" °f the sight residues

of each of the two octamers were obtained via computer simulation of the

HI1 region in the 500-MHz spectra of d(C-A-C-A-T-G-T-G) and of d(G-A-G-A-

-T-C-T-C) recorded at 300 K. In cases of overlapping and/or triplet-

-shaped HI1 resonances, suitable homonuclear decoupling experiments were

carried out in order to determine accurate J values. Values for J2'3' and

J2"3' of the residues of d(C-A-C-A-T-G-T-G), except of residue dG(6),

were determined either by means of simulation of the H2' and H2" split-

ting patterns in ID spectra or in projections of Hl'-H2' and Hl'-H2"

correlation peaks in the 300-MHz COSY spectrum. As a consequence of line

broadening and/or insufficient intensity of the Hl'-H2' and Hl'-H2"

correlation peaks in the 300-MHz COSY spectrum of d(G-A-G-A-T-C-T-C),

only estimates of S21 and S2" could be extracted. The experimental

coupling data of the two octamers at 300 K are collected in Table 8.
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Table 8. Proton-proton coupling data (Hz) for d(C-A-C-A-T-G-T-G)
and d(G-A-G-A-T-C-T-C) at 300 K

residue

C(l)
A(2)
C(3)
A(4)
T<5)
G(6)
T(7)
G(8)

J1'2

7.6
9.8
9.3
8.5
9.7
8.4
8.4
7.9

a
i Ji'2"

6.4
5.2
5.4
5.5
5.6
5.8
6.5
6.4

a
J2'3'

6.9
5.5
7.2
5.7
7.8
-
8.3
6.1

b b
J2«3>

4.1
1.5
2.5
2.1
2.3
-
4.1
2.8

residue

G<1)
A(2)
G(3)
A(4)
T(5)
C(6)
T(7)
C(8)

Jl'2

8.9
9.3
10.2
7.9
8.9
7.1
7.3
<6.

a a

:• Jl-2-

5.6
5.4
4.5
6.3
6.0
6.4
6.0

9>d

a
ZV

14.5
14.7
14.7
14.2
14.8
13.4
13.3
13.7

c

*2"

29
—
—
28
28
28
29
<12.6

c
£2,.

21
19
20
20
22
25
24

>a,e

a) estimated accuracy ±0.2 Hz. b) estimated accuracy ± 0.4 Hz.
c) estimated accuracy ± 1 Hz. d) isochronous H2'/H2" resonances,
e) value given corresponds to ( J j ^ ' + Ji>2" + J2'3' + J2"3')/2

and was determined from ID spectrum.

Pseudorotation analysis: From the fact that the Sĵ  i for all residues of

the two octamers exceeds 13.3 Hz, it follows that all sugar rings of

these duplexes largely prefer to adopt the S-type sugar conformation.

This finding implicates that both compounds exist predominantly as a

B-DNA type helix in solution, in agreement with the NOE results. A more

detailed description of the sugar ring was performed with the aid of a

modification of the program PSEUROT [57] in the case of d(C-A-C-A-T-

-G-T-G), except for residue dG(6), and the graphical method was applied

for d(G-A-G-A-T-C-T-C) and for residue dG(6) of d(C-A-C-A-T-G-T-G). The

results are displayed in Tables 9 and 10.

The data in Table 9 reveal that, except for residue dG(3) of d(G-A-G-A

-T-C-T-C), all sugar rings in the intact duplexes occur as a blend of N-

and S-type conformers which exist side-by-side in a fast ring flip equi-

librium. This finding parallels earlier results reported from this

laboratory [24, 26, 36]. Comparison of the average values of pS of Y and

R residues in the two octamers indicates that — on the average — the

sugar rings of purine residues have a greater preference to adopt the

S-type sugar conformation than those of the pyrimidine residues;

d(G-A-G-A-T-C-T-C) pS(R) m e a n 88%, pS(Y)mean
 71*> d(C-A-C-A-T-G-T-G)

pS(R) m e a n 85%, pS(Y) m e a n 82X, see also Table 7. Similar correlations are

seen in other B-DNA duplexes [24, 26, 36]. The total collection of

available data will be reviewed elsewhere.

It is of interest to note that the sugars of the three Y residues at

the 3* terminus of d(G-A-G-A-T-C-T-C) display a relatively small pre-
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Table 9. Comparison between the fraction S-type conformer, pS (%), of
corresponding residues in the monomeric tetramers at about 300 K and in
the duplex octamers at 300 K

tetramer
octamer

tetramer
octamer

C
76
70

G
96
87

A
81
93

A
100
88

C
81
88

G
90
100

A
66
78

A
71
77

T
85
92

r
74
85

G
86
85

C
74
60

T
84
79

T
77
67

G
66
79

C
65
65

ference for the S-type conformer (pS 60 - 67%), whereas the complementary

strand, i.e. the three R residues at the 5' terminus, occur almost ex-

clusively in the S form (pS 90 - 100%). Although the -TCTC sequence of

d(G-A-G-A-T-C-T-C) grosso modo can be classified as a B-DNA type

structure, it adopts the canonical B-DNA type structure for a sig-

nificantly smaller amount of the time than does the G-A-G-A- part. This

finding should be taken intc account in attempts to elucidate a DNA

structure solely on the basis of NOE measurements. For example, it is not

unthinkable that the build-up NOEs observed between base and H3' proton

signals of residues in a poly(dY) stretch are erroneously taken as

characteristic for an A-DNA type helix: the contribution from the

relatively abundant N-type sugar in combination with the short base-H3'

distance in the N-type conformer may result in a significant contribution

to the observed base-H3• NOEs, although in fact the S-type sugar

predominates.

At this point it appears appropriate to discuss the observed parallel

between the conformational behaviour of the sugars at the 3' terminus and

the temperature-dependent behaviour of the chemical shifts of the base

proton and HI1 resonances of these residues. From our studies of DNA

duplexes carried out so far, a correlation appears to emerge between the

shift profiles of the base and HI' resonances on the one hand and the

conformational purity of the sugar ring of residues at the 3' terminus on

the other hand. Moreover, this behaviour is correlated with the nature (R

or Y) of the bases at the 3' terminus. Thus far, it has been found that

the shift profiles of the base and HI1 proton signals and the pS value of

the 3'-terminal residues in -R-R, -Y-R and -R-Y sequences behave analo-

gously to those of the core residues, i.e. sigmoidally shaped shift

profiles showing a low-temperature plateau and pS values larger than
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about 75% , see e.g. d(C-A-C-A-T-G-T-G) and [26]. In contrast, anomalous

shift profiles and relatively small pS values (» 65%) have been observed

for the 3'-terminal residues of a duplex with a 3'-terminal -C-C

sequence, e.g. d(G-G-msC-m5C-G-G-C-C) [36, 41] and d(G-G-C-C-G-G-C-C)

[36] and for the 3'-terminal and next-to-3'-terminal residues partaking

in a 3'-terminal -C-T-C sequence, see d(G-A-G-A-T-C-T-C). The aberrant

behaviour of both the shift profiles and S-type populations of the sugars

of residues at 3'-terminal (-Y-)-Y-Y sequences are interpreted in terms

of preferential destacking of the pyrimidine bases ('early melting').

This behaviour is thought to be related -- among other factors -- to the

relatively poor stacking properties of Y-Y steps relative to R-R, R-Y and

Y-R steps. The interesting question as to whether or not similar phenom-

ena occur when a poly(dY) stretch is incorporated in the core of a DNA

duplex cannot be answered from the data at hand. In this respect it

should be mentioned that from a UV/CD study of polydeoxynucleotides,

Sarocchi and Guschlbauer [58] have concluded that 'dC clusters may be at

the origin of DNA premelting'.

A comparison of the calculated fractions S-type conformer of cor-

responding residues in the single-stranded tetramers and in the double-

-helical octamers reveals little consistency in behaviour, Table 9. The

sugar rings of the 3'--terminal residues dA(4) and 5'-terminal residues

dT(l) of the tetramers display an increase in conformational purity when

incorporated into the core of the duplex. In contrast, the 5'-terminal

residues dC(l) and dG(l) of the tetramers gain some conformational

freedom when they are at the 5'-terminal end of the octamers. The cores

of the tetramers, when incorporated into the duplexes, display increasing

as well as decreasing values of pS. It seems as if the factors that

govern the preference of the sugar for either the S- or the N-type sugar

conformation in single helices (stacking) differ from those pertaining to

duplexes. More experimental data are needed, however, before judgement

can be passed on this point.

Backbone angle S (C5'-C4'-C3'-03')

The important backbone angle 6 is directly related to the geometry of

the sugar ring. The pseudorotation parameters P and S m describing the

sugar ring geometry can be translated into 6 by means of eqn (3) [59]:

5 - 120.6* + 1.1 SDra cos(P + 145.3*) (3)

The values of 6 associated with the S-type sugar conformation, 63, of the
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residues of the four single-stranded tetramers and of d(C-A-C-A-T-G-T-G)

were calculated from Ps and 3>g an<^ are displayed in Tables 6 and 10 and

in Fig. 4. It was demonstrated recently [23] that the variation in the

value of 6g in single-helical DNA fragments is base-sequence dependent

and appears predictable from the base sequence using a simple additivity

scheme, Sg: the sugars at each R-R and R-Y step are assigned the value

+1, -1, and those at Y-R and Y-Y steps the values 0, 0. The unit of the

Eg sum function corresponds to 5° of 6 difference from Smean (141°). The

result of the application of this procedure to the present tetramers is

shown below, see also Table 6.

Y — R — Y — R R — R — R — R Y — Y — Y — Y

£6 (unit) 0 + 1 - 1 0 + 1 0 0-1 0 0 0 0

Table 6 shows that the different 63 values follow the predicted trend of

5g variation, at least qualitatively. It is noted that the average of the

63 values in the purine stretch d(G-A-G-A) is about 7 degrees higher than

the expectation value of 5 m e a n (141°). In all, the sequence-dependent S

variation seen in DNA single helices are real, but not spectacular. The

double helix has several surprises in store, however.

Table 10 and Fig. 4 show that the Sg values in the double-helical

octamer d(C-A-C-A-T-G-T-G) vary by about 35° and range from 113° to 148°,

i.e. the backbone of the double helix displays a more than three times

enhanced variation compared to the single-helical stack. Even a super-

ficial glance at Fig. 4 reveals the existence of certain correlations,

which merit further discussion.

Table 10. Bseudorotation parameters (P$ and %,) for the S-type sugar confor-
mations of d(C-A-C-A-T-G-T-G), together with values of the backbone angle &$
and of A5j. Coupling data for residue dG(6) accord with Pg 164 °, $ m 35°

Residue

C(l)
A(2)
C(3)
A(4)
T(5)
G(6)
T(7)
Gm

degrees

141
157
125
164
120
164
114
168

34
39
40
39
40
35
38
33

131
144
121
148
117
145
113
145

A6S

-14
+30
-24
+31
-31
+ 24
-30
+ 14
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At this point we wish to compare the 5 values deduced for the -Y-R-

alternating octamer d(C-A-C-A-T-G-T-G) in aqueous solution with those

predicted on the basis of Dickerson's 23-sum function [5]. Following

Calladine [60], Dickerson proposed [5] that the propellor twist of the

bases in the crystalline double-helical dodecamer d(C-G-C-G-A-A-T-T-C-

-G-C-G) results in steric cross-chain clashes between purine bases. It

was suggested that these clashes could be relieved -- among other mechan-

isms — by a sliding movement of the base pairs along their long axis so

that the purines are pulled partially out of the stack. Such sliding sup-

posedly causes an increase of S at the purine side of a base pair con-

comitant with a decrease of the same magnitude at the pyrimidine side

(principle of anticorrelation; anticomplementarity of the torsion angle 6

). For a given base pair, the difference AS = Sstrandl "
 sstrandll i s

predicted [5] by assigning unit values of +1,-1 to the sugars at each R-Y

step (major groove clash); at each Y-R step the values are doubled and

inverted in sign (minor groove clash): -2,+2. Additivity of these numbers

is assumed. According to Dickerson [5] each unit of £3 corresponds to

15.6° of A6. On first sight, the anticorrelation principle is supported

by the tendency for 6 angles of a paired purine. pyrimidine in B DNA to

occur equidistant from either side of a mean 6 value of 123°. Although

the original authors [5, 60] preferred to illustrate their ideas "on-

cerning 6 change with the aid of the difference A6, there is no a priori

reason to do so. By means of NMR the value of 5 can be monitored with

reasonable precision (± 5°, duplex DNA), at least 6 associated with the

aost abundant conformer, on a per residue basis. Therefore, Fig. 5

lisplays 6 angles experimentally deduced for d(C-A-C-A-T-G-T-G) in

queous solution, together with those predicted for the corresponding

ingle helix (Sj-sum function) and predictions according to the E3~sum

unction. Because we are now working with & instead of hB, the unit value

s set to one half the AS(X-ray) unit (i.e. 7.8° instead of 15.6°) and

mean 126* is taken from the recent rerefinement of the dodecamer

Westhof, E. , private communication]. According to the S3 rule such a

irocedure is allowed, because in a self-complementary duplex 5 m e a n always

'ill be zero on the unit scale.

Fig. 5 reveals that the experimental and predicted points for all

Jurine residues are clustered closely: 6 e x p 146° ± 2*, 25 145°, S3 149°.

This observation is not unique. Similarly clustered 6exp values already

lave been encountered for the purine residues in duplex d(C-C-G-A-A-T-T-

-C-G-G) (144° ± 9*) [26] and in duplex d(msC-G-m5C-G-m5C-G) (143* ± 3°)
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Fig. 4. Comparison of the values of the
backbone angle S, associated with the
S-type sugar conformation, in the
octamer d(C-A-C-A-T-G-T-G) (o), with
those of the constituent tetramers (+)

Fig. 5. Comparison of the observed
sequence-dependent variation of the
backbone angle Sj of the S-type
conformer in d(C-A-C-A-T-G-T-G),
indicated by », with the expected
variation derived from the base
sequence via Zg- and Zj-sum
function indicated by x and o,
respectively

[24] in aqueous solution. We wish to stress the close resemblance of

these numbers to f>mean obtained from a large number of residues engaged

in single-helical vertical base-base stacking. In contrast, the results

obtained thus far indicate that pyrimidine residues behave in quite a

different way: (a) in duplex d(C-A-C-A-T-G-T-G) 6(Y) ranges from 115° to

120° (omitting terminal residues), in duplex d(C-C-G-A-A-T-T-C-G-G) from

125° - 142°, and in d(m5C-G-m5C-G-m5C-G) centers at 118"; (b) in general

these values are significantly smaller than those for Y residues in

single-helical DNA (135° - 143°). These findings strongly indicate that

pyrimidine sugars have an intrinsically much greater tendency, compared

to purine sugars, to assimilate structural changes associated with duplex

formation by means of adjustment of local £g values (i.e. by a change of

the phase angle Pg o f t h e attached deoxyribose ring, eqn (3)). To the

best of our knowledge, such contrasting behaviour of pyrimidine vs purine

residues in alternating -Y-R- sequences has not been predicted from

theoretical calculations. The present results, combined with those

obtained earlier in this laboratory [24, 26] cast some doubt upon the

validity of the principle of anticorrelation, which demands equal but

opposite alterations of the backbone angle £ at the two ends of a base

pair.
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Yet another feature demands attention. Fig. 5 (see also [25]) demon-

strates that, although the predicted trend of 8 variation is followed by

the present octamer duplex, the amplitude of variation (unit A. 5° in

terms of £3) remains significantly smaller than that predicted from the

crystal structure data (7.8°). Similar results have been reported for the

duplex d(m-'C-G-m-'C-G-m-'C-G) in solution. The reasons for this discrepancy

remain less clear for the time being. However, it is noted that some of

the pyrimidine residues in the crystalline dodecamer d(C-G-C-G-A-A-T-T-C-

-G-C-G) appear to display 6 values far smaller (83° - 109°) than any de-

duced from NMR spectroscopy. Perhaps crystal packing effects aggravate

the tendency of pyrimidine residues to adapt to local environment.

In summary, the NMR results decidedly favour the concept of local

variation of geometry of the sugar rings in an intact B-DNA double helix,

which concept was pioneered by Dickerson and his colleagues [5]. However,

the quantification of these variations, as deduced from the X-ray struc-

ture of the dodecamer, appears in need of modification. Further studies

may help to throw more light on these important details of the base-

-sequence dependent variations of the DNA backbone.

CONCLUSIONS

The solution conformations of the self-complementary octamers

d(C-A-C-A-T-G-T-G) and d(G-A-G-A-T-C-T-C), the complementary tetramers

d(C-A-C-A).d(T-G-T-G) and d(G-A-G-A).d(T-C-T-C) and of the non self-

-complementary tetramers d(C-A-C-A), d(T-G-T-G), d(G-A-G-A) and d(T-C-

-T-C) in aqueous solution were studied by means of NMR spectroscopy. At

low temperature the octamers adopt a B-DNA type duplex; the non-self-

-complementary tetramers occur as monomeric species, vis. right-handed

stacked single strands in equilibrium with the random coil, and the

complementary tetramers as a mixture of duplex and monomeric species.

Comparison of the thermodynamic parameters for the intramolecular

stacking interaction between different base types (Y and R), obtained on

a per residue basis, reveals that, in order of highest thermodynamic

stability, the R-R steps rank first, followed by the Y-R and the R-Y

steps, while the Y-Y steps show relatively poor stacking interactions.

The thermodynamic data pertaining to the duplex-to-random coil transition

indicate that the duplexes consisting of alternating, d(Y-R)n, strands

are more stable than the d(R-R)n.d(Y-Y)n duplexes. The anomalous shift

profiles observed for the base and HI' signals of residue dT(7) and dC(8)
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of the duplex d(G-A-G-A-T-C-T-C) are interpreted in terms of preferential

destacking, i.e. 'early melting' below Tm, of pyrimidine bases at the 3'

terminus consisting of two or more pyrimidine residues. Such anomalous

shift profiles do not appear to occur in the case of 3'-terminal -Y-R,

-R-Y or -R-R sequences. Thus far, sequences at the 5'-terminal ends,

including 5'd(C-O), show no deviant behaviour.

The sugar rings in the single-stranded tetramers and in the intact

duplex of the octamers usually do not assume a sta ;e of conformational

purity, but occur as a mixture of N- and S-type conformers, with a

preference for the S-type sugar conformation. For single-stranded DNA,

good stacking of bases appears to promote conformational purity of the

attached sugar rings and vice versa. The observed base-sequence depen-

dence of the geometry of the S-type sugar conformation, and thus of the

backbone angle 5g, in the single-stranded tetramers agrees qualitatively

with predictions. Comparison of the fraction S-type conformer, pS, of

corresponding residues in the single-stranded tetramers and double-

-stranded octamers reveals a slight overall increase in conformational

purity of the sugar rings for the alternating sequence, and a small

decrease in the value of pS for some residues in d(G-A-G-A-T-C-T-C). The

sugar rings of the d(-C-T-C) sequence of this octamer retain their

relatively high conformational freedom when, incorporated in the duplex,

they are engaged in Watson-Crick type base pairing. The relatively low

values of pS of these three pyrimidine residues at the 3'-terminal end of

the octamer appear to be associated with the anomalous temperature-

-dependent behaviour of the chemical shifts of their base and HI ' proton

resonances. The end effect displayed by this particular 3'-terminal

sequence is thought to be related — among other factors -- to the poor

stacking properties of Y-Y steps.

The pseudorotation analyses of the sugar rings of d(C-A-C-A-T-G-T-G)

revealed a dramatic change in the geometry of the S-type conformer of the

sugars of the pyrimidine residues upon duplex formation, whereas those of

the purines under these conditions change little. The sharp decrease in

the value of 6g for these pyrimidines in an alternating, -Y-R-, sequence

suggests that, compared to purines, dY possesses a relatively much

greater capacity to accommodate structural changes associated with the

formation of the d(C-A-C-A-T-G-T-G) duplex, via an adjustment of the

geometry of the S-type sugar conformation. The local variation of the

backbone angle Sg, and hence of flS, on first sight accords with the S3-

sum function proposed by Dickerson [5]. However, the unit of the sum
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function derived from the study of DNA in solution was found to be

significantly smaller than the one deduced from the single-crystal X-ray

diffraction study of d(C-G-C-G-A-A-T-T-C-G-C-G).
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CHAPTER 7

Conformational Analysis of the Deoxyribofuranose Ring
in DNA by means of Sums of Proton-proton Coupling Constants

a Graphical Method

ABSTRACT

A graphical method is presented for the conformational analysis of the

sugar ring in DNA fragments by means of proton-proton couplings. The

coupling data required for this analysis consist of sums of couplings,

which are referred to as Ej i (= Ji'21 + Jl'2")> S 2 ' (= J1'2' + J2'3' +

J2'2")i ^2" (= Jl'2" + 3 2"3' + ^2'2") ant^ ^3 ' ( = ^2'3' + ^2"3' + J3'4').

These sums of couplings correspond to the distance between the outer

peaks of the HI 1, H2', H2" and H3'{31P} resonances, respectively, (except

for 22i and £2" in the case of a small chemical shift difference between

the H2' and H2" resonances) and can often be obtained from ^H-NMR spectra

via first-order measurement, obviating the necessity of a computer-

-assisted simulation of the fine structure of these resonances. Two dif-

ferent types of graphs for the interpretation of the coupling data are

discussed: the first type of graph serves to probe as to whether or not

the sugar ring occurs as a single conformer, and if so to analyze the

coupling data in terms of the geometry of this sugar ring. In cases where

the sugar ring does not occur as a single conformer, but as a blend of N-

and S-type sugar puckers, the second type of graph is used to analyze the

coupling data in terms of the geometry and population of the roost

abundant form.

It is shown that the latter type of analysis can be carried out on the

basis of experimental values for merely E^ 1, £2' a n d £2"> without any

assumptions or restrictions concerning a relation between the geometry of

the N- and S-type conformer. In addition, the question is discussed as to

how insight can be gained into the conformational purity of the sugar

ring from the observed fine structure of the HI1 resonance. Finally, a

comparison is made between experimental coupling data reported for

single-stranded and duplex DNA fragments and covalent RNA-DNA hybrids on

the one hand and the predicted couplings and sums of couplings presented

in this paper on the other hand.



138

INTRODUCTION

Recent improvements in NMR spectroscopy have made this technique a

very powerful tool in studies on DNA and DNA complexes in solution. Of

particular interest is information concerning the conformation of the

deoxyribose rings in DNA from NMR data, since this information yields

insight into the structure and conformational behaviour of the DNA as a

whole. According to X-ray and NMR evidence [1, 2], the sugar ring in DNA

molecules occurs as two distinct conformations which are commonly denoted

as N-type (roughly d'-endo) and S-type (roughly C2'-endo), Scheme I.

Note that both the N-type and the S-type stand for large ranges of

possible conformations as a consequence of pseudorotational movement of

the furanose ring; the N-type conformations are characterized by a phase

angle of pseudorotation [3, 4] PN = 0° ± 90° and the S-type by P s = 180°

+ 90°. The interrelation between the conformation of the sugar ring and

the structure of the DNA helix is illustrated by the fact that, among

other features, the A, B and Z-type helices are characterized by dif-

ferent sugar conformations. The sugar rings in canonical A- and B-DNA

type helices adopt N- and S-type sugar conformations, respectively, and

the Z-type helix displays alternating,-S-N-S-N-, sugar conformations.

C5< C 2 ' b a s e C 5 - V C 3 - . b a s e

C3' C2'
S-type N-type

Scheme I. Composite representation of various pseudorotationally related
sugar geometries in the N- and S-type ranges

In aqueous solution of nucleic acids, even in intact B- and Z-type

duplexes, the N- and S-type conformers are most often found [2] to be

engaged in a fast-conformational N t S equilibrium, probably on the nano-

second time scale [5]. This means that a complete analysis of the confor-

mational behaviour of the sugar ring should not be limited a priori to

the description of a single sugar structure but must be carried out in

terms of the geometry and population of both conformers. Since the scalar

coupling between protons constitutes a time-average physical property,

proton-proton couplings contain information about the geometry and popu-
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lation of both the N- and S-type sugar conformations. Hence, the confor-

mational analysis of the sugar ring in solution, in terms of the geometry

and population of both conformers, rests upon the determination and

interpretation of proton-proton coupling data. It is noted that a pro-

cedure for the analysis of coupling data implicitly based upon the

assumption that the sugar ring occurs as only one form [6] will -- in

most cases -- give rise to erroneous interpretations. With the aid of the

program ESEUROT [7, 8, 9], the geometry of the N- and S-type conformers,

expressed as their phase angle of pseudorotation (P^ and Pg) and ampli-

tude of pucker (3>JJ and i£g), together with their molar fractions are de-

duced from the five vicinal couplings along the bonds Cl'-C2', C2'-C3'

and C3'-C4' by means of a least-squares minimization procedure. The

required coupling data for this procedure, i.e. J].'2'> Jl'2"> J2'3'>

J2"3' and J3141, are determined via simulation of the HI', H2', H2" and

H3' resonances in an *H-NMR spectrum. The successful application of this

approach to the study of the conformational behaviour of sugar rings in a

large number of small single-helical and double-helical DNA fragments as

well as covalent RNA-DNA hybrids has been illustrated in several cases

[2, 10-30]. Unfortunately, complicating factors like signal overlap,

which is especially present in one-dimensional proton spectra of rela-

tively large double-helical fragments (> 2*6 residues), and line

broadening often prohibit the extraction of these couplings.

The application of 2D NMR experiments to the study of DNA fragments

has -- in many cases -- alleviated the first problem and allowed the

separate observation of proton resonances and the extraction of sums of

couplings [28-30]. In addition, with the introduction of modern advances

of 2D experiments, e.g. RELAYED-COSY [31], DQF-COSY [32-34], u)|-scaled

DQF-COSY [35, 36], E-COSY [37], Z-COSY [38] and their one-dimensional

versions [39] one expects that sums of couplings soon will become more

easily extractable from the resulting spectra of large DNA fragments.

Therefore, we have sought to develop a general method which allows an

interpretation of such coupling data in terms of the conformational space

of the sugar ring.

In the present paper we present a graphical method for the conforma-

tional analysis of the sugar ring that requires the determination of the

sums of couplings Sĵ  > (Jj'2' + Jl'2")> ^2' (Jl'21 + ^2'3' + ^2'2")' ^2"

(J|i2» + J2"3' + J2'2") a n d S 3 ' (J2'3' + J2'"3' + J3'4')- These sums cor-

respond to the distance, measured in Hz, between the outer peaks of the

HI 1, H 2 \ H2", and H3'£31P} resonances (except for E 2 •
 a n d S 2 " i n t h e
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case of a small chemical shift difference between the H2' and H2"

resonances), respectively, and often can be obtained by first-order

measurement from ID or 2D ^H-NMR spectra instead of by a simulation of

the fine structure of these resonances. With the aid of this method the

conformational analysis of the sugar ring can be performed in terms of

the population of the N- and S-type sugar conformation and of an estimate

of the geometry of the most abundant conformer on the basis of experi-

mental values for merely S|i, Z^< and ^2"• This analysis can be carried

out without one having to impose physically unrealistic and restrictive

relations between the geometries of the N- and S-type conformers as has

been proposed by others [40], vis. 3fy = 3>s and Pg = 180° - PJJ. An even

more refined determination of the geometry of the major conformer, and

hence of its important backbone angle S (C5'-C4'-C3'-03'), can be carried

out in the case where the individual couplings Jj'2' a n d J1'2" a n d/ o r t n e

sum S31 can be determined next to £j 1, Eg' anc* %2" • I1- 8 o e s without

saying that sums of couplings and/or individual couplings which have been

obtained by means of computer simulation can just as well be analyzed via

this graphical method.

Calculation of vicinal proton-proton couplings

The calculation of the magnitude of the scalar coupling between sugar

protons as a function of the geometry of the sugar ring is based upon the

following key elements: a) the concept of pseudorotation [3, 4], by which

any sugar conformer to a good approximation can be described by two para-

meters, P and 3>m ; b) a set of empirical equations which relate proton-

-proton torsion angles to the endocyclic furanose torsion angles [9, 41,

42] and c) the generalization of the classical three-parameter Karplus

equation by the introduction of three more terras which account for the

influence of electronegativity and orientation of substituents on ̂ J^H

[43], A brief description of each of these key elements now follows; more

details can be found in the references cited.

(a). The description of the geometry of the five-membered sugar ring

is greatly facilitated by the concept of pseudorotation. It has been

shown [3, 4] that the endocyclic torsion angles, 3>j, in a given sugar

conformer can be described by two pseudorotation parameters: P, the phase

angle of pseudorotation, and &m, the amplitude of pucker, (eqn 1):

$j - S m cos(P + 4n(j-2)/5) j - 0 - 4. (1)

in which the endocyclic torsions are numbered clockwise, starting with
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C4'-04'-Ci'-C2' (j = 0). Extensive comparisons with 178 X-ray structures

of ribo- and deoxyribo-nucleotides have shown that eqn (1) reproduces the

endocyclic torsion angles of a well-determined furanose ring with a root-

-mean-square (rms) deviation of 0.4" - 0.7°. For the sake of completeness

it should be mentioned here that recent theoretical studies [44] aided by

empirical results [41], have led to the formulation of an extension of

eqn (1) [45]. The extended equation (not shown) yields rms deviations in

the order of 0.2° - 0.3°. For the present purposes, however, the accuracy

provided by eqn (1) amply suffices.

(b). From empirical correlations taken from 178 crystal structures of

ribo- and deoxyribo-nucleotides, in conjunction with neutron diffraction

studies, the relationship between the pseudorotation parameters on the

one hand and the proton-proton torsion angles <EJJH on the other hand was

established [41, 42] eqn 2a-e:

$ 1

*1
3>2

$ 2

$3

' 2 '
. 2 «

' 3 '

"3 '

•4 '

= 121

0

2

= 122

= -124

. 4 °

. 9 °

. 4 °

. 9 °

.0°

+ 1.03

+ 1.02

+ 1.06

+ 1.06

+ 1.09

®m

*m
$m

^m

cos(P -

cos(P -

cos(P)

cos(P)

cos(P +

144°

144°

144°

)

)

)

(2a)

(2b)

(2c)

(2d)

( 2 e )

Thus, for any sugar geometry, expressed in terms of P and $ m, all rele-

vant $ H H values can be deduced and vice versa.

(c) Quantum-chemical studies have in the past led to an improved

understanding concerning the effect of electronegativity and of orien-

tation of substituents on vicinal coupling constants [46, 47]. With the

aid of the resulting generalized Karplus equation, eqn (3) [43], the

corresponding ĴflH values, and sums thereof, for each sugar geometry can

be calculated with satisfying accuracy (rms < 0.5 Hz):

3jHH • pl cos38 + P2 cos$ + P3 + EAxi f
p4 + P5 cosJ(£j« + P6 | Ax i|)J (3)

The first terms in eqn (3) describe the dependency of the vicinal

coupling constant on the proton-proton torsion angle $ in the absence of

substituents. The remaining terms account for the dependency of ^JHH o n

the electronegativity, Axi > and relative orientation, £i, of the substi-

tuent S^. The magnitude of the correction arising from each substituent

S^ is correlated with the difference Axi in Huggins1 electronegativity

between the substituent S| and hydrogen [48]; Si stands for +1 or -1,

according to the orientation of Si with respect to its geminal proton.
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The empirical determination of optimum values of Pj - P7, the def init ior»

of the sign parameter £ and other details have been amply described

elsewhere [43]. In Table 1 a set of such calculated couplings is col-

lected for each sugar conformer along the pseudorotational cycle with an

amplitude of pucker 3>m 35°, see also Fig. 1. In Table 2, calculated

couplings are collected for 3>m 20°, 30° and 40°; these values of 3>m

represent the extrema observed so far in studies of the deoxyribose ring

in DNA.

20

0 , . • • . , . • . . 1 • • • , - • • ) 0 • , 0 I • • • • I • • • ; . . . • , . . • 1

-90 0 90 180 270 -90 0 90 ISO 270 -90 0 90 '80 ?70
PCI P|i PI")

Fig. 1. Calculated coupling constants and sums of couplings in deoxyriho-
furanose rings plotted vs the phase angle of pseudorotat ion, P; $ m 35 '.
See also Table 1

Because of rapid interconversion between the N- and S-type conformers

the observed coupling, ^Jobs> follows from the usual relationship for

time-average physical properties eqn (4):

3Jobs "= U-pS)*3JN + PS*
3J S (4)

wherein pS represents the fraction S-type conformer and Ĵfj and ^jg the

•̂ JfjH °f the pure N- and S-type conformers, respectively, see Fig. 2.

Influence of the sugar geometry on the calculated couplings

In this section we will discuss the influence of the geometry and the

population of the N- and S-type conformers on the calculated sums of

couplings and on the value of Jj'21 a n^ -J x ' 2" • ^ n s individual couplings

Ji 12' and Ji 12" a r o included in this discussion because knowledge of

their value for a given residue allows a more refined analysis and
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30 h I

0 i
0

I
100

fig. 2. Predicted coupling constants and sums of couplings plotted vs the
fraction S-type conformer for deoxyribofuranose rings that occur in a
fast conformational equilibrium between an N-type conformer (P^ 9°, %
35°) and an S-type conformer (P$ 156°, % 35°). Data from Table 1 are
used in conjunction with eqn (4)

because these values often can be determined with great accuracy, oven

from spectra of relatively large DNA fragments. This discussion in turn

indicates which couplings are good markers for the different confor-

mational parameters to be determined, Scheme II.

Inspection of Tables 1 and 2 and Figs 1 and 2 reveals the following

interesting rules:

- a £ii value of 13.3 Hz or more indicates a predominance of the S-type

conformer, pS > 60%; the larger one of the two couplings present in the

HI1 multiplet in that case is s.ifely assigned to Jj'21- It is noted that

the value of this key marker 2ji is practically unaffected by $s> since

Jj'21 and J^^" increase and decrease with approximately the same

magnitude when $5 i s altered [9], Table 2.

- for a given residue, a predominant S-type sugar conformation means that

£2' > ^2". This rule allows an unambiguous discrimination between the H2'

and H2" resonances. This generalization has been reported by others [49],

but the interrelationship between Eĵ  1 and E2' > ^2" w a s n o t recognized:

i.e. gj1 < £ 2 " £ o r residues for which SJI < 12.5 Hz. Moreover, in the

case of a predominant N-type conformer, Ej1 < 12.5 Hz, the value of Ji'21

Is smallor than tho value of J^ '2"- Examples of this situation are

tuppliod by the Z form of DNA [30] and by some residues in
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Table 1. Calculated coupling constants and sums of couplings for each sugar
geometry of the deoxyribose ring along the pseudorotation cycle, eqs (2) and
(3). The amplitude of pucker was kept constant at 35°. The initial couplings
were corrected for the through-space transmission effect [56]. 2|i = 3\>2' +

Jl'2n» 2̂ 2' = ^1'2' + ^2'3' + <^2I2"» ^2" = ^1'2" "*" ̂2"3* + tJ2'2fl a^d ^3' = -J2'3 '
+ J2"3 ' + J3'4'. In calculating Z21 an<* ^2"' ̂ e average of the experimentally
observed value of 1-̂ 2' 2" I was u s ed: 1^2'2"I ^ Hz

p

(•)

0
9
18
27
36
45
54
63
72
81
90
99
108
117
126
135
144
153
162
171
180
189
198
207
216
225
234
243
252
261
270
279
288
297
306
315
3 24
333
342
351

J1'2'

(Hz)

1.5
1.8
2.1
2.7
3.3
4.1
5.0
5.9
6.8
7.6
8.4
9.0
9.5
9.8
10.0
10.2
10.2
10.2
10.0
9.8
9.4
9.0
8.4
7.6
6.8
5.9
5.0
4.1
3.3
2.7
2.1
1.8
1.5
1.4
1.3
1.3
1.3
1.3
1.3
1.4

J1'2"

7. 7
8.0
8.4
8.7
8.9
9.0
9.0
8.8
8.4
8.0
7.5
7.0
6.5
6.1
5.9
5.7
5.6
5.6
5.7
5.7
5.8
6.0
6.2
6.4
6.6
6.8
7.0
7.1
7.1
7.1
7.1
7.0
7.0
6.9
6.9
6.9
6.9
6.9
7.1
7.3

9.2
9.8

10.5
11.4
12.2
13.1
14.0
14.7
15.2
i5.6
15.9
16.0
16.0
15.9
15.9
15.9
15.8
15.8
15.7
15.5
15.2
15.0
14.6
14.0
13.4
12.7
12.0
11.2
10.4
9.8
9.2
8.8
8.5
8.3
8.2
8.2
8.2
8.2
8.4
8.7

22.7
23.1
23.6
24.5
25.4
26.7
28.0
29.3
30.4
31.3
32.0
32.4
32.4
32.2
31.8
31.4
30.8
30.3
29.8
29.4
28.9
28.5
28.0
27.3
26.7
26.1
25.5
24.9
24.4
24.1
23.7
23.6
23.3
23.2
23.0
22.9
22.8
22.7
22.6
22.6

22"

31.4
31.7
31.9
31.8
31.6
31.0
30.3
29.2
27.9
26.5
25.1
23.8
22.6
21.7
21.2
20.9
20.8
20.8
20.9
21.0
21.1
21.3
21.4
21.6
21.8
22.0
22.3
22.7
23.2
23.9
24.7
25.5
26.5
27.3
28.2
28.9
29.6
30.0
30.6
31.0

24.6
25.1
25.3
25.3
25.2
25.0
24.6
23.9
22.8
21.5
19.9
18.3
16.3
14.5
12.8
11.3
10.1
9.0
8.4
8.0
7.8
7.7
7.7
7.8
8.0
8.3
8.7
9.3
10.2
11.3
12.6
14.0
15.6
17.1
18. 7
20.1
21.5
22.6
23.5
24.2

2'3'+J2"3'

16.9
17.0
17.0
16.9
16.8
16.6
16.3
15.8
15.1
14.2
13.2
12.2
11.0
10.0
9.1
8.4
7.8
7.3
7.0
6.9
6.8
6.8
6.8
6.9
7. 1
7.4
7.8
8.4
9.2
10.2
11.2
12.3
13.3
14.2
15.0
15.6
16.2
16.5
16.8
16.9

Table 2. Calculated coupling constants and sums of couplings (Hz) in deoxy-
ribose for $m 20', 30° and 40'. For further details, see the legend to Table 1
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Scheme II. Correlation between couplings and sums
of couplings and the pseudorotation parameters of
the N- and S-type sugar conformation (P^, % , F5
and &$) and the fraction S-type conformer (pS)

*̂  1' 2 ' *̂  1 ' 2 " ^] ' *̂2 ' ^2" ^3 '

pS

+ a relatively strong correlation.
+/- a relatively weak correlation,

a weak correlation.

Pt-DNA complexes [20, 50, 51, van der Veer, J.L., private communication].

- the value of £2" *s mainly influenced by the relative populations and

is an excellent marker to determine the fraction S-type conformer, pS,

eqn (5):

pS = (31.5 - Z2«)/l0.9 (5)

Eqn (5) is valid for the normal range of pseudorotation values: Py -9° -

+ 18°, Pg 126° - 180° and <&m 35° - 40°. Analogous equations can easily be

worked out for other values of PJJ, P§ and S m with the aid of the calcu-

lated couplings given in Tables 1 and 2, see e.g. [52].

- Xi< and S31 are quite sensitive towards changes in Pfj and Pg> respec-

tively, and knowledge of these two sums allows a valid estimate of the

phase angle of pseudorotation of at least the major conformer, once pS is

known from E21'' ecln (5).

- J].'2' a n d J1'2" a r e 6 o o d markers for $5 a n d ^2' f o r *N a n d a r e u s e d>

together with the other coupling data, in an overall fit of the experi-

mental couplings to the calculated ones.

Finally, we wish to remark that the calculated couplings given in the

present paper are only valid for |5-D-deoxyribonucleic acids. Values for

p-ribo-, fl-D-arabino-, fl-D-xylo- and |)-D-lyxo-nucleosides have been

discussed elsewhere [9].
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Influence of the fraction S-type conformer on the fine structure of the

HI', H2>, H2" and H3'{31P} resonances

In the preceding section, the influence of the geometry and population

of the N- and S-type conforraers on the predicted (sums of) proton-proton

couplings was discussed. Presently a qualitative discussion is presented

concerning the influence of the fraction S-type conformer of the sugar

ring, pS, of a given residue on the observed splitting pattern of the

HI', H2 1, H2" and H3'{31P] resonances of this residue, Fig. 3. The

influence of the geometry of the N- and S-type conformers (Pjf 0° ± 18°,

Pg 150° ± 30" and $ m 35° ± 5°) on the detailed fine structure of these

resonances is not relevant for the remaining part of this section and

will be omitted from consideration. It will be demonstrated that infor-

mation concerning the conformational purity of the sugar ring can be

directly deduced from the splitting pattern of the HI1 resonance and that

the H2' and H2" resonances can be discriminated on the basis of their

appearance in the contour plot of a COSY spectrum.

Inspection of Fig. 3 clearly illustrates the variation of the distance

between the outer peaks of the resonances when the N i S equilibrium

shifts from a pure S- to a pure N-type sugar conformation. The changing

shape of the HI1 resonance is of particular interest. This fine splitting

often occurs sufficiently isolated to be observed in 1T> spectra, even of

large DNA fragments (up to about 12 base pairs), and allows a good in-

sight into the population ratio of the sugar ring, pS/pN. As will be

explained in the next section, the outward appearance of a HI1 signal in

part depends upon the chemical shift difference of its corresponding H2'

and H2" resonances. In the case where the chemical shift difference be-

tween the H2' and H2" resonances is less than about 8 Hz, the HI' reso-

nance appears as a triplet, irrespective of the conformation of the sugar

ring (see Fig. 6). In the following discussion it will be assumed that

the H2' and H2" resonances are not (near-) isochronous. In cases where

the N i S equilibrium is heavily biased towards the S-type conformer (pS

> 80%), it is seen that the HI1 resonance appears as a quartet, the

distance between the outer peaks exceeds 14.5 Hz; the larger the distance

between the inner two peaks of the quartet, the higher the conformattonal

purity. In contrast, the observation of a HI1 resonance of a given

residue which occurs as a triplet and for which the corresponding H2' and

H2" resonances are not (near-) isochronous, see below, indicates that the

sugar ring of this residue displays a relatively high conformational

flexibility, 40% < pS < 70%. So far, this has been observed for HI1 reso-
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Fig. 3. Predicted splitting patterns of the HI', H2', H2" and H3'(31P}
resonances for different values of the fraction S-type conformer.
Limiting couplings of the S-type sugar (Ps 156°, $s 3^°) and the N-type
sugar (Pfj 9", % 35°) were taken from Table 1. Chemical shift values were
chosen in accordance with those observed for a pyrimidine residue in a
*H-NMR spectrum: C^i 2.8 ppm, 6^2' -L-5 ppm, 6 H 2 " -0-7 PPi>> 5H3 ' -1 •5 PPm

and 6H4' 1.0 ppm, relative to the methyl peak of Me^NCl (TMA)
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nances in the following cases: a) all 3'-terminal residues of single-

-helical DNA fragments studied in our group [25]; b) most of the

pyrimidine residues in the stretch of pyrimidines in d(G-A-G-A-T-C-T-C)

[Rinkel, L.J. et al. , unpublished results], c) residue dG(i) in the

cis-Pt{MH3J2{d(G-C-G)} complex [21] and d) in several of the deoxyribose

nucleotides in r(C-G-C)d(T-A-T-A-G-C-G) [22]. Residues of which the sugar

ring exists predominantly as an N-type conformer, 20% < pS < 40%, are

characterized by HI ' resonances which are shaped as a doublet of doublets

in which the distance between the outer peaks is smaller than " 12.5 Hz.

Finally, in the case of an (almost) pure N-type sugar conformation, pS

< 20%, the HI' resonance is expected to occur as a doublet of doublets,

but as a consequence of both line broadening and of the small value of

J"l'2' it will be observed as a simple doublet. Examples are: the purine

residues of d(m5C-G)3 in the Z form [30], residue dG(l) in the cis-Pt-

{NH3}2{d(G-G)} complex [21], residue dA(2) in the cis-Pt[NH3}2{d(G-A-G)-

-N7(2), N7(3)3 complex [51] and by a residue in the tjrans-Stlmi^}2-

{d(G-T-G)-N7(l), N7C3)} complex [50].

The calculated splitting patterns in Fig. 3 also reveal dramatic

changes in the shapes and the distance between the outer peaks of the H2'

and H2" resonances with changes in the value of pS. In addition, striking

differences between the splitting patterns of these two resonances are

observed at most of the values of pS. At this point it should be empha-

sized that the study of the fine structure of the H2' and H2" resonances

alone can lead to misinterpretations, unless the assignment is secure.

This is because of the existence of a superficial symmetry in the

spectra, i.e. the H2' signal at 30/70 pN/pS strongly resembles the H2"

resonance at 70/30 pN/pS and vice versa. Due to signal overlap, these

differences between the fine structure of the H2' and H2" resonances

often cannot be observed in ID spectra. Fortunately, these differences

are also reflected in the fine structure of the contour plots of the

correlation peaks between the H2' and H2" resonances and other protons in

2D COSY spectra. Fig. 4 demonstrates how the distinct difference in shape

and distance between the outer peaks of the H2' and H2" resonances re-

mains present in the contour plot of the correlation peak with their cor-

responding HI1 resonance. This apparent distinction — observed in all

our COSY spectra of DNA fragments which adopt predominantly a B-type

helix -- will prove useful to discriminate between H2' and H2" signals in

future studies where NOE experiments do not allow an unambiguous assign-
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M

Fig. 4. Contour plot of the HI '-H2 ' and HI '-H2"
correlation peaks for residue dG(8) of d(C~A-C-
-A-T-G-T-G) in the absolute-value 300-MHz COSY
spectrum at 300 K [Rinkel, L.J. et al., unpub-
lished results]. The one-dimensional spectra were
obtained by computer simulation using values of
^1'2'> ^1'2" ' ^2 ' 3 ' an<^ -^2"3' determined for this
residue. For the evaluation of COSY spectra in
terms of experimental coupling data, see Fig. 5

Fig. 5. CrosL sections in
the H2' direction of the
HI'-H2 ' correlation peak
for residue dC(l) of d(C-
A-C-A-T-G-T-G) in the ab-
solute-value 300-MHz COSY
spectrum recorded at 300 K

ment. The determination of the desired sums of couplings from corre la t ion

peaks i s i l l u s t r a t e d in the following sect ion, Fig. 5.

Final ly , the simulated fine s t ruc tures in Fig. 3 indicate that the

distance between the outer peaks of the H3'{31P} resonance for an N-type

sugar is s ign i f i can t ly larger (•» 25 Hz) than for an S-type conformer < =

10 Hz). Therefore, the observation of an H3'[ 3 iF} resonance (£31 > • 20

Hz), e.g. via the H2"-H3 ' or H3'-H4' cross peak in a COSY spectrum,

unambiguously indicates a predominance of the N-type sugar conformation.

So far , such H3'{31P} resonances, and concomitantly doublet-shaped HI'

resonances (see above), have been observed for the purine residues of

d(m5C-G)3 in the Z-form [Orbons, L.P.M. et al., unpublished r e s u l t s ] and

for some residues in Pt-DNA complexes [van der Veer, J .L. et al., un-

published r e s u l t s ] .
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Theoretical evaluation of splitting patterns: ABXYZ spectra.

The determination of the experimental coupling data required as input

for the graphical method can be performed — in most cases — by means of

first-order measurements of the distance between the outer peaks of the

HI 1, H2 1, H2" and H3'{31Ej resonances, either in ID spectra or in 2D

spectra, Fig. 5. Now the following questions arise: 1) under what con-

ditions is it safe to apply first-order spectral analysis? and 2) under

what conditions does the distance between the outer peaks of an indi-

vidual splitting pattern indeed corresponds to the actual sum of the

couplings in this pattern?

In order to answer these questions, a LAOCOON-type computer program

was used to simulate spectra for the five-spin (vis. HI', H2', H2", H3'

and H41) system, denoted ABXYZ, in which HA and HB (H2', H2") occur

relatively close together in a separate spectral region; moreover, these

protons are strongly coupled (Jgem. * ^ Hz). The chemical-shift dif-

ference between the strongly coupled proton pair H2'/H2", A62>2"» was

then systematically decreased from 140 Hz, i.e. 10*Jgem_, down to 0 Hz.

Plots of some representative patterns of HI', H2 1, H2" and H3'{31P}

resonances are shown in Fig. 6. These patterns were "measured" in first

order in the same way as one would measure an experimental phosphorus-

-decoupled spectrum, i.e. preferably with the aid of a "peak print"

output from the computer interfaced with the spectrometer. In this way it

is possible to detect any discrepancies between the known sum of the

individual couplings, used as input, and the first-order measured dis-

tance between the outer peaks of the splitting patterns in the calculated

spectrum. The results are summarized in Table 3.

Fortunately, it turns out that the distance between the outer peaks of

the HI' and H3' resonances are unaffected by the choice of A52'2"> t n e

chemical shift difference between the H2' and H2" resonances, and are

exactly equal to the sum of the individual couplings.

However, the first-order determination of the individual couplings

Jl>2> and Jj'2" starts to break down when A82'2" becomes smaller than

about 20 Hz (0.04 ppm at 500 MHz, 0.07 ppm at 300 MHz). Under conditions

where AS2'2" ranges between 8 Hz and 20 Hz, a computer simulation of the

HI' splitting pattern is called for when these individual couplings are

to be determined. In cases where AS2'2" ^ " HZ, the HI' resonance appears

as a triplet and only the sum Zji is important; the individual couplings
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30 Hz

15 Hz

8 Hz

14 Hz

0 Hz

20 Hz
HI ' H2" / H2 ' H 3 ' { 3 1 P }

Fig. 6. Predicted splitting patterns of the HI', H2 ', H2" and H3'{31P}
resonances for different values of the chemical-shift difference between
the H2' and H2" resonances, hS2>2"- S e e also Table 3

J^ < 2• and Ji'2" cannot be determined by simulation of this HI' triplet.

At this point we wish to stress that in general the couplings Ji>2' a n^

Jli2» are not equal to one half of this sura in these cases.

A correct first-order analysis of the H2'/H2" splitting requires

A&2'2" > 10*J2'2" * 1*0 Hz. Under this condition the distance between the

outer peaks of the H2' and H2" resonances exactly equals the sum of the

individual couplings: £2' anc* ^2", respectively. However, our computer-

-calculated spectra reveal (Table 3) that first-order measurement of S2•

and £2" c a n b a safely carried out as long as AS2'2" ^ ^ Hz> t*ie error

introduced remains within experimental error (< 0.2 Hz) in such cases.
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Table 3. First-order "measured" values of Ji>2'> Jj'2"> ^1''
^2" an<? ^3> (Hz) from simulated spectra* wherein the chemical
shift difference between the H2' and H2" resonances, kS2'2"
was systematically varied, see text

Input

Output

A62'2"

140
130
50
40
30

8.

Jl

8.
8.
8.
8.
8.

. '2'
40

'?'

40
35
35
35
30

6.

Ji

6.
6.
6.
6.
6.

i 2 "

10

'?"

10
15
15
15
20

Si
14.

14.
14.
14.
14.
14.

50

50
50
50
50
50

28.

28.
28.
28.
28.
28.

70

1

70
70
50
50
50

2
23

E

23
23
23
23
23

.00

.00

.00

.10

.20

.30

S3.
12

2

12
12
12
12
12

.00

.00

.00

.00

.00

.00
15 6.00 6.50 14.50 27.90 23.80 12.00
12 8.00 6.50 14.50 27.80 24.00 lf.OO
8 7.80 6.70 14.50 27.8 24.5 12.00
6 14.50 27.3 24.7 12.00
4 14.50 27.2 24.8 12.00
2 14.50 <11.8>+ 12.00
0 14.50 <11.80>+ 12.00

*) the chemical shift values were chosen in accordance with
those normally observed for a purine residue in a ^H-NMR
spectrum of a B-DNA type duplex: 6JJI ' 2.8 ppm, SH2' -0.64
- -0.36 ppm, 6jj2" -0.36 ppm, SH3 ' ^-^ PPm an<* &H4' 1-0 PPm>
relative to the methyl peak of Me4NCl (TMA).

-) HI1 resonance appeared as a triplet.
+) H2' and H2" were (near-)isochronous.

Significant discrepancies up to several Hz, occur when A62'2" lies

between 4 Hz and 40 Hz and recourse must be taken to computer simulation

of the H21 and H2" resonances. For (near-) isochronous H2'/H2" signals,

AS2'2" < * Hz> "deceptively simple" patterns are seen: a triplet for the

HI1 resonance, already commented upon above, and a quartet for H2'/n<."-

The first-order measured distance, £2'2"> between the outer peaks of the

(near-) isochronous H2'/H2" quartet corresponds to (Jj'2' + J1'2" + -"2'3'

+ J2«3i)/2. Due to the (near-) isochronicity of the H2'/H2" resonances,

only the sums of couplings to these protons is important. As a conse-

quence, the number of independent observables has decreased from five

down to three and thus some useful information is lost. Nevertheless, the

remaining information comprises: £|1 (not the individual couplings), tha

sum of J2'3' and J2"3' (again not the individual values), and £31. The

value of the sum of J2'3' + ^2"3' c a n ^e determined by means of a first-
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-order analysis of the splitting pattern of the H2'/H2" resonance, or

deduced from the distance between the outer peaks of the H2'/H2'

resonance, £2i2": ^2*3 ' + J2"3 ' = 2*S2>2" " %L'•

From the discussion above it follows that the first-order measured

distance between the outer peaks of the HI1 and H3 ' resonances always

remains equal to Ey• and S3•, respectively. Some care must be exercised

in the determination of Ji<2'> Jl'2"> ^2' anc' ^2" via first-order

measurements. In cases where 652'2" > *0 Hz> t h e distance between the

outer peaks of the H2' and H2" resonances are equal or close to the true

values of £2' anc' ^2" > respectively, and Ji'21 an<^ JI ' 2" c a n be obtained

via first-order measurement within experimental error. In cases where 8

Hz < A62'2" ^ *0 Hz, ^2' anc' ^2" c a n on^y be obtained via computer

simulation; values of Jj'2' anc' -J1 ' 2" a r e t o ')e obtained by means of

computer simulation in cases where 8 Hz < A 62'2" *~ ^" ^z" For residues

that display (near-) isochronous H2' and H2" resonances, no individual

couplings involving H2' and H2" can be obtained from computer simulation.

Still, even in such a case useful coupling data can be extracted from the

spectrum, which together with the graphical method yields information

concerning the conformational behaviour of the sugar ring.

Analysis of coupling data

Conformational analysis of the sugar ring

In the following we will discriminate between two distinct types of

graphs used in the conformational analysis of the sugar ring by means of

(sums of) proton-proton couplings. Such graphs can easily be constructed

with the aid of the predicted coupling constants in Tables 1 and 2;

couplings for values of P and $ m which are not included in these tables

can be calculated by linear interpolation.

If possible, a set of experimental couplings is analyzed in terms of a

single sugar conformer, the geometry of which is expressed as P (phase

angle cf pseudorotation) and $ m (amplitude of pucker), with the aid of a

graph such as shown in Fig. 7. In the case where no acceptable fit

between the experimental and calculated couplings can be obtained, it

must be concluded that the sugar ring does not exist as a single con-

former, but as a blend of N- and S-type conformers which occur side-by-

-side in fast exchange. In our experience, a fit is considered to be

acceptable only when the rms difference between observed and predicted

couplings does not exceed about 0.4 Hz. Well-determined individual
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-90 270

Fig. 7. Calculated coupling constants and sums of couplings in deoxyri-
bofuranose rings plotted vs the phase angle of pseudorotation, P; $ m 35'
( ; - 40' ( ;. See also Tables 1 and 2
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Fig. 8. Predicted coupling constants and sums of couplings plotted vs the
fraction S-typa conformer for deoxyribofuranose rings that occur in a
fast conformatlonal equilibrium between an N-type conformer (PN 9', fljy
35') and an S-type conformer (Ps 117' (—), 1W (—; or 189' (-.-); « s

35'). Data from Table 1 are used In conjunction with eqn (A)
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couplings obtained from ID spectra, i.e. Ji'2' a n d Jl'2"> should

correspond to their respective predicted ones within about 0.2 Hz.

Consequently, the experimental couplings are analyzed in terras of this

two-state equilibrium with the aid of a graph analogous to Fig. 8.

The sugar ring occurs as a single conformer in solution

In fitting the experimental couplings to the predicted ones with the

aid of a graph such as Fig. 7, S^i and £2' normally serve as the markers

for the preliminary determination of the phase angle of pseudorotation,

P, whereby S p is the key marker for N-type conformers and Zi> for S-type

sugar conformations, see Scheme II. Thereupon, the other couplings are

fitted to the calculated ones around this value of F, whereby Zy> and £2'

serve as markers for % and Ji<2'> J1'2" a n d E3' a s markers for 5>g, see

Scheme II. The actual value of P follows from the point at the P-scale

(X-axis) for which the best-overall fit along a vertical line occurs. In

this fit, the marker couplings need not exactly coincide with either the

predicted curves for S m 35° or $ m 40°. In the case where the experimental

couplings fall within the area bordered by the predicted curves, the

actual value of $ m can be obtained by linear interpolation. In cases

where the set of couplings clearly falls outside these areas, it should

be checked whether or not the data are consistent with an 'abnormally'

puckered furanose ring, i.e. with either 4 m < 35* or 55m > 40°. If yes,

one proceeds by fitting the observed couplings to predicted ones with the

aid of Tables 1 and 2. These Tables contain sufficient information to

allow reliable interpolation in the range $ m 20° - 40* and extrapolation

up to a few degrees outside this range.

The sugar ring partakes in a two-state N t S equilibrium

The conforroational analysis of the sugar ring in terms of the popula-

tion and geometry of the N- and S-type conformers, expressed in terms of

their respective pseudorotation parameters, is performed by means of a

graph resembling Fig. 6. A typical problem encountered in these analyses

is formed by the fact that — in most cases — the number of independent

oba«rvabl«s is less than or equal to the number of conformational para-

meters to be determined. For example, given a complete set of experimen-

tal couplings, the number of independent observables is five, vis. Jj'2'i

Jji2". El 1, EJI, £2" a n d £3' • a n d equals the number of conformational

param«t«ra, i.». PJJ, fffj, Pg , fig and the fraction S-type conformer, pS.
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As has been explained elsewhere [7], adjustment of all conformational

parameters simultaneously will lead to a fit with a residual rms devi-

ation close to zero: though this is an excellent fit from a mathematical

point of view, the resulting conformational parameters might be physi-

cally unrealistic and will be greatly influenced by experimental errors

in the couplings. In these cases, more reliable results can be obtained

by constraining the pseudorotation parameters of the less abundant — and

therefore less well-defined — conformer to assume fixed values in

accordance with normally observed ones for that conformer. The analyses

of a substantial number of X-ray [41] and solution data on DNA fragments

have shown that the puckering amplitude displays a relatively small

variation: $ m 35° ± 5". The average value of 5Bm in single-stranded oligo-

mers in solution appears to center around 35° ± 5" [2], in duplexes

around 37° ± 3' [53]. In addition, NMR studies indicated that the phase

angle of pseudorotation of the N-type conformer is centered around PJJ 9°

and of the S-type conformer around 160° (single-stranded DNA fragments)

or 155° (double-stranded DNA fragments) [52]. Therefore, in the analysis

of a number of independent couplings equal to or less than the number of

conformational parameters to be determined, or in the absence of suf-

ficiently accurate coupling data, it appears best to fix the following

conformational parameters: the amplitude of pucker of both the N- and

S-type conformer at $ m 35*737' and the phase angle of pseudorotation of

the minor conformer at P 9° (for a minor N-type) and P 160*/155* (in the

case of a minor S-type). The nature of the predominant sugar conformer

follows from the observed value of Z\ i, as described above, as well as

from the splitting pattern of the HI' resonance (see above). In several

analyses of proton-proton coupling data of DNA fragments carried out in

this laboratory and elsewhere it was found that neither the calculated

relative population nor the calculated geometry of the major (S-type)

conformer in DNA were significantly influenced by variations (within

reasonable limits) in the pseudorotation parameters of the minor (N-type)

conformer. It is noted that, in addition to these proton-proton coupling

criteria, an outspoken conformational preference of the sugar ring for

either the N- or the S-type conformer can also be established from NOE

measurements [29, 54], When the pN/pS ratio approaches 50/50, however,

care should be exercised. Analysis of NOG patterns alone, without benefit

of coupling data, may give rise to erroneous interpretations of the NOEs.

Given a set of experimental couplings consisting of E|i, &2• and £2"
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(and £31), the conf ormat ional analysis of the sugar ring is carried out

in terms of the population of the N~ and S-type conformer, expressed as

pS, and of the geometry of the most abundant conformer, expressed as its

pseudorotation parameters Pmaior
 a n d ^major- This analysis is in first

instance caried out with the aid of a graph (Fig. 8), wherein a) the

puckering amplitude of both conformers are fixed to assume the value $ m

35*/37*; b) the phase angle of the minor conformer is fixed to assume the

mean value BJJ 9" or Pg 160°/155", whichever applies and c) the geometri-

cal variation of the major sugar conformer is represented by lines con-

necting the limiting coupling constants of some representative major

conformers with those of the minor conformer.

The fitting procedure is carried out in several stages as follows:

From the value of £2" and/or £j1, an initial value of the fraction S-type

conformer, pS, is estimated with the aid of eqn (5) or eqn (7), see

below. Next, a population band width of + 5% in pS is selected and the

available experimental coupling data are fitted to the predicted ones

within this interval. The value of pS fellows from the point at the

pS-scale (X-axis) for which the best-overall fit is found along a

vertical line. In this fit, the value of Pmajor *s deduced from the

correspondence of the experimental value of the markers for P m a j o r (£; '

and £2* £ o r a n N-type sugar conformation and £2' a n d £3' f o r a n S-type

conformer) and their respective predicted ones. The observed values of

the marker couplings need not exactly coincide with one of the lines

drawn in Fig. 8. Usually, the experimental marker couplings fall within

the area bordered by the predicted lines, i.e. 126* < P < 180° in the

case of a major S-type conformer, see e.g. below), and the actual value

of Pmajor i s obtained by linear interpolation. Mutual consistency of the

values of Pmajor thus found from the different markers may allow

termination of the analysis at this point. Since the values of £j 1 and

£31 are quite dependent upon the phase angle of pseudorotation of the N-

and S-type conformer, respectively, these sums can be used to obtain a

rough estimate of the phase angle of pseudorotation of the minor (N- or

S-type) conformer or to exclude certain values. In the case where

significant differences remain between the experimental sums, notably

£31, and the predicted ones in the best overall fit, the puckering

amplitude of the major conformer finally must be adjusted in order to

improve the situation (see below).

In the cane of (near-) isochronous H2' and H2" resonances, only the

following couplings are important; £j 1, £31 and the sum of J2 • 3' and
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J2"3' (not Jj'2'i Ji'2"> Z 2 ' o r %2")- ^-ne analysis of such a set of

couplings is carried out analogously to the procedure described above. In

these cases, however, E^ t and S31 are the markers for Py and Pg,

respectively, and J2'3' + J2"3 ' i s t n e marker for pS. Since £2" i s n o t

available, the fraction S-type conformer is roughly computed from eqn (6)

or from eqn (7), as opposed to eqn (5):

pS - (16.9 - J2'3> - J2»3')/8.9 (6)

pS = (Zi<- 9.8)/5.9 (7)

A more refined analysis can be caried out when accurate values for the

individual couplings Jj'2' and J],'2" and for the sums of couplings

mentioned have been determined. In these cases, the conformational

analysis can be extended to determine the amplitude of pucker of the

major conformer, next to pS and Pmajor> since Jj'21 a n d J1'2" a r e

excellent markers for 5m. The analysis of such a set of couplings is

initially carried out with the aid of a graph such as Fig. 8, identical

to the approach described above for the analysis of T.±•, S2' a n d £2" ^ a n d

£31). This analysis yields values for pS and Pmajor and, when no

significant differences between the experimental and the calculated

couplings are found, $major equals 35°. However, in cases where such

differences do occur (notably for Ji'2't J1'2" a n d S3' *n t h e case of a

predominant S-type conformer and for Ji'2'> ^1'2" anc* ^2' w n e n the N t S

equilibrium is biased towards the N-type conformer) one must conclude

that 3>niajor >" 35*. In order to optimize the overall fit and to determine

the actual value of $major' fc^e couplings are analyzed with the aid of a

graph like Fig. 8, but now the predicted couplings of the major conformer

are calculated for different values of $m, e.g. 32°, 38* and 40°.

An alternative optimization of the overall fit between accurate ex-

perimental couplings and predicted couplings and consequent determination

of *major
 c a n b e carried out in the case of a heavily biased N t S

equilibrium, i.e. pS > 75% or pS < 25%. Let us assume that the sugar ring

occurs predominantly in the S-type sugar conformation; this is the

commonly encountered situation, since the majority of DNA fragments

adopts predominantly a B-DNA type helix in solution. From the preliminary

analysis one has obtained values of pS and P§ (for $g 35°). The limiting

couplings of the S-type conformer, ^Jg, are then deduced from the experi-

mental values by extrapolation with the aid of oqn (8):
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(The limiting coupling values for the N-type conformer, 3JJJ, are taken

from Tables 1 or 2, Py 9*). Next, the extrapolated couplings corre-

sponding to the pure S-type sugar conformation are analyzed in terms of

F3 and 3>s by means of a graph resembling Fig. 7, as described above for a

sugar ring which occurs as a single conformer in solution. Having

determined Pg and $g> one recalculates the fraction S-type conformer by

means of a graph such as Fig. 8, but now using predicted couplings for

this value of $3. The iterative fit continues by extrapolating the

experimental couplings on the basis of this value of pS and fitting these

extrapolated couplings to predicted ones with the aid of a graph as Fig.

7. Mutual consistency between the values of pS and of $g terminates the

analysis.

At this point we would like to remark that an analysis of the experi-

mental couplings with the aid of a graph such as Fig. 8 does not overlook

the possibility of a sugar ring which occurs as a single conformer. In

such a case, the best fit between the experimental and calculated

couplings occurs for pS = 1, i.e. a pure S-type conformer, or pS = 0,

i.e. a pure N-type conformer.

Confozmational analysis, an example

We will illustrate the use of the graphical method with the conforma-

tional analysis of the sugar ring of residue dC(l) of d(C-C-G-A-A-T-T-C-

-G-G) [29] by means of the experimentally determined (sums of) proton-

-proton coupling constants for this residue, Table 4; Jj'21 a n d J1'2"

were determined by means of computer simulation of the HI1 resonance and

£j' flnd £3" via first-order measurements in a ID spectrum and from the

projection of the Hl'-H2" cross peak in an absolute-value COSY spectrum

(500 MHz), respectively (AS2'2" equals 237 Hz at 500 MHz, therefore, the

distance between the outer peaks of the H2' and H2" resonances equals Z2'

and £2H> respectively).

In the analysis of the experimental couplings in terms of a single

sugar conformer, Zyi was used as the marker for the preliminary determi-

nation of V i it turned out that the value of Sj1 - 13.8 Hz corresponds

with a sugar geometry expressed as a phase angle of pseudorotation P 54*

or F 212' (»m 35*) (see also Table 1). A subsequent fit of the remaining

couplings around the value of P 54* resulted in significant differences

between experimental and predicted couplings (rms 1.5 Hz), well beyond

any experimental error, Table 4A. Although the correlation between the

experimental couplings and couplings predicted for P - 212* appears less
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Table 4. Results of the analyses of the proton-proton coupling data
determined for residue dC(l) of d(C-C-G-A-A-T-T-C-G-G) [29]: (A) coupling
data analyzed in terms of a single sugar conformer; (B) and (C) coupling
data analyzed in terms of a two-state equilibrium. In the analyses (B)
and (C), the pseudorotatlon parameters of the N-type conformer were
constrained to assume the values PJJ 9° and 5JJ 35°, see text

•^exp.

JcalcA

JcalcA

Jcalc

•*calc
•^extrapol.

Proton
1*2'

(Hz)

7.85

4.97

7.20

7.80

7.80

10.4

pair
1'2"

5.95

8.96

6.50

6.30

6.10

5.1

13.

13.

13.

14.

13.

15.

8

9

7

1

9

5

s2

28

28

27

28

28

30

.05

.0

.0

.2

.0

.2

23.

30.

21.

23.

23.

20.

8

0

7

9

9

4

Conformational parameters
P ! | | pS rms

( ° )

54

212

153

152

35

35

35

38

(%)

100

100

71

70

(Hz)

1.5

0.5

0.1

0.04

bad (rms 0.5 Hz), it turned out that no satisfactory fit could be found

for a value of P around 54" or 212° and any value of $ra. These findings

indicate that the sugar ring of residue dC(l) does not occur as a single

conformer in solution. Therefore, the couplings were interpreted in terms

of a two-state equilibrium.

In following the rules given above for a two-state analysis, it is

deduced from the value of Sj i (13.8 Hz) that pS > 60%, i.e. the sugar

ring occurs predominantly as an S-type conformer. Moreover, since Sj< was

found to be larger than 13.3 Hz for all residues, it follows that all

sugars in this deearner prefer the S-type conformer and hence that the

compound adopts predominantly a B-DNA type duplex in solution.

Consequently the largest value of the couplings present in the HI '

resonance, i.e. 7.85 Hz, is assigned to Jj'2' and the value 28.1 Hz to

E2i. From the value of £2" (23.3 Hz) it follows that pS roughly equals

71% (eqn (5)). In order to determine the geometry of the major, S-type,

conformer, the experimental couplings are fitted around calculated ones

for pS 66 - 76% with the aid of a graph such as presented in Fig. 8,

wherein the conformational parameters of the minor (N-typo) conformer are

fixad to assume the values Pj; 9* and % 35' and the puckerlnng amplitude

of the S-type conformar initially is set at 9)5 35*. It turned out that

tho bast fit occurred for pS 71 % (rms 0.1 Hz) ; the value of P§ fol-

lowed from the finding that the observed value of £2' fits the predicted
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value for £2' f o r PS 153°, Table 4B. The small difference between the ob-

served and predicted value of Sj 1 in this fit is taken to indicate that

the assumed value for the phase angle of pseudorotation of the minor

conformer, PJJ 9°, is a valid one in this case. From the small but

significant differences between the observed and predicted values of

Jj'21 an(* •Jl'2" *' *s concluded that the amplitude of pucker, 95g, must

differ from 35°. Therefore, the couplings were fitted to couplings

predicted for different values of $g> analoguously to the fit described

above. It turned out that the overall best fit occurred for $3 38°> Ps

70 X and Ps 152° (rms 0.04 Hz), Table UC.

Comparison of experimental and predicted couplings

In Table 5, single- and double-helical DNA fragments and two covalent

RNA-DNA hybrids are listed, the reported experimental couplings of which

are plotted in Fig. 9, Figs 10A,B,C and Figs 11A.B. In this section the

results of the analyses of these couplings will be discussed briefly.

More details on these analyses and the results thereof can be found in

the refsrences cited.

In Fig. 9, the experimental couplings are plotted vs the calculated

phase angle of pseudorotation for all cases where the analyses of these

couplings indicated that the sugar ring occurred as a single conformer in

solution. The experimental coupling data are plotted vs the calculated

fraction S-type conformer in Figs 10A-C for those sugar rings partaking

in a two-state N J S equilibrium. A plot of the extrapolated couplings vs

the calculated phase angle of pseudorotation of the pure S-type sugar

conformation is shown in Figs 11A.B. Inspection of Figs 9, 10A-C and

11A.B demonstrates good mutual consistency of the experimental couplings

and the calculated ones. In addition, these plots illustrate the

specifity of the different markers for their respective conformational

parameters. For example, the smaller spread seen in the vertical

direction of the value of E21 a n d £3' (at a given value of pS) in Fig.

10A, as compared to the variation of the value of £2' i n F i8- 10B>

reflects the smaller variation of F5 in single-stranded as contrasted to

double-stranded DNA fragments, see also Figs UA,B. Furthermore, the

diversity of Bg is exemplified by the divergence of Ji>2< and Jpjn at a

given value of pS in Figs I0A.B and at a given value of P$ in Figs 11A.B.

Finally, Figs 9A,B. indicate that the constrained value for the pseudoro-

tation parameters of the less abundant (N-type) sugar conformation is

valid for these coupling data.
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Table 5. List of DNA fragments and RNA-DNA hybrids
the reported coupling data of which are used in
Figs 9-11. Couplings of residues for which the H2 '
and H2" resonances were (near-)isochronous were
not used in these figures

Compound T(K) ref.

Single-stranded DNA fragments

d(A-A-A) 294 [19]
d(T-C-G) 300 [23]
d(C-G-T) 300 [23]
d(T-A-A-T) 299 [24]
d(A-T-A-T) 281/308 [25]
d(T-A'-T-A') 307 [27]
d(T-C-T-C) 308 [*]
d(G-A-G-A) 307 [*]
d(T-G-T-G) 283 [*j

Double-stranded DNA fragments

d(G-G-C-C-G-G-C-C) 303 [28]
d(m5C-G-m5C-G-m5C-G) 298 [30]
d(C-C-G-A-A-T-T-C-G-G) 305 [29]
d(G-A-G-A-T-C-T-C) 300 [*]
d(C-A-C-A-T-G-T-G) 300 [*]

Covalent RNA-DNA hybrids and Z-DNA

r(G-C-G)d(T-A-T-A-C-G-G) 305 [22]
d(C-G)r(C-G)d(C-G) 300 [26]
d(m5C-G-m5C-G-m5C-G) 295 [30]

[*] Rinkel, L.J. et al., submitted for publication

Relatively few deviations of individual couplings from the predicted

range are noted. These deviations are partly ascribed to experimental un-

certainties, which are expected to be present in the values of S2 • and

E2» determined from COSY spectra. For another part, these discrepancies

may arise from the 'abnormal' sugar puckering amplitudes Sm. The analyses

of some sets of couplings yielded a value of 9>m slightly outside the

chosen interval 35 - 40°, for which the predicted couplings are plotted

in Figs 9-11.

The results of the analyses demonstrate clearly that the majority of

the sugar rings in single- and double-helical DNA fragments and in the

covalent RNA-DNA hybrids, listed in Table 5, display conformational

flexibility in solution, i.e. they do not occur as a single conformer in

solution but as a blend of N- and S-type conformers which are in fast

exchange. Although the S-type sugar conformation is invariably preferred
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by the sugar rings in the B-DNA type duplex and by the Y residues in the

Z-DNA type duplex, some sugars are found that spend 25 - 40% of the time

in the minor (N-type) conformer. These 'low-purity' sugars in our data

set of duplex DNA fragments invariably belong to pyrimidine (Y) residues.

In contrast, the 'high-purity' sugars (95 - 100%) invariably are

associated with purine (R) residues. Further details about the higher

preference of purine sugars for the S-type conformer in the intact duplex

will be discussed elsewhere [Rinkel, L.J. et al. , unpublished results].

From Fig. 9C it follows that some of the deoxyribose rings in the

covalent RNA-DNA hybrids display a particularly large heterogeneity: pS

40 - 50% [20, 24]. It is interesting to note that the RNA stretch of

residues in these hybrids do not force the DNA part into adopting a pure

A-DNA type helix.

The analyses indicate a different behaviour of the sugar rings in the

single- and double-stranded DNA fragments with respect to the geometry of

the S-type sugar conformation, expressed as Pg' Inspection of Figs 10A,B

and 11A,B reveals that the values of FQ of single-helical fragments are

confined to a relatively small range (160° ± 16°). A much larger vari-

ation in the geometry of the S-type conformer is found for the double-

-helical DNA fragments (154° ± 40°), especially in the alternating

,-Y-R-, sequences. Examples are d(m5C-G>3 in the B form [30] and

d(C-A-C-A-T-G-T-G) [55, Rinkel, L.J. et al., unpublished results]. A

discussion of the variation of S-type geometries and hence of the

important backbone angle S (C5>-CA'-C3'-03') occurring in single-helical
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fragments has been given elsewhere [25, 52, 53]. A discussion on the

base-sequence dependent geometrical variation of the sugar rings in

double-helical DNA is postponed to a later date [Altona, C. et al., to be

published].

CONCLUSIONS

The application of the concept of pseudorotation, combined with the

generalized Karplus equation in the computer-assisted analysis of five-

-membered rings by means of individual proton-proton couplings (program

PSEUROT), over the past years has yielded a quantitative picture of the

solution conformations of heterocyclic five-membered rings and of cyclo-

pentane derivatives. It is now demonstrated that, with the aid of a

graphical method, also sums of proton-proton couplings can be used to

analyze the conformation of the deoxyribose ring in DNA fragments, in

contrast to the conclusion reached by others [40]. In fact, three sums

(Z2'i 2 2 " a n d S3 ') plus Ji'2' anci J1'2" have the same information content

as have the usual five individual couplings (Jji2'> Ji'2"> J2'3'> J2"3'

and J3141). The advantage of the use of sums of couplings, as opposed to

individual couplings, lies in the fact that the determination of the

lattter requires a computer-assisted simulation of the fine structure of

the splitting patterns, whereas the sums of couplings — in many cases —

can be obtained by simple first-order measurement of the distance between

the outer peaks of resonances in either ID or 2D spectra.

It was demonstrated that the graphical method allows a good discrimi-

nation between sugar rings which occur as a single conformer and those

which occur as a mixture of N- and S-type conformers. Moreover, reliable

conformational parameters pertaining to the N t S equilibrium can be

obtained merely with the aid of experimentally determined values of EJI,

&2' and 22" > without imposing physically unrealistic and restrictive

relations upon the geometries of the N- and S-type conformers. An

analogous approach for the determination of the ratio pN/pS in ribo-

-oligonucleotides is currently under investigation.
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SUMMARY

The present thesis describes the conformational analysis of some

single- and double-stranded DNA polynucleotides in aqueous solution by

means of NMR spectroscopy.

Chapter 1 gives an introduction to some aspects of the recent growth

of knowledge concerning DNA structure and conformation in the crystal and

in solution, obtained from X-ray crystallographic and NMR spectroscopic

studies.

Chapter 2 describes a study of the DNA tetramer d(T-A'-T-A'), in which

dA' represents 2-aminodeoxyadenosine. The experimental results show that

the compound exists in a temperature- and concentration-dependent blend

of three main forms: B-type double-helical, stacked single-helical and

random coil forms. A pseudorotation analysis of the four sugars revealed

that all sugar rings occur as a mixture of N- and S-type sugar con-

formers, and that the major, S-type, sugar conformation displays a

base-sequence-dependent geometrical variation. The modification of the

adenine base increases the tendency towards duplex formation but appears

to have no measurable influence on the conformation of the sugar ring or

on the backbone angles (5, y and 6,

A conformational study of the DNA octamer d(G-G-C-C-G-G-C-C) is

described in Chapter 3. From the NMR parameters it is concluded that this

compound occurs predominantly as a E-DNA type duplex in solution at low

temperatures, in contrast to the A-DNA-like structure found in the

crystalline state. In the intact duplex the sugar rings do not attain

conformational purity, except for the sugar of residue dG(5). The

chemical shift vs temperature profiles revealed temperature-dependent

local conformational changes in the intact duplex, and preferential

destacking ("early melting') of residue dC(8) at the 3' terminus. The

duplex d(G-G-C-C-G-G-C-C) appears to be slightly less stable than that of

its dimethylated analogue d(G-G-n)5c-m5C-G-G-C-C), but displays the same

overall conformational characteristics.

Chapters 4 and 5 deal with the DNA decamers d(C-C-G-A-A-T-T-C-G-G) and

d(C-C-G-A-m6A-T-T-C-G-G). It is demonstrated that, depending upon experi-

mental conditions, the compounds occur as n duplex, as a hairpin-like

structure, and/or as other monomeric forms or as mixtures thereof. Under

conditions of relatively high DNA concentration and low temperature, the

decamers adopt a B-DNA type duplex, whereas a monomeric hairpin-like
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structure, with a stem of three G.C base pairs and a loop comprising the

-A-(n>6)A-T-T- sequence, is favoured at low DNA concentration, low salt

content and intermediate temperatures. The conformational features of the

duplex and hairpin-loop structures of the two compounds appear similar,

which is taken to indicate that the influence of N°-methylation of

residue dA(5) on the local structure of the duplex and hairpin forms must

be small. However, methylation destabilizes the duplex and slows down the

rate of duplex Z monomer exchange. The sugar rings in the intact duplexes

display a varying amount of conformational freedom; only the sugars of

residues dG(3) adopt exclusively the S-type conformer. The geometrical

heterogeneity of the S-type sugar conformation, and hence of the backbone

angle S3, in the unmodified decamer does not follow well the variation

predicted from the base sequence by means of parameters derived from the

single-crystal X-ray diffraction study of the closely related dodecamer

d(C-G-C-G-A-A-T-T-C-G-C-G).

Some aspects of the effect of base sequence on the conformation of the

DNA tetramers d(C-A-C-A), d(T-G-T-G), d(G-A-G-A) and d(T-C-T-C) and the

DNA octamers d(C-A-C-A-T-G-T-G) and d(G-A-G-A-T-C-T-C) are presented in

Chapter 6. The amount of conformational freedom of the sugar rings in the

single-stranded tetramers appears to be correlated with the stacking

propensities of the bases attached with respect to their 5'- and

3'-neighbouring bases. The sugar rings in the intact duplexes adopt

preferably, yet not exclusively, the S-type sugar conformation. The end

effect observed previously at the 3' terminus of d(G-G-C-C-G-G-C-C)

(Chapter 3) appears to be displayed by residues dT(7) and dC(8) of d(G-A-

-G-A-T-C-T-C), as evidenced by the relatively high conformational freedom

of their sugar rings and the anomalous shift profiles observed for the

base and HI1 proton resonances of these residues. The geometrical

variation of the S-type conformer of the single-stranded tetramers

accords qualitatively with predictions. Comparison of the value of 8g of

corresponding residues in d(C-A-C-A-T-G-T-G) and in the constituent

tiitramers indicates that in this alternating, -Y-R-, octatner the

pyrimidino residues have a greater capacity, relative to the purines, to

accommodate structural changes associated with duplex formation by

adjustment of 6g.

Finally, Chapter 7 describes a graphical mothod for the psoudorototion

analysis of tho nugar rings in DNA by moans of sums of proton-proton

coupling constants. These coupling sums, in most cases, can bo easily

obtained via first-order measurement from one-dimensionnl or two-
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-dimensional NMR spectra. It is shown that (a) the conf orrnat ional

preference of the sugar ring can be quantitized, and (b) the geometry of

the major conformer can be estimated on the basis of three sums of

couplings; further refinement of the description is possible when more

experimental coupling data are available. A sample calculation as well as

a comparison between experimental and predicted coupling data for single-

and double-stranded DNA fragments and covalent RNA-DNA hybrids is given.
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SAMENVATTING

Dit proefschrift beschrijft de conformatieanalyse van enige enkel- en

dubbelstrengs DNA-polynucleotiden in waterige oplossing met behulp van

NMR-speetroscopie.

Hoofdstuk 1 geeft een introductie tot de recente toename in onze

kennis betreffende de struktuur en conformatie van DNA in de kristallijne

en in de opgeloste toestand, verkregen uit Röntgen-kristallografische en

NMR spectroscopische studies.

Hoofdstuk 2 beschrijft een studie van de DNA tetrameer d(T-A'-T-A'),

waarin dA' staat voor 2-aminodeoxyadenosine. De experimentele resultaten

laten zien dat deze verbinding in een temperatuur- en concentratie-

-afhankelijk mengsel van drie hoofdvormen voorkomt! B-type dubbele helix,

gestapelde enkelstrengs helix en ongestructureerde vormen. Uit een

pseudorotatieanalyse van de vier suikers bleek dat alle suikerringen als

een mengsel van N- en S-type suikerconformeren voorkomen en dat de meest

voorkomende, S-type, suikerconformatie een basevolgorde-afhankelijke

geometrische variatie vertoont. De modificatie van de adenine base

verhoogt de neiging tot duplexvorming maar blijkt geen meetbare invloed

te hebben op de conformatie van de suikerring of op de ruggegraathoeken

(5, y en 6.

Een conformâtionele studie van de DNA octameer d(G-G-C-C-G-G-C-C) is

beschreven in Hoofdstuk 3. Op basis van de NMR-parameters wordt geconclu-

deerd dat deze verbinding in oplossing bij lage temperatuur voornamelijk

voorkomt als een B-DNA-type dubbele helix, in tegenstelling tot de gevon-

den A-DNA-achtige structuur in de kristallijne toestand. In de intacte

duplex bereiken de suikerringen geen toestand van conformâtionele zuiver-

heid, behalve de suikerring van residu dG(5). Uit de profielen van de

chemische verschuiving tegen de temperatuur bleek de aanwezigheid van

temperatuur-afhankelijke conformationele veranderingen in do intacte

duplex, en preferentiële ontstapeling ('vroeg uitsmelten') van residue

dC(8) aan het 3'-uiteinde. De duplex van d(G-G-C-C-G-G-C-C) blijkt iets

minder stabiel te zijn dan die van zijn digemethyleerde analogon,

d(G-G-m^C-m5C-G-G~C-C), maar vertoont dezelfde "overall" conformâtionolo

karakteristieken.

Hoofdstukken 4 en 5 handolon ovor do DNA docamoron d(C-C-G-A-A-T-T-

-C-G-G) en d(C-C-G-A-m6A-T-T-C-G-G). Er wordt in aangetoond dat doso

verbindingen, afhankelijk van de exporimentole omstandigheden, voorkomen

als een duplex, als ean haarspeld-achtige structuur, on/of nis nndoro
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monomère vormen dan wel mengsels hiervan. De decameren vormen een B-DNA-

type duplex bij relatief hoge DNA concentratie en lage temperatuur,

terwijl de monomère haarspeldachtige structuur, met een stam van drie

G.C-baseparen en een lus bestaande uit het -A-(m^)A-T-T- gedeelte, be-

gunstigd wordt door lage DNA-concentratie, lang zoutgehalte en tussen-

liggende temperaturen. De conformationele kenmerken van de duplex en

haarspeldlusstructuren van de twee verbindingen lijken op elkaar, hetgeen

er op duidt dat de invloed van N^-methylering van residue dA(5) op de

locale structuur van de duplex en haarspeldvormen klein moet zijn.

Daarentegen destabiliseert methylering de duplex en vertraagt het de

snelheid van duplex ï monomeer-uitwisseling. De suikerringen in de

intacte duplexen vertonen een wisselende mate van conformationele

vrijheid; slechts de suikers van residuen dG(3) nemen uitsluitend de

S-type suikerconformeer aan. De geometrische heterogeniteit van de S-type

suikerconformatie, en dus van de ruggegraathoek 63, in de ongemodifi-

ceerde decameer volgt niet goed de variatie voorspeld op basis van de

basevolgorde met behulp van parameters verkregen uit de éénkristal-

Röntgendiffractiestudie van de nauw verwante dodecameer d(C-G-C-G-A-A-

-T-T-C-G-C-G).

Enige aspecten van het effect van basevolgorde op de conformât ie van

de DNA-tetrameren d(C-A-C-A), d(T-G-T-G), d(G-A-G-A) en d(T-C-T-C) en de

DNA-octameren dCC-A-C-A-T-G-T-G) en d(G-A-G-A-T-C-T-C) worden gepresen-

teerd in Hoofdstuk 6. De mate van conformationele vrijheid van de suiker-

ringen in de enkelstrengs tetrameren lijkt gecorreleerd te zijn aan de

neiging tot stapelen van de basen, verbonden aan deze suikerringen, met

hun respectivelijke S'- en 3'-naburige basen. De suikerringen in de

intacte duplexen nemen bij voorkeur, maar niet uitsluitend, de S-type

conformatie aan. Het eindeffect, eerder waargenomen bij het 3'-uiteinde

van d(G-G-C-C-G-G-C-C) (Hoofdstuk 3), wordt ook vertoond door residuen

dT(7) en dC(8) van dCG-A-G-A-T-C-T-C), zoals blijkt uit de relatief hoge

conformationele vrijheid van hun suikerringen en de afwijkende chemische

verschuivingsprofielen waargenomen voor de base en Hl' proton resonanties

van tja ze residuen. De geometrische variatie van de S-type conformeer van

de enkelstrengs totramoren klopt kwalitatief mot voorspellingen. Een

vergelijking van do waarde van 6g van corresponderende residuen in

dCC-A-C-A-T-G-T-G) on in do tetramoron waaruit doze occamoor is opgebouwd

toont aan dat do pyrimldino rnsiduon oen grotere mogelijkheid hebben, ten

opzichte van de purInes, om ntrukturolo voranderingon gopaard gnando met

duplnxvorming op te vangen door aanpassing van 63-



175

Tenslotte wordt in Hoofdstuk 7 een grafische methode beschreven voor

de pseudorotatieanalyse van de suikerringen in DNA met behulp van sommen

van proton-proton-koppelingskonstanten. Deze sommen van koppelingen

kunnen, in de meeste gevallen, gemakkelijk bepaald worden via eerste-orde

metingen aan ééndimensionale of tweedimensionale NMR-spectra. Er wordt

aangetoond dat (a) de conformationele voorkeur van de suikerring

gekwantificeerd kan worden, en (b) de geometrie van de meest voorkomende

conformeer afgeschat kan worden op basis van drie sommen van koppelingen;

een verdere verfijning van de beschrijving is mogelijk wanneer meer

experimentele koppeling gegevens voor handen zijn. Een voorbeeld-

berekening, als ook een vergelijking tussen experimentele en voorspelde

koppelingen voor enkelstrengs en dubbelstrengs DNA-fragmenten en

covalente RNA-DNA-hybriden, wordt gegeven.
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ERRATA

47 Values listed for Jj/21 and •J1'2" °^ residue dC(8) in Table 4

correspond to the average value for these couplings,

'p-ribo-' should read '(3-D-ribo-1.

'r(OG-C)d(T-A-T-A-G-C-G)' should read 'r(G-C-G)d(T-A-T-A-C-G-C)'.

First entry for pS in Table 4 should read '01.

9th line from the bottom: '23.3 Hz' should read '23.8 Hz'.

3rd line from the bottom: 'Figs 9A,B' should read 'Figs 10A.B'.

•r(G-C-G)d(T-A-T-A-C-G-G)' should read fr(G-C-G)d(T-A-T-A-C-G-C)'.
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