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Abstract

NMR STUDIES OF SINGLE-SITE PHOSPHATE 

ETHYLATED OLIGODEOXYNUCLEOTIDES

by

Sean Michael Cahill 

A dvisor Professor Michelle S. Broido

Phosphate alkylation of DNA is often the prim ary event associated with the 

introduction of certain mutagenic and carcinogenic alkylating agents into the cellular 

environment. The presence of phosphotriester lesions in DNA has been shown to interfere 

with tem plate-directed DNA polymerization and the observed reduction in template activity 

depends on the stereochemistry of the phosphotriester moiety. In order to determine the 

structural and stability changes in DNA induced by phosphate alkylation and to correlate the 

observed changes with the stereochemistry of alkylation, a series o f JH and 31P nuclear 

magnetic resonance (NMR) studies have been performed on an eight-base self-com plem entary 

oligonucleotide in its duplex state, {d(GGAATTCC))2, and two o f its single-site phosphate 

ethylated analogues, (Sp,Sp)- and (Rp,R p)-{d(GGA(ethyl)ATTCC)}2. In addition, a series of 

com puter simulations were performed to evaluate the effectiveness o f d ifferen t structure 

refinem ent methods for determining nucleic acid conformations in solution using interproton 

distance data derived from two dimensional nuclear Overhauser effect (2D NOESY) 

experiments.

The nonexchangeable proton resonances (except for the C5’ proton resonances), the 

imino proton resonances and the phosphorus resonances of each octamer duplex and the 

stereochemistry of each phosphotriester moiety were assigned using ID  and 2D NMR 

experiments. The *H chemical shift differences between the native octamer duplex and its 

ethylated analogues are localized to nucleotides that flank the phosphotriester lesion and are 

more pronounced for the R p-analogue which contains a phosphotriester ethyl group oriented 

into the major groove of the helix. Upfield shifts of 31P resonances corresponding to the GpA



and ApT phosphodiesters and the ApA phosphotriester within the R p- and §p-analogues were 

observed. The R p-duplex has a lowered duplex stability relative to the native octamer duplex 

and Sp-duplex as monitored by the temperature dependence of the imino proton linewidths. 

However, only small differences were observed in the base-pair lifetimes and the S1P spin- 

lattice relaxation rates between the native octamer duplex and its ethylated analogues.

The com puter simulations demonstrate that the energy minimization and molecular 

dynamics structure refinem ent methods, when used with a set of interproton distance data 

which mimics that derived from  typical 2D NOESY experiments on nucleic acids, can 

accurately reproduce many of the conformational features o f a target structure such as 

deoxyribose ring conformations and base-related helicoidal parameters. The interproton 

distance data obtained on the octamer duplexes by 2D NOESY experiments was incomplete 

compared to the interproton distance data used in the com puter simulations, primarily because 

o f crosspeak overlap. Although the lack of a complete set of interproton distances prevented 

the use o f refinem ent methods to generate accurate structures for the octamer duplexes, the 

available interproton distance data suggests that the R p-duplex adopts a different 

conformation in the vicinity o f the phosphotriester lesion relative to the native octamer duplex 

and the Sp-duplex. Overall, the lowered duplex stability, the chemical shift differences, and 

the interproton distance differences of the (Rp,R p)-{d(GGA(ethyl)ATTCC)}2 duplex relative 

to the native octamer duplex and the (Sp,Sp)-{d(GGA(ethyl)ATTCC)}2 duplex suggest that a 

phosphotriester moiety oriented into the major groove induces a conformational change which 

destabilizes DNA duplexes in solution.
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CHAPTER 1 Introduction

1.1 Phosphate Alkylation of DNA

The importance of deoxyribonucleic acid (DNA) to living systems is undisputed. 

DNA is the prim ary constituent of the chromosome which contains the molecular design 

essential for most living organisms. Survival of the cell and the organism as a whole depends 

on the ability of the cell to successfully direct the flow of inform ation carried by DNA to 

macromolecular end products in a precise temporal and spatial fashion. This process is known 

as gene expression and one of the prim ary goals of molecular biology is to develop an 

understanding o f the factors that influence gene expression and how these influences are 

related to the functional operation of the cell and organism.

Gene expression often requires the specific interaction of proteins and/or cofactors 

with segments of DNA. Any factor that impairs the ability of DNA to serve as a template for 

such interactions can potentially lead to a diseased state. M odification of DNA function by 

alkylating agents is a well-established consequence of the introduction o f specific mutagens 

and carcinogens into the cellular environment. DNA alkylation leads to both mutagenic and 

inactivating DNA alterations and numerous biochemical studies have focussed on correlating 

the biological effects of DNA alkylation with the site of alkylation.1,2 The sites on DNA 

which have been found to be susceptible to alkylation include the nitrogen atoms of the bases, 

the oxygen atoms of the bases and the phosphate oxygen atoms of the sugar-phosphate 

backbone.3,4

Although the precise role of phosphate alkylation in regard to in vivo mutagenesis and 

carcinogenesis remains to be established, some studies suggest that the presence of a 

phosphotriester lesion may alter cellular activity. Nitrosourea compounds, which constitute 

a class of highly potent carcinogens, have been shown to be highly specific toward the 

phosphate backbone of DNA. For example, 65-75% of the in vitro alkylation events of poly- 

d[AT] by N -m ethyl-N -nitrosourea and N -ethyl-N -nitrosourea are found as 

phosphotriesters.5,6 Although the formation o f a phosphotriester can result in backbone
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breakage,7 it appears that, in general, phosphotriester derivatives are very stable under 

physiological conditions.8 In particular, DNA phosphotriesters produced in vivo in eukaryotic 

systems are persistent lesions and are probably not repaired enzymatically.9 These factors 

suggest that phosphotriesters might be biologically significant lesions and that the role of 

phosphate alkylation in inducing DNA malfunction should be of considerable interest to 

studies o f mutagenesis and carcinogenesis at the molecular level.

1.2 Biological Consequences of DNA Phosphate Alkylation - In Vitro  Studies

Numerous studies have been conducted on phosphotriester adducts in order to 

understand the functional and structural consequences of phosphate alkylation. Because an 

alkyl phosphotriester group is asymmetric and can have either an R p or Sp configuration 

(Figure 1.1), the properties o f a phosphotriester adduct may be a function of the site, the 

moiety and the stereochemistry of alkylation. One diastereomer results in an alkyl group 

which points into the major groove of the duplex and the other diastereomer results in an 

alkyl group which is oriented away from the helix into the bulk solvent (Figure 1.2).

A number o f studies have been performed to determine if  phosphate alkylation alters 

the ability o f DNA to serve as a functional template. To avoid confusion in interpretation 

which might result from the presence of other lesions in native DNA, synthetic oligomers 

have been employed to identify the effects that the site, the moiety, and the stereochemistry 

of phosphate alkylation have on the structural and functional properties of DNA. Miller et 

al.x0 studied the catalytic efficiency of DNA polymerase I on the decamer 

d[CCAAGATTGG] and its two diastereomeric ethyl phosphotriester analogues, Sp- 

d[CCAAG(ethyl)ATTGG] (isomer I) and R p-d[CCAAG(ethyl)ATTGG] (isomer II). Terminal 

deoxynucleotidyl transferase was used to add oligodeoxyadenylate tails to the 3’ end of each 

decamer and the resulting oligomers were tested as templates for enzymatic extension by E. 

coli DNA polymerase I with d[TTTTTTTTCC] as a primer. It was found that the rate and 

extents o f polymerization directed by the modified templates were 25% (isomer I) and 50%
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Figure 1.2 B-DNA helical form  o f {d[GGAATTCC]}2 containing a single ethyl 
phosphotriester on each strand of the duplex (the ethyl group o f the phosphotriester is 
shaded). One stereochemistry (I) allows the alkyl group to point directly into the major 
groove whereas in the opposite stereochemistry (II), the alkyl group points away from  the 
major groove o f  the helix.



(isomer II) less than those of the unmodified template, suggesting that both the presence and 

the orientation o f the ethyl group modifies the interaction of the DNA replication protein 

with its template.

Gallo et al.n  synthesized the R p and £p diastereomers of an ethyl phosphotriester 

m odified £coRI recognition sequence, d[GGAA(ethyl)TTCC]. The diastereomers were 

separated by reversed-phase high pressure liquid chromatography (HPLC) and the absolute 

configuration of the phosphotriester for each diastereomer was determ ined by a chemo- 

enzymatic method. The two diastereomers were totally resistant toward cleavage by £roR I 

endonuclease under conditions that led to cleavage of the unmodified duplex suggesting that 

a single phosphotriester lesion can interfere with enzymatic activity on the DNA template.

M ajum dar and A dhya12 examined the effect of phosphate alkylation on the binding 

of Gal repressor to the gal operon. The extent of repressor binding was assayed by measuring 

the mobility of single-site phosphate ethylated operon fragments on polyacrylamide gels in 

the presence of Gal repressor. Tw enty-three different phosphate sites were found which 

interfere with repressor binding when individually ethylated. However, it was not determined 

if  a configurational dependence was present on the decreased binding of repressor to the 

ethylated operon fragments.

Weinfeld and Livingston13 prepared the single-site phosphate ethylated 

decamer d[TTT(ethyl)TCTATTT] and the resulting diastereomeric m ixture was tested for the 

ability to prime DNA synthesis catalyzed by E. coli polymerase I when annealed to a single­

stranded plasmid template. DNA polymerase I catalyzed the transfer of additional nucleotides 

to the 3’-term inus of the unmodified and the modified decamers with equal effectiveness. 

This result indicated that a phosphotriester lesion, at a position seven nucleotides removed 

from  the site of template activity, does not interfere with enzymatic function on DNA.

Collectively, the in vitro studies discussed above suggest that formation of a single 

phosphotriester lesion can modify the ability of a DNA fragm ent to serve as a functional 

template if  the phosphotriester is localized to the site of template activity and has a



stereochemistry that enables the phosphotriester alkyl group to point into the m ajor groove 

o f the duplex. It cannot be determined from these studies if  the modification in template 

activity is due to one or more of the following factors: a structural change in the template, 

unfavorable steric interactions between the protein and the DNA template due to the presence 

o f an alkyl group on the phosphate backbone, or the loss of im portant D N A -protein 

electrostatic interactions as a result of charge neutralization at the site of phosphate alkylation. 

However, it should be noted that i f  the modification in DNA template activity were solely due 

to charge neutralization, then it would be expected that the reduction in template activity 

would not depend on the stereochemistry of phosphotriester formation in contrast to the 

results of M iller et al.10 The results of biophysical studies on single-site phosphate alkylated 

oligodeoxynucleotides has helped determine what factors are responsible for the modification 

in template activity of phosphate alkylated DNA (vide infra).

1.3 DNA Conformation: Nomenclature and Symbols

The basic repeating unit of DNA is the nucleotide. A nucleotide consists of three

components: a furanoside-type sugar (B-D-2’-deoxyribose), a phosphate group which is 

attached to the 5’ position of the sugar and a heterocyclic aromatic base attached to the C l’

position of the sugar via a B-glycosyl C l’-N  linkage (Figure 1.3).14 The heterocycles for

DNA are the purine bases, adenine (A) and guanine (G) and the pyrim idine bases, cytosine

(C) and thymine (T). The atom numbering scheme is indicated in Figure 1.3.

The conformation of a nucleic acid is generally described in terms of the torsion angle 

variables <*,b,y,$,«,C,v0,v1,v2,v3,v4 and x (Figure 1.4).14 The endocyclic torsion angles of the 

sugar are denoted v ^ v ^ v ^ v g  and v4. Because of potential energy barriers, the endocyclic 

torsion angles adopt only certain values that restrict the number of sugar ring conformers 

found in DNA structures. The preferred conformations or puckering modes can be 

conveniently represented by a pseudorotation cycle (Figure 1.5).16 In nucleotide structure 

analysis, two ranges of pseudorotation phase angles are preferred; the C Y-endo  (N



conformation) at 0°<P<36° and C T-endo (S conformation) at 144°<P<180°.14

The conformation of the sugar-phosphate backbone is defined by the torsion angles

a,B,y,s,e and C. Although a torsion angle can assume any value between 0° and 360°, it is 

often convenient to describe a structure with torsion angle ranges as shown in (Figure 1.6).14

Unfavorable steric contacts restrict the conformationally allowed regions for each torsion

angle. For instance, conformational analysis of polynucleotides indicate that each of the

torsion angles a.B.y and C assumes three preferred values (+synclinical (+sc), -synclinical (-sc) 

and antiperiplanar (ap)), s assumes two preferred values (+sc and ap) and e assumes two 

preferred values (ap and -synperiplanar (-sp)).14

The base orientation about the glycosyl C l’-N  bond is given by the torsion angle %. 

The torsion angle x can reside in two distinct conformational ranges, the anti orientation and

the syn orientation illustrated in (Figure 1.7).14

The inherent flexibility o f the torsion angles within DNA leads to considerable

variation of the conformations adopted by DNA structures. Even though DNA exhibits

considerable polymorphism, it has been shown that most DNA structures exist in either the

A, B, or Z conformational form s.14 The structural form taken by DNA has been shown to

depend on its sequence and on its environment (i.e., relative humidity, ionic strength, and

nature of solvent).14 The mean double-helix parameters for the three conformational families

o f DNA are summarized in Table 1.1.15
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Figure 1.4 D efinition of torsion angles for deoxyribonucleotide chain. Figure taken from 
Reference 14.
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Figure 1.5 A. Illustration of two furanose ring puckers representing the preferred north (N) 
and south (S) conformers. B. Pseudorotation cycle of the furanose ring in nucleosides. Values 
of phase angles are given in multiples of 36°. Envelope (E) and twist (T) forms alternate 
every 180°. Thick lines inside circle indicate the preferred pseudorotational regions. Figure 
taken from  Reference 15.
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Table 1.1 Mean double-helix parameters for A-DN A, B-DNA, and Z-D N A . Table taken 
from  Reference 15.

Helix parameter A-DNA B-DNA Z-DNA

Handedness right right left
Bases per turn 10.9 10.0 12.0
Height per base 2.9 A 3.4 £ GC 3.5 £Q

Pitch 31.6 £ 34.0 £
CG 4.1 A 

45.6 £
Glycosyl angle anti anti C anti

Sugar pucker 3'C endo 2 1 c endo
G syn 
C 2'C endo

Base pairing "Watson-Crick Watson-Crick

G 3'C endo 

Watson-Crick
Repeating 
helix unit 1 base pair 1 base pair 2 base pairs

Twist per base pair 33 36° GC -51°

Axis displacement^ 4 £ 0
CG - 9° 

-3 £
Major groove very deep deep, wide shallow
Minor groove shallow deep, narrow very deep
Base inclination 13° -2° 9°
Base roll 6° -1° 3°
Propeller twist 15° 12° 4°



14

1.4 Biophysical Studies of Phosphate Alkylated Oligodeoxynucleotides

Several biophysical studies have focussed on determining the ability o f phosphotriester

analogues to form stable duplexes and on determining the structural distortions and the

stereochemical dependence of such distortions that result from phosphate alkylation. Brennan

et a /.16 obtained an X -ray  structure of the phosphotriesterified nucleotide, adenosine 5’- 0 -

(diethyl phosphate) and found structural features that were different from  those of

nonalkylated nucleotides. Because the 5’-phosphate is triesterified, adenosine 5’-0 -(d ie th y l

phosphate) possesses three sets of phosphodiester linkages. The three sets o f phosphodiester

linkages (<*,C) were found to display conformations ((-sc, ap), (+sc, -sc), (ap, ap)) which are 

different from the preferred conformation of right-handed polynucleotide helices (<*=-sc, (=- 

sc). The ribofuranose was found in the C T -endo-C V -exo  conformation

(pseudorotation=145°) which represents a slight sugar pucker distortion from  the standard

C y-exo -C 2 '-endo  (pseudorotation=180°) conformation which is commonly found in right-

handed B-form  DNA helices. It was noted that the sugar pucker distortion increases the

purine ring to ethyl group distance in order to avoid unfavorable steric interactions between

the two groups. The authors suggested, based on the structural parameters observed for the

phosphotriesterified nucleotide, that single-site phosphate alkylation would tend to decrease

the degree of base-base stacking in the vicinity of the phosphoesterification site.

Several studies have been reported on phosphate-alkylated dinucleotides. M iller et 

a /.17 synthesized the methyl and ethyl phosphotriester derivatives of [TT] and d[AA] which, 

in each case, resulted in a mixture of diastereomers that was used without separation in a 

series of ultraviolet (UV), circular dichroism (CD) and nuclear magnetic resonance (NMR) 

measurements. The base proton chemical shift positions of each phosphotriester analogue 

relative to the corresponding nonalkylated dinucleotide indicated that the phosphate alkyl 

group decreased the degree of base-base stacking for each dinucleotide studied. This result 

was supported by a decrease in the hypochromicity in the UV spectra and a decrease in the 

rotational strength of the CD spectra of the phosphotriesters. However, the positions of the
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absorption minima and maxima o f the UV and CD spectra o f the phosphotriester analogues 

were identical to their corresponding nonalkylated dinucleotides indicating that the 

phosphotriesters adopt right-handed stacked conformations in aqueous solution such that the 

nucleosidyl residues of these dimers are mainly in an anti conformation.

Weinfeld et al.16 synthesized the eight diastereomers derived from  phosphate 

ethylation of the dinucleoside monophosphates, d[AT], d[GT], d[CT] and d[TT], and separated 

each pair o f diastereomers by HPLC. CD measurements indicated that base-base stacking was 

present in all of the phosphate-ethylated dinucleoside monophosphates and all dimers 

displayed temperature dependent CD spectra consistent with an equilibrium  between a right- 

handed helical stacked state and an unstacked state. Although they were unable to assign the 

absolute stereochemistry of each phosphotriester, the authors inferred  the absolute 

configuration of the phosphorus atom by its stacking ability as determined by the temperature 

dependence of the CD spectrum and by its HPLC retention time. The authors argued that the 

diastereomer within each set that has the ethyl group in proxim ity to the bases should have 

a decreased base stacking and this decrease in base stacking should increase the 

chromatographic retention time and decrease the temperature dependence of the CD 

absorbance. The relative HPLC retention times for the diastereomers suggested a convenient 

method for confirming the stereochemistry of single-site phosphate alkylated oligomers (vide 

infra).

K an et al.19 used JH  NM R, UV and CD spectroscopy to study the mode o f base-base

stacking, the handedness and the backbone conformation o f d[GA] and its diastereomeric

ethyl phosphotriester analogues. The absolute configurations o f the two diastereomers were

determ ined by 1H-{1H} nuclear Overhauser effect (NOE) experiments. An NOE was observed

between the G 1-H 3’ proton and the methylene protons o f the ethyl phosphotriester for one

isomer indicating a spatial proxim ity of less than 5 A between the two protons and verifying 

that this isomer possessed an ethyl group oriented toward the bases of the dinucleotide. The

relative chromatographic retention times of each diastereomer were consistent with the results
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of Weinfeld et a /.18 The spectroscopic measurements on d[GA] and its two phosphotriester 

analogues indicated that the base-base overlap for the isomer with ethyl group oriented 

toward the bases was reduced relative to both the nonalkylated dinucleotide and the isomer 

with ethyl group oriented away from  the bases.

The experimental results obtained to date on mononucleotides and dinucleotides 

suggest that conformational changes (i.e. changes in base-base stacking and changes in the 

sugar-phosphate backbone) occur upon triesterification and that such changes appear to be 

dependent on the stereochemistry of the alkylation. Several studies have been reported on the 

effect o f single-site phosphate alkylation on polynucleotides. Weinfeld and Livingston’s13 

study of the diasteromeric mixture of d[TTT(ethyl)TCTATTT] indicated that the slope of the 

CD vs. temperature curve for the phosphate ethylated decamer was nearly identical to that of 

the unmodified decamer. This result implied that there was little or no disruption to base 

stacking in the decamer upon the introduction of a single phosphotriester lesion. However, 

that this result does not appear to support the dinucleotide studies that revealed decreased 

base-base stacking upon phosphate alkylation may be because CD is not a sensitive enough 

technique to distinguish distortion about one internal phosphate out o f nine if  there is 

destacking only at the site of ethylation.

Praminik and K an20 examined the temperature variation of the imino proton NMR 

resonances and 31P NM R resonances o f the self-associated duplex (d[CCAAGATTGG]}2 and 

the isolated single-site phosphate ethylated analogues, (Rp,Rp)-{d[CCAAG(ethyl)ATTGG]}2 

and (^ J,Sp)-(d[CCAAG(ethyl)ATTGG]}2. The measurements indicated that the presence of 

a single phosphotriester in the decamer sequence did not disrupt the normal W atson-Crick 

base pairs of the DNA duplex. However, the temperature variation of both the imino proton 

linewidths and chemical shifts indicated that phosphate ethylation destabilized the duplex and 

that destabilization was greater for the diastereomer with an ethyl group oriented into the 

major groove.

Summers et al.21 examined the stability and the structural characteristics of the



phosphate ethylated oligonucleotides, (Rp,R p)-(d[GGAA(ethyl)TTCC]}2 and (£p,Sp)-

{d[GGAA(ethyl)TTCC]}2 (referred to as R - and S-A(et)T), that were synthesized and

separated by Gallo et al.n  The NMR chemical shift assignments for these compounds

were determined for all signals (except for a few H5’ and H5" signals) using proton-proton

two dimensional nuclear Overhauser effect spectroscopy (1H -(1H) 2D NOESY). The absolute

configuration o f the phosphotriester in each oligonucleotide was also determ ined by 2D

NOESY measurements. An NOE was observed between the A 4-H 3’ proton and both the

methylene and methyl protons of the ethyl phosphotriester for one isomer indicating a spatial

proxim ity of less than 5 A between the protons and verifying that the isomer contained an 

ethyl group oriented toward the major groove of the octamer. This result confirm ed the

stereochemical assignments based on both chemo-enzymatic and HPLC methods. The *H

chemical shifts were, in general, similar to those reported for the unm odified, parent duplex

which had been shown to adopt a B-like conformation in solution by Broido et al.22

D ifferences in chemical shift were primarily localized to the A(et)T region of the duplex,

presumably reflecting minor structural distortions w ithin the phosphotriester modified

analogues relative to the unmodified octamer. Furtherm ore, the chemical shift differences

were not the same for each diastereomer suggesting that the structural distortions could be

stereochemically dependent. Variable temperature S1P NM R, NMR and UV measurements

indicated that the R -A (et)T  duplex (ethyl group oriented toward the m ajor groove) melts

=10°C lower than either the S-A(et)T (ethyl group oriented away from the major groove into 

the bulk solvent) or parent duplexes. Furtherm ore, melting curves were obtained for the

oligomers over a range of salt concentrations and the Tm values for the £p and R p

diastereomers were significantly different (®10°C) at all salt concentrations supporting the 

hypothesis that duplex destabilization by phosphate alkylation is prim arily a consequence of

steric effects rather than electrostatic effects.

Lawrence et a/.23 and Broido et a l 24 examined the alkylated analogues (Sp,Sp)- and

(Rp,Rp)-{d[GGA(isopropyl)ATTCC]}2 (referred to as S- and R -A (iPr)A ), (Sp,Sp)- and



(Rp,Rp)-{d[GGAA(isopropyl)TTCC]}2 (referred to as S- and R -A (iPr)T) and (§p,Sp) and

(Ep,EpM d[GG(ethyl)AATTCC]}2 (referred to as S- and R-G (et)A ) o f the duplex

{d[GGAATTCC]}2. The stereochemistry of the phosphotriester for each analogue was

determined by 2D NOESY experiments. The assignment based on the 2D NOESY

data was consistent with the HPLC behavior and Tm measurements for each diastereomeric

pair. In general, the phosphotriester analogues containing an inward pointing alkyl group

displayed an NOE between the alkyl group and the nonexchangeable base proton on the

adjacent (n-1) residue. This type o f NOE was absent for the analogues containing an alkyl

group oriented away from the m ajor groove. The duplex stability for the isopropylated

analogues was monitored with optical measurements, 31P NMR and *H NMR. The apparent

order of duplex stability as inferred by the melting temperature measurements was: S-A(iPr)T

(20°C) < S-A(iPr)A (22°C) < R-A (iPr)A  (24°C) < R -A (iPr)T  (28°C) ~ Parent (28°C) and is 

consistent with the results of Summers et al.21 on A(et)T, indicating that the duplex stability

for those analogues in which the phosphotriester alkyl group is oriented into the m ajor groove

is measurably less than that of the parent or o f the analogues containing an alkyl group

oriented away from the major groove. The chemical shift differences between each

analogue and the unmodified octamer indicated that the chemical shift positions o f several

protons were dependent upon both the site of esterification and the stereochemistry of the

phosphotriester. This observation is consistent with the results o f Summers et al.21 which

indicated that the structural distortions within a single-site phosphate alkylated oligomer were

localized to the site of the phosphotriester lesion and were stereochemically dependent.

Broido and Mezei26 perform ed a computational (AMBER26,27,28) analysis of the 

effects of site-specific phosphate alkylation in the DNA oligomer {d[GGAATTCC]}2. 

Molecular mechanics calculations were perform ed on fourteen analogues of the octamer, each 

bearing a single ethyl phosphotriester o f known stereochemistry and each initially in an 

"idealized" B-conformation. Results indicated that each oligonucleotide remained in a B-DNA 

conformation, and that although there was only minimal effect on the aromatic bases, the
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presence of a phosphotriester disturbed the sugar-phosphate backbone in complex ways as

determined by both geometric features (backbone torsion angles) and energetic features

(interaction energies between groups of atoms). Although no strong correlation was found

between trends in various energetic contributions and the alkylation site stereochemistry, the

total minimum energies were lower for the £p-diastereomers than for the R p-diastereomers

by ~1 -4 kcal/mole. This difference in total minimum energy is consistent with experimental 

observations of the relative stability o f phosphate alkylated oligomers and probably reflects

the disruptive nature of a substitution which points into the m ajor groove o f a double helix.

The results of the experimental and computational studies on single-site phosphate 

alkylated oligonucleotides indicate that although esterification o f the sugar-phosphate 

backbone of DNA does not inhibit the formation of a Watson-Crick double helical structure,, 

it does alter physical properties of the duplex (e.g., Tm and base-base stacking) and the 

changes appear to be related to both the site and the stereochemistry of alkylation. Some of 

these studies have also correlated the HPLC and stability behavior of phosphate alkylated 

oligomers with the stereochemistry of the phosphotriester group. However, there is no 

conclusive evidence to date concerning the specific structural changes that take place upon 

phosphate alkylation and there still does not exist a strong correlation between the change in 

a specific molecular event (e.g., decreased DNA polymerase I activity upon single-site 

phosphate alkylation of a DNA template) and a specific perturbation (e.g., change in template 

structure) with respect to phosphate alkylation.

Since knowledge o f the effects of phosphate alkylation on the physical properties of 

DNA is still limited, we have carried out a series o f *H and S1P NMR studies on the self- 

complementary octamer, {d[GGAATTCC])2 and two ethylated analogues, (Sp,Sp)- 

{d[GGA(ethyl)ATTCC]}2 and (Rp,R p)-{d[GGA(ethyl)ATTCC]}2 (Figure 1.8). The central six 

residues of the octamer sequence, GAATTC, comprise the FcoRI restriction site.29 The 

£coRI restriction endonuclease hydrolyzes the phosphodiester bond between the guanylic and 

adenylic acid residues resulting in a 5’-phosphate. In addition to the specific interaction of
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the EcoRl endonuclease with the canonical sequence, the enzyme also binds DNA in a 

nonspecific manner that does not result in hydrolysis of the DNA suggesting that the 

canonical sequence contains sufficient inform ation for specific recognition by the restriction 

endonuclease protein.30

The structure o f the £coRI restriction site has been the subject of numerous 

investigations. Dickerson and coworkers solved the structure of a double-helical dodecamer 

{d[CGCGAATTCGCG]}2 by single-crystal X -ray  analysis and found that the innermost part 

o f this sequence comprising the EcoRl recognition displays B-type DNA structural 

characteristics.31'32,33,34 Detailed examination of the crystal structure revealed several 

structural features that appeared to be related to base sequence. The solution structure, 

conformational flexibility and stability of sequences containing the EcoRI restriction site have 

b e e n  e x te n s iv e ly  c h a ra c te r iz e d  by  o ne  an d  tw o d im e n s io n a l N M R  

methods.22,35,36,37,38,39,40,41,42 In general, the solution data indicates that sequences 

containing the restriction site form  duplexes with 2-fold symmetry in a B-DNA conformation 

and that certain NMR parameters (e.g., and 31P chemical shifts) demonstrate the existence 

of sequence-specific variations w ithin the restriction site.

Because it has been shown that the activity of the EcoRl restriction endonuclease on 

the octamer template is affected by the presence of a phosphotriester lesion,11 structural 

studies on phosphate alkylated analogues of the octamer should allow one to correlate the 

changes in template activity with perturbations that result from  structural, steric and/or 

electrostatic effects. The collection o f studies reported on single-site phosphate alkylated 

analogues o f the octamer sequence have demonstrated that the presence of a phosphotriester 

lesion affects the octamer structure and stability as determined by changes in various NMR 

parameters (e.g., aH chemical shift differences between the analogues and the parent) and the 

observed changes depend on the site and stereochemistry of the phosphotriester group. 

Therefore, using the results of these studies on the octamer sequence as a foundation, we have 

used ID and 2D JH NMR methods and ID  31P NMR methods to obtain a more detailed
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understanding o f the effects o f  single-site phosphate ethylation on the structure, 

conformational dynamics and stability of the octamer, {d[GGAATTCC]}2. In particular, 

imino proton linewidths were measured as a function o f tem perature to determine the stability 

o f each duplex and base-pair lifetime measurements and 31P relaxation measurements were 

made to determine the dynamical properties o f each duplex. Furtherm ore, and 31P 

chemical shift measurements and interproton distances derived from  2D NOESY

experiments were used to elucidate the structural consequences o f phosphate alkylation. In 

complementary studies, we have used a series of computer simulations to determ ine how 

accurately DNA structures can be generated using data obtained from  the 2D NOESY

experiments presented here.
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Figure 1.8 B-DNA helical forms of the two single-site ethylated analogues o f {d- 
[G G A A T T C C ]}2; (I) (R  R p)-{d [G G A (e th y l)A T T C C ]}2 and  ( I I )  (Sp,Sp)-  
(d[GGA(ethyl)ATTCC]}2. (A) is view down minor groove, (B) is view down helical axis and 
(C) is view down major groove. The ethyl moiety of the phosphotriester group is shaded.



CHAPTER 2 Fundamental Principles

2.1 Nuclear Magnetic Resonance: Basic Principles

An atomic nucleus is composed of elementary particles (protons, neutrons, etc.). Each 

elementary particle possesses its own spin angular momentum and depending on the number 

of each type of elementary particle present, an atomic nucleus may have a net non-zero spin 

angular momentum represented by the quantity, Ih. I  is the nuclear quantum num ber and is 

found in integer or half-integer units depending on the atomic nucleus. A nucleus that has 

a net spin angular momentum will have a magnetic dipole moment

|i-y  W [2.1]

that is collinear with the nuclear spin angular momentum. The gyromagnetic ratio, y, is a

constant whose magnitude depends on the internal structure o f the nucleus and is thus a

characteristic of each nuclear species.

When placed in an external magnetic field, B0, the dipole moment will obtain an

energy (the Zeeman energy) that depends on its orientation in the magnetic field,

E— [2.2]

Quantitization of the spin angular momentum dictates that only a discrete num ber o f energy 

levels are available to a dipole moment in a magnetic field and a collection of dipoles will 

occupy the available energy levels according to a Boltzmann distribution

N t y - e ' - W  [2-3]

where Ej represents the energy o f some state i, N(E4) is the fraction o f spins occupying the 

energy state i, T  represents the spin tem perature and k is Boltzmann’s constant. The energy 

levels available to a nuclear spin can be perturbed by its interaction with local magnetic fields. 

The interaction energy of a nuclear spin system with local fields may be expressed in terms
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of the Hamiltonian operator

H-Hjp+Hy+Hg+Hg,, [2.4]

where H D represents the direct through-space interaction energy between two magnetic 

dipoles, H j represents the through-bond (scalar) interaction energy between two magnetic 

dipoles, H q represents the interaction energy between the quadrupole moment o f the nucleus 

and the electric field gradient at the nucleus, and HCR represents the interaction energy 

between the nuclear magnetic moment and a magnetic field generated by the molecular 

magnetic moment associated with the charge distribution within the molecule.

Nuclear magnetic resonance spectroscopy involves inducing transitions between the 

d ifferen t energy states available to a nuclear spin system by applying a radiofrequency field 

(RF) and detecting the resultant absorption of electromagnetic energy from  this field. The 

groups of Bloch43 and Purcell44 were the first to report NMR absorption in bulk matter. 

A fter the absorption of energy from  the R F field, the nuclear spin system "relaxes" (gives up 

energy to its surroundings, the spin-lattice) in order to reestablish an equilibrium distribution 

of spin populations within the available energy states in accordance with the Boltzmann 

distribution. Because spontaneous emission of R F  energy is very inefficient (timescale=10"25 

s"1)45 the relaxation of a nucleus by stimulated emission depends on the coupling of the 

nuclear moment with local magnetic fields that fluctuate at the site o f the nucleus as a result 

o f molecular motion. The properties of a given NM R signal (i.e., chemical shift, spin-spin 

coupling, linewidth and spin-lattice relaxation time) are therefore a function o f the magnetic 

and electronic environment of the nucleus as well as the motional characteristics of the 

nucleus in its environment. Although it is beyond the scope o f this m anuscript to discuss the 

various experimental techniques that are used within the field of nuclear magnetic resonance 

and the different formalisms by which nuclear magnetic resonance can be described, it should 

be noted that there are several excellent references that are devoted to these 

topics.46'47-48-49'50
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2.2 One Dimensional NMR Spectroscopy

The one dimensional (ID ) NMR experiments employed for the studies discussed in 

this manuscript are based on the pulsed Fourier transform (FT) method.51 The basic single 

pulse NMR experiment is shown below and consists of three basic time intervals; a pulse 

interval (b ),  an acquisition interval (t2), and a delay interval (D),

P t2 D

The sample is placed in a static magnetic field, B0, where the nuclear spins polarize resulting 

in a net macroscopic magnetization (longitudinal), M, in the direction of B0 (usually assumed 

to be oriented along the z-axis). A radiofrequency field, B l5 in the form o f a pulse is applied 

along an axis perpendicular to B0. The R F pulse induces transitions between d ifferent energy 

levels available to the spin system which results in the formation of transverse magnetization 

in the plane perpendicular to B0. A fter the R F pulse is applied, the transverse magnetization 

precesses at frequencies corresponding to the stimulated energy transitions inducing a voltage 

in a transverse coil. The time evolution, S(t2), of the coil voltage is collected over the 

acquisition interval, t2. The transverse magnetization decays with time due to relaxation 

processes and so the time evolution of the detected voltage is often referred to as the free 

induction decay (FID). The delay interval allows the nuclear spin system to reestablish 

thermal equilibrium. The entire cycle (pulse, acquire, and delay) can be repeated and the 

FIDs collected are co-added in order to enhance the signal-to-noise ratio of the resulting 

spectrum .52

The frequency (w) domain NMR spectrum is obtained by a Fourier transformation of 

the time domain signal
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S(«)- f  S(f)e-,a,dt. t2-5!
—m

Quite often the time domain signal , S(t), is multiplied (apodized) by another time domain 

function before Fourier transformation in order to mathematically enhance the sensitivity or 

the resolution of the frequency domain spectrum. For example, it has been demonstrated that 

multiplication o f the tim e-dom ain signal by a decaying exponential function will de- 

emphasize the noise components in the tail o f the FID and lead to enhanced sensitivity of the 

frequency domain spectrum .52

2.3 Two Dimensional NMR Spectroscopy

The elucidation o f spatial structures of biological macromolecules using NMR 

spectroscopy is often based on a variety of two dimensional (2D) experim ents.15 A 2D NMR 

experiment yields a data set which is a function of two independent frequency variables, 

and <i>2• A Peak in a 2D NM R spectrum indicates the presence of an interaction between a 

nucleus resonating at one frequency (coa) and a nucleus resonating at the other frequency (co2). 

The interaction (Hamiltonian) which "connects" the resonances of the two frequency 

dimensions depends on the experimental scheme employed.53

The general concept of 2D NMR spectroscopy was first suggested by Jeener in 

1971.54 All 2D NMR experiments are characterized by the four distinct time intervals shown 

below: a preparation period, an evolution period (tx), a mixing period (rm), and a detection 

period (t2).

—  tj ------►- “*8---tin-------► ...t-2 —

preparation evolution mixing detection

H1 H2
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The preparation period allows the spin system to be prepared in a suitable initial state. The 

preparation period usually consists of a delay period to allow the nuclear spin system to 

achieve thermal equilibrium followed by a pulse or sequence o f pulses to create a 

nonequilibrium spin system. During the evolution period, the nonequilibrium spin system 

evolves under the influence of a Hamiltonian, H 1, that is designed to allow only certain 

interactions (e.g., scalar) to occur. At the end of this period, the spin system assumes a state 

which depends on the operative Hamiltonian, H 1, and on the elapsed time period, tj. The 

evolution period is followed by a mixing period which allows the exchange o f "information" 

between d ifferen t spins by the application o f a pulse or sequence of pulses. During the 

detection period, the spin system will evolve under the influence of the operative 

Hamiltonian, H2. During the detection period, a signal is collected over the time period t2.

The entire cycle is repeated with the systematic variation o f t j  so that the detected 

signal is measured as a function of two independent variables, S(tl5t2). The time domain 

signal is converted by two dimensional Fourier transformation into a 2D frequency domain 

spectrum , S(w1,co2), which is then subject to subsequent analysis. Because the spin system 

evolves under two different Hamiltonians (H1 and H2) during the two time periods, a 2D 

NMR experiment allows for the separation of spin interactions into orthogonal frequency 

domains.

2.3.1 Correlated Spectroscopy

Spin-spin coupling is the result of an interaction between two magnetic dipoles. The 

coupling between two nuclear spins in a molecule originates as a second order effect from  the 

hyperfine coupling between the nuclear magnetic moments and the bonding electrons and 

consequently is the result of a through bond interaction. The spin-spin coupling energy 

between two spins, Ij and Ij is given by

H j-If'J'Ij [2.6]
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where J is known as the scalar coupling constant. The strength of the coupling is reflected 

in the magnitude o f J and will depend on a number of factors including the size of the 

magnetic moments of the two coupled nuclei and the num ber and types o f bonds separating 

the coupled nuclei. Spin-spin coupling will, in general, be observable only for nuclei 

separated by a four or fewer bonds. Because the coupling constant is also sensitive to the 

geometry o f the coupling path, spin-spin coupling can be a useful param eter for molecular 

structure determination.

2.3.1.1 Two Dimensional Homonuclear C hem ical-Shift Correlated Spectroscopy

Two dimensional homonuclear chem ical-shift correlated spectroscopy (2D COSY) is 

an experim ent with operative Hamiltonians, H 1 and H2, designed such that the data obtained 

indicate spins that are connected by homonuclear (e.g., spin-spin coupling

networks.55 The typical result o f a 2D COSY experiment is shown in Figure 2.1 A. The 

signal intensity that falls on the diagonal of the contour plot consists of resonances that would 

be observed in the corresponding ID  NMR spectrum. The signal intensity located o ff the 

diagonal (crosspeak) arises from  spin-spin coupling between nuclei with resonances on the 

diagonal. Thus from a single 2D COSY experiment, those distinct resonances that are related 

by spin-spin coupling can be identified.

A number o f variants of the homonuclear chemical shift correlation experim ent exist 

that either improve or enhance the inform ation content of the COSY experiment. For 

example, the TOCSY experim ent allows through-bond connectivities to be made between 

spins that are separated by more than a few bonds and whose scalar coupling is so small as to 

prevent its detection by a normal COSY experim ent.56

2.3.1.2 Two Dimensional H eteronuclear C hem ical-Shift Correlated Spectroscopy

Two dimensional heteronuclear chem ical-shift correlated spectroscopy enables one to 

map out all spins that are connected by heteronuclear (e.g., ^ - { ^ P } )  scalar coupling
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networks. The typical result of a 2D heteronuclear COSY experim ent is shown in Figure 2 .IB. 

Note that a 2D heteronuclear COSY spectrum does not contain signal intensity that falls on 

the diagonal of the contour plot. The crosspeaks in the 2D spectrum correlate nuclei that are 

scalar coupled.

2.3.2 N uclear Overhauser Effect Spectroscopy

The nuclear Overhauser experim ent is capable o f providing detailed inform ation on 

internuclear distances and thus can be a powerful tool for the structural elucidation of 

macromolecules.57 The nuclear Overhauser effect between two nuclei is the result of a 

through-space dipolar interaction which enables the two nuclei to undergo cross- 

relaxation.58 The dipolar coupling energy between two spins, I; and Ij, is given by

H [2.7]
r 3 1 r 2rv a

The dipolar interaction essentially "connects" the energy levels between two d ifferent spin

populations and the nuclear Overhauser enhancement (b) between two nuclei is the relative 

change in intensity of a given spin resonance when another spin resonance is perturbed, that

is, when its spin population is redistributed. The cross-relaxation rate and hence, the nuclear

Overhauser enhancement, is a function o f the distance between the two nuclei and the

reorientational frequency o f the internuclear vector (see Section 2.4).

The operative Hamiltonians in the 2D nuclear Overhauser effect (2D NOESY)

experim ent results in a spectrum which maps out all spins connected by dipolar (e.g., ^ - ^ H } )

coupling networks.59 A typical 2D NOESY spectrum is shown in Figure 2.1C. The signal

intensity that falls on the diagonal of the contour plot consists of resonances that are identical

in the two orthogonal frequency domains. During, the mixing period o f a 2D NOESY

experim ent, two dipolar-coupled spins undergo cross relaxation and consequently, the
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crosspeaks arising are those resonances in the two orthogonal frequency domains that 

represent interacting nuclei. The crosspeak intensity in a 2D NOESY spectrum will depend 

on the cross-relaxation rate and the mixing time employed during the experiment. The 

determ ination of internuclear distances from  NOE crosspeak intensities is discussed in Section 

2.5.
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Figure 2.1 Cartoons of various two dimensional NM R experiments.

A. Representative contour plot of a COSY experiment: the solid circles ( • )  represent
diagonal peaks, the open circles (o) represent COSY crosspeaks and the dashed lines (— ) 
show the connectivity between the diagonal peaks b and c and the crosspeaks. The crosspeaks 
in this example would represent a scalar interaction between the proton spin belonging to peak 
b and the proton spin belonging to peak c.

B. Representative contour plot o f a 1H-{S1P) heteronuclear chem ical-shift correlation 
experiment: the solid circles (®) represent heteronuclear correlation crosspeaks and each 
dashed line (— ) represents the heteronuclear scalar connectivity between a spin with a 
signal in the S>2 domain and a 31P spin with a signal in the S)j domain.

C. Representative contour plot of a NOESY experiment: the solid circles ( • )
represent diagonal peaks, the open circles (o) represent NOESY crosspeaks and the dashed 
lines (— ) show the connectivity between the diagonal peaks a and c and the crosspeaks. The 
crosspeaks in this example would represent a dipolar interaction between the proton spin 
belonging to peak a and the proton spin belonging to peak c.
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2.4 Complete Relaxation M atrix Analysis

Complete relaxation matrix analysis (CORMA) is an algorithm for calculating 2D NOE 

intensities from  an assumed molecular structure and an assumed motional model for that 

molecular structure.59,60’61,62 In a multispin system, the overall relaxation rate of 

nuclear z  magnetization of the ith spin, <Mai> is a function of its external relaxation rate (pj) 

and its cross-relaxation rate (<7̂ ) with the surrounding nuclei, j:59-63

1281o* i*j

The cross-relaxation rates, aVy lead to a distribution o f magnetization w ithin the spin system 

while the external relaxation rates, pj, lead to a loss of magnetization towards the 

environment. The relaxation rate can be conveniently written in matrix form as

^ * - R M  [2.9]
dt

where R is the relaxation matrix with pj as diagonal elements and as off-diagonal elements 

and M is the magnetization vector describing the deviation from  therm al equilibrium  (M=ME- 

M0). Equation 2.9, describing the recovery of magnetization towards equilibrium , has the 

solution

M (-cJ-e 'K' mM(0)-a(-cJM(0) [2 1 °]

where a(rm) is the matrix of "mixing coefficients", a^, which are proportional to the 2D 

NOESY crosspeak intensities for magnetic nuclei i and j at the mixing time rm. The CORMA 

approach to calculating 2D NOESY intensities involves expressing the exponential in Equation 

2.10 as a series expansion
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a(.Tw)-e~* 'm- l-R T m+ ±R *xJ [2 .11]

The rate matrix R can be represented as a product o f matrices

il-X*Xr [2.12]

where % is the m atrix containing the eigenvectors o f the rate matrix and X is the diagonal

m atrix containing the eigenvalues of the rate matrix. Since X is diagonal, the series expansion 

of Equation 2.11 becomes

« ( 0 “l-X*XrTB+-|xXxrxXx7*2EI '* “x . [2.13]

Therefore, once the rate matrix R is diagonalized, the calculation of cross peak intensities at 

a given mixing time, ajj(Tm), requires only a single m atrix-m atrix m ultiplication.62

The calculation of 2D NOESY cross peak intensities using Equation 2.13 requires the 

construction of an appropriate rate matrix R for the multispin system. When the spin 

population of any level deviates from  equilibrium, a flux of spin populations results in such 

a direction as to return the system to equilibrium. For an AX (two weakly coupled nuclear 

spins) system, the population flux is proportional to the appropriate population differences 

and the relaxation transition probabilities (refer to Figure 2.2) are as follows:

d_
dt

- * i W? WtA w2'

n 2 Wi -ws Wo WjA \n2- n °
n 3
N*

wA "o -ws w? \n3- n °3
ft

\  V
*2 w* w* -WQ,

K - « ; j

[2.14]
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where

WXA is the single quantum transition probability for the spin A 

Wxx  is the single quantum transition probability for the spin X 

W2 is the double quantum transition probability 

W0 is the zero quantum transition probability

WQ = WjA + Wjx  + W2 

Ws = WjA + Wjx  + W0

Nj is the spin population o f level i at time t 

and N;0 is the equilibrium spin population of level i.

A normal mode analysis of the relaxation processes for an AX spin system reveals that the 

external relaxation rate (p;) and the cross relaxation rate (a^) are related to the interlevel 

transition probabilities, Wk, as follows:58

P r W2+2Wll+W0 [2.15]

[2.16]

The spin transition probabilities can be calculated if  the perturbing Hamiltonian is known.64 

When the transition inducing Hamiltonian is represented by the dipole-dipole interaction

(Equation 2.7), the transition probabilities are

[2.17]

w  1 YiY>2
10 rl l+ (« r « p 2T̂

[2.18]
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[2.19]

where rc is the correlation time characteristic of the of the dipole-dipole field fluctuations 

between spin i and spin j. Substituting Equations 2.17-2.19 into Equations 2.15 and 2.16, 

shows that for a homonuclear (e.g, 1H-{1H}) system of spins undergoing isotropic motion, the 

external relaxation rate (pj) and the cross-relaxation rate (a^) are given by

The relaxation matrix R for a multispin system can be completely constructed with 

the terms of Equations 2.20 and 2.21 if  all of the internuclear vectors, r^, and the correlation 

time t c  for each internuclear vector are known. Therefore, from an assumed structural model

vectors is known), the CORMA algorithm can determine the complete set o f 2D NOESY 

intensities expected for a given experimental mixing time. The CORMA generated NOE 

intensities can be used to evaluate the effectiveness o f both the assumed structural and 

motional models in reproducing the experimentally derived NOE intensities. Furtherm ore, 

this process can be used in a refinem ent procedure in order to generate a structural model of 

a macromolecule that is consistent with the experimental NOE data.

[2.20]

and,

[2 .21]

(i.e., all r^ are known) and from an assumed motional model ( t c  for the dipole-dipole
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level 1 spin A is a , spin X is a  
level 2 spin A is a , spin X is |3 
level 3 spin A is (3, spin X is a  
level 4 spin A is (3, spin X is (3

W„x
B n 2 J

3P«
1

K .

Figure 2.2 Energy level diagram for an AX spin system. The W’s represent transition 
probabilities between different energy levels and the N’s represent the populations of each 
energy level.
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2.5 Determ ination of Interproton Distances From NOE Experiments

Interproton distances determined by NOE measurements can be used for three- 

dimensional structure determ ination.57,58 The presence of a dipole-dipole interaction between 

two spins (Equation 2.7) enables the two nuclei to undergo cross relaxation. Cross relaxation 

between two spins results in a 2D NOESY crosspeak whose intensity (crosspeak volume), a^, 

will depend on the cross relaxation rate between the two spins and the mixing time employed 

during the experim ent (see Equations 2.11 and 2.21) as follows

<y*y(o),Tc,T j r f  [2.22]

where / ( co, t c , rm) is a function of the correlation time (rc), the mixing time (rm) and the 

spectrometer frequency (co). When the slow motion ( c o t c » 1) condition is satisfied, the 

crosspeak volumes are given by

-« [2.23]t r„a c m v

which is derived from  Equations 2.11 and 2.21 under conditions of slow motion and short 

mixing time. An unknown distance (r^) can thus be estimated relative to a fixed distance (rjm) 

from the ratio of the measured crosspeak volumes, a^ and alm, at a given mixing time 

according to the equation

\i/6

V  -  [2-24]

This equation is derived from  Equation 2.23 assuming that the internuclear vector r^ has the 

same correlation time as the vector rlm and assuming that both internuclear vectors undergo 

isotropic reorientation.

It should be noted that Equation 2.24 is only valid if  rm is sufficiently short.
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Otherwise, the presence o f other spins in the vicinity of the (i,j) spin pair can modify the 

NOE intensity (a^) by second and higher order dipolar relaxation effects (i.e., "spin diffusion" 

as a result o f higher order terms in Equation 2.11). As the mixing time increases, the higher 

order terms become more appreciable and the effect of spin diffusion on the NOE intensity 

becomes larger. Therefore, proton-proton distance determinations using Equation 2.24 

require, as a precondition, the estimation of the spin diffusion limits which may be different 

for d ifferen t protons.

2.6 Theory of Imino Proton Exchange in Nucleic Acids

The kinetics o f imino proton exchange with solvent (S) from  a hydrogen-bonded base

pair (A H —B) is usually discussed in terms of a two state model with the base pair either in 

a closed state or an open state and where exchange can only occur via the open state

65,66,67,68.

AH 3  -  Atf+B+S -  A+B+SH

This model for imino proton exchange is characterized by three rate constants: kop, the rate 

o f base-pair opening; kcl, the rate of base-pair formation from  the open state; and ktr, the rate 

o f transfer of the imino proton to the solvent from the open state.

Two possibilities occur depending on whether kcl is smaller or larger than the rate of 

proton transfer from the open state, ktr. In the first case, ktr»kd , the transfer occurs every 

time the base-pair opens. The overall transfer rate then measures kop, or its reciprocal, the 

base-pair lifetime, tc:
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f c . - v - * ; 1- 12251€X OP O

The reciprocal of the overall transfer rate constant is thus equivalent to the base-pair lifetime

t - t . [2.26]«  O 4

In the second case, kcl»ktr, the net transfer rate is equal to the transfer rate from  the open 

state m ultiplied by the fraction o f time that the base-pair is open

k .

In this case, the net exchange time is

p -28i
Kop tr

The general form ula for the exchange time is

[2.29]
tr

which simplifies to Equation 2.26 for the base-pair opening limited case (ktr»kcl) or Equation 

2.28 for the exchange limited case (kcl»ktr). The transfer rate , kex, can be increased by the 

presence of an exchange catalyst. It has been shown that the transfer rate, ktr, is proportional 

to the concentration of exchange catalyst in the solvent69

k^-RlEl [2.30]
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where [B] is the catalyst concentration and R is a constant characteristic of the catalyst and 

the solvent conditions. Substituting Equation 2.30 into 2.29 gives

t  (1+J eL )- t +^ _  [2.31]
x ° m s \ [b\

where D=r0kcl/R . Hence, vs. [B]"1 is linear and the intercept at infinite concentration of

catalyst (1/[B]=0) gives the base-pair lifetim e, r0.

The exchange time, r ex, at each catalyst concentration can be obtained from

measurements of the longitudinal-relaxation rate (1 /T x) of the imino proton, the linewidth

(Au) of the imino proton or the extent of magnetization transfer from  w ater to the imino 

proton. The linewidth of an imino resonance, Au, is related to the exchange time by

with

Av-Av*-Av° [2-33]

where Aub is the measured linewidth at a given catalyst concentration and Au° is the linewidth 

in the absence of added catalyst.

2.7 Molecular Dynamics and Energy Minimization

As for any system, the structure and dynamics of a macromolecular system are 

governed by the thermodynamic properties of the system and its surroundings. Although 

many experimental methods exist to characterize the structural and dynamical features of a 

macromolecule, these features can be simulated by computational methods if  the 

thermodynamical properties of the system and its surroundings are accurately known.70 

Molecular dynamics is one such computational method and involves solving the classical



equations of motion for a system of atoms by numerical integration over a period of 

time.71'72

The classical equation of motion for a system of particles is

&rt VEjr) [2.34]
at2 ™t

where the index i runs through all the atoms in the system under simulation, mj is the mass 

o f atom i and r4 is the position o f atom i. The gradient VE(rj) is derived from  an empirical 

energy function that has the form

^ to la I~ ^b o itd +^a n g l+^ £ h e +^iMV r+^V d W +^hbond+^eU c- [2-35]

The term

n roi)1 [2.36]

describes the covalent bond energy, where krij- is the harmonic force constant for bond 

stretching between two atoms i and j ,  r^ is the bond distance between the two atoms, and roij 

is the equilibrium bond distance between the two atoms. The term

[2-37]

describes the deformation energy of angles between covalent bonds to a given atom, where 

kel is the angular deformation force constant for a bond angle 6] and 6ol is the equilibrium 

bond angle value. The term

£a«<"5r**J1+C0S(”®»._Y)] [2.38]
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describes the intrinsic deformation energy for twisting about an axis through covalently 

bonded atoms, where k6m is the dihedral force constant for dihedral angle «m, n is the 

periodicity and y is the phase. The E impr is an energy term in the form  of Edihe and is used 

to m aintain either chirality or planarity w ithin a group of atoms. The term

is the Lennard-Jones potential function which represents the nonbonded Van der Waals 

interaction energy between pairs of atoms, i and j, where A is a repulsion term and B is an 

attraction term. The term

is the Coulombic potential function used to represent the electrostatic interaction energy 

between pairs of charged atoms (qj and qj), where r^ is the distance between the charged 

atoms and e is the dielectric constant of the medium. The term

represents an explicit hydrogen bond potential used to represent the interaction energy 

between a hydrogen, i, bonded to a donor heavy atom and an acceptor atom, j ,  where C is a 

repulsion term and D is an attraction term.

Once the potential energy functions are parameterized, the total force exerted on atom 

i, Fj, is given by the negative gradient of the total potential energy with respect to the position 

of atom i,

[2.39]

[2.40]

U ry rij
[2.41]
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Fr -
dE.total

dr,
[2.42]

If  the position of a particle is known at time t, then the position after a time interval, At, is 

given by integrating the classical equation of motion given above. The numerical solution to

the equation of motion can be approxim ated as73

xi( t ^ t ) - x ^ v i(Et)-VEMaî m l [2-43]

Thus, the new position, x^t+At), of particle i after the time interval, At, is given by Equation 

2.43 using the position X j( t)  and the velocity V j( t)  of particle i and the force, Fj, on particle 

i. Calculating the new position o f each particle at the end of the time step completes one time 

cycle of the molecular dynamics simulation and can be repeated iteratively to produce a 

trajectory, that is, a collection of coordinates and velocities which describe the movement of 

the system o f atoms through phase space. Analysis of the movement of atoms as a function 

of time can then be used to determine the structural and dynamical features of the system 

under study.

Energy minimization is another method that is often employed in structural

studies.74 Although energy minimization is not a dynamical method (there is no time

coordinate), it can be used to find the coordinates of a system that minimizes the total

empirical energy function (Equation 2.35). Because macromolecules have a large number of

degrees of freedom (~3N where N  is the number of particles), energy minimization procedures 

applied to such systems rely on an iterative method to step along the potential surface defined

by Equation 2.35 in a direction that decreases the energy. Consequently, this procedure

produces a structure in a local minimum energy consistent with the potential function that is

employed.
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2.8 Conform ational Analysis of DNA Structures

The conformational microheterogeneity of an irregular nucleic acid segment cannot 

be readily described by the full set of torsion angles described in Section 1.3. Lavery and 

Sklenar have developed an algorithm CURVES that is capable of providing a complete and 

unique helicoidal description of an irregular DNA structure.75,76 CURVES calculates both 

the local helical parameters of individual bases or base pairs and the junction parameters 

between successive bases or base pair steps (Figure 2.3). The basis o f the CURVES 

methodology is the definition of a function which describes the departure of a DNA segment 

from  perfect helical symmetry in terms of the curvature of the DNA helical axis and in terms 

o f changes in the position of successive bases with respect to the helical axis. Minimization 

o f this geometric function yields the curved helical axis of the DNA segment and provides a 

unique helical description where both types of irregularities (i.e., in the helical axis and in the 

base positions) have been "smoothed" in a least-squares fashion. Since the function is 

constructed so as to take into account simultaneously the positions of all the bases, the final 

description of any one base thus depends on the position of its neighbors. Consequently, this 

approach results in a detailed summary of the heterogeneities present w ithin a DNA segment 

and a much more coherent view of the overall conformation than that obtained with any 

purely local parameters such as the backbone torsion angles.



46

.s
ID

Minor

x  displacement (dx) y displacement (dy)

•bear (Sx) stretch (Sy)

shift (Dx) slide (Dy) rise (Dz)

Inclination fn) lip (6)

buckle (x) propeller twist (to)buckle (x) propeller twist (to) opening (a)

Ult (T) roll (p) twist (£1)

Figure 2.3 Schematic representation of the helicoidal parameters 
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CHAPTER 3 M aterials and Methods

3.1 Sample Section

3.1.1 Deoxyoligonucleotide Samples

Each of the deoxyribonucleotides listed below were provided by Dr. Gerald Zon 

(Applied Biosystems, Foster City, CA).

In general, each oligomer was obtained by automated (Applied Biosystems Model 380B) 

synthesis using phosphoramidite reagents. Each synthesis was followed by removal of the 

final 5’-D M T protecting group, ammoniolytic (conc. NH4OH, 25°C, 1 h) release of material 

from  the long-chain alkylamine controlled-pore glass support and then base/backbone- 

deprotection under mild conditions (conc. NH4OH, 25°C, 48 h). The oligodeoxynucleotides 

were isolated by reversed-phase HPLC methods.11 Each oligomer appeared >95% pure as 

judged by HPLC.

3.1.2 NMR Sample Preparation

Each oligomer was dissolved in 0.5 ml 10 mM phosphate buffer (pH=7.0) containing 

0.02% NaNs and 100 *iM EDTA. The pH of the resulting solution was adjusted to 7.0 with 

either 1 mM NaOH or 1 mM HC1. The pH was measured with a Corning Digital 109 pH 

meter equipped with a glass pH electrode (Wilmad, Buena, NJ). No corrections were made 

for deuterium  isotope effects on pH.

Each sample was lyophilized repeatedly; after each lyophilization, the sample was 

dissolved in 99.96% D20  (Aldrich Chemical Company, Inc., Milwaukee, WI) and the pH was

Sample

d[GGAATTCC]

(Rp)-d[GGA(ethyI)ATTCC]

(Sp)-d[GGA(ethyl)ATTCC]

QD260-units

400

110

140
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checked and adjusted if  necessary to maintain a sample pH of 7.0. A fter 3-4 lyophilization 

cycles, the sample was dissolved in 99.996% DzO (Cambridge Isotope Laboratories, Woburn, 

MA) and transferred to a 5 mm (o.d.) NMR tube (Wilmad 528-PP) under N 2 gas.

Samples in H 20  were prepared by lyophilizing the corresponding DzO sample, 

dissolving the sample in a 0.5 ml H 20 /D 20  (80%/20%) solution and transferring the sample 

to a Wilmad 528-PP 5 mm NMR tube.

3.2 NMR Spectroscopy Section

All NMR experiments were performed on the JEOL G X -400 spectrom eter o f the 

CUNY NMR Facility at H unter College. The spectrometer operates at a *H resonance 

frequency of 400 MHz (161 MHz for 31P). All *H NMR experiments and ^ - { ^ P }  indirect 

detection experiments were perform ed with a JEOL 5 mm 1H-{X) probe. The ID  31P NMR 

experiments were perform ed with a JEOL 10 mm high frequency tunable broadband probe.

Chemical shifts of all *H resonances were reported relative to an external TSP (3- 

trimethylsilylpropionate, sodium salt) standard (TSP chemical shift at 0.0 ppm). Chemical 

shifts o f all phosphorus resonances are reported relative to an external 50 mM phosphate 

(pH=7.0) standard (phosphate chemical shift at 0.0 ppm).

3.2.1 One Dimensional *H NMR Spectroscopy

One dimensional aH spectra in DzO were acquired with a normal single pulse sequence

pulse-acquire-delay.

The residual solvent peak (HOD) was suppressed by saturating its frequency during the delay 

interval (homogated decoupling). Typically, 8K complex data points were acquired over a 

4000 Hz spectral width. S ixty-four FIDs were signal averaged with a 3.5-4.0 s recycle delay 

(acquisition interval and delay interval) and were Fourier transformed after exponential 

multiplication with 0.5-1.0 Hz line broadening.
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Because o f rapid exchange between the solvent and the imino protons (thymine H3 and 

guanine H I), imino proton NM R resonances were observable only when the sample was 

dissolved in H 20 . One dimensional *H spectra in H 20  were obtained with a l l  pulse 

sequence77

45° pulse-T -45° pulse-acquire-delay.

The 11 pulse sequence is characterized by an excitation profile with zero spectral density at 

the R F  carrier position and maximal spectral density at a frequency

from  the R F carrier position. For maximal excitation of the imino region (-3200 Hz 

downfield of the water signal) coupled with minimal excitation of the water signal, the RF

carrier was placed at the H20  resonance and r was set to 0.155 ms. Typically, 8K complex

data points were acquired over a 10,000 Hz spectral width. One hundred and tw enty-eight

FIDs were signal averaged with a 2.5-3.0 s recycle delay and were Fourier transformed after

exponential multiplication with 1.5 Hz line broadening.

3.2.2 One Dimensional ^ - ^ H )  Nuclear Overhauser Effect Experiments

One dimensional NOE experiments can be used to study the dipolar interactions 

(Section 2.3.2) within a spin system when the signals in an NM R spectrum are sufficiently 

resolved. This was the case for the imino proton resonances in the unm odified octamer and 

its two single-site phosphate ethylated analogues. One dimensional truncated NOE 

experiments o f the imino protons were acquired with the pulse sequence

t NOE“45° pulse-T-45° pulse-acquire-delay 

w ith selective saturation of a given imino resonance during the tnoe period. The R F carrier 

was placed at the HzO resonance in order to avoid its excitation (Section 3.2.1) and typically 

8K complex data points were acquired over a 10,000 Hz spectral width. Two hundred and
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fifty -six  FIDs were signal averaged with a 5 s recycle delay. D ifference spectra were 

obtained by subtracting the FID from  a reference FID accumulated with selective saturation 

of a frequency within the imino spectral region corresponding to noise so as to avoid Bloch- 

Siegert shift artifacts.78 The difference FID was Fourier transformed after exponential 

multiplication with a 10 Hz line broadening. rNOE values were 10, 50, 100, 250, 500, 750, 

1000, and 1250 ms.

3.2.3 B ase-Pair Lifetim e Measurements

Base-pair lifetime determinations were made by measuring the linewidths of the imino

protons as a function o f phosphate concentration. Twelve data points were obtained in which

a 5.0 M phosphate solution (pH=7.0) was added in 5 nl aliquots for each data point and a ID 

NMR spectrum was taken after each phosphate addition using a l l  pulse sequence (512

scans/spectrum). The linewidth of each imino proton was determined using the NMR1

automated curve-fitting  routine. The NMR1 package (New Methods Research, Inc., Syracuse,

NY) employed is located at the College of Staten Island (Departm ent o f Chemistry). The

exchange time ( r^ )  of an imino resonance at each phosphate concentration was calculated

from  the linewidth according to Equation 2.32. The linewidth in the absence of added

phosphate catalyst was determined by extrapolating the measured linewidth (at phosphate

concentrations o f 10, 60 and 110 mM) to zero phosphate concentration. The rex was fitted as

a function of 1 /[P 043"] to Equation 2.31 using a linear least-squares program and the base-

pair lifetime (r0) was taken as the y-intercept (l/[PO 43']=0) of the linear fit. The linear least-

squares analysis was perform ed using the PROPHET package (distributed by BBN

Laboratories Inc., Cambridge, MA; sponsored by National Center for Research Resources) on

the SUN 3-60 at Hunter College.

3.2.4 One Dimensional S1P NMR Spectroscopy

One dimensional 31P spectra were acquired with a normal single pulse sequence with
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continuous broadband noise decoupling (yhB2=20 kHz) of the protons. Typically, 2K complex 

data points were acquired over a 2000 Hz spectral width. Two hundred and fifty -six  FIDs 

were signal averaged with a 4.0 second recycle delay and were Fourier transform ed after 

exponential multiplication with 3 Hz line broadening.

3.2.5 Nonselective S1P Spin-Lattice Relaxation Measurements

Nonselective 31P spin-lattice (Tj) relaxation measurements were determ ined by the

inversion recovery method using the pulse sequence

180° puIse-T-90® pulse-acquire-delay

with continuous broadband decoupling (yhB2=20 kHz) of the protons. Typically 2K complex

data points were acquired over a 2000 Hz spectral width. One hundred and tw enty-eight FIDs

corresponding to a single t value were signal averaged with a 10 s recycle delay and were 

Fourier transformed after exponential multiplication with 3 Hz line broadening. Eighteen r 

values were chosen between 10 ms and 20 s and the signal intensity (Ir ) for each 31P resonance

was measured for each t period. A single exponential was used to model the IT vs r data:

/,-/.(l - 2 e ^ )  [3-2]

where I0 is the signal intensity for a given resonance at time r=0. A regression procedure was 

used to fit the IT vs r data to Equation 3.2 in order to determine the unknown coefficients T j 

and I0. The regression analysis was performed using the PROPHET package on the SUN 3-60 

at H unter College.

3.2.6 Two Dimensional 1II-{ 1H) NOESY Experiments

2D NOESY spectra were acquired with the pulse sequence

90° pu lse-tj period-900 pulse-Tmix-90° pulse-acquire-delay 

with mixing times of 2, 50, 100, 200 and 500 ms. Homogated decoupling during the delay 

interval was employed to remove the residual solvent (HOD) peak. Typically, two sets of IK
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complex data points were acquired over a 4000 Hz spectral w idth in order to obtain phase- 

sensitive mode data using S tates-H aberkorn-Ruben phase cycling.79 Thirty-tw o FIDs, 

preceded by 4 dummy scans, were signal averaged with a 3.0 s recycle delay for each tj  value. 

The tx was initially set to 0.01 ms and incremented by 0.250 ms to achieve a 4000 Hz spectral 

w idth in the t j  dimension. A total o f 384 complex tx values were accumulated during the 

course of a single 2D experiment. In the t2 dimension, a 5 Hz Gaussian line broadening was 

applied prior to Fourier transformation. The tim e-dom ain signal in the t x dimension was 

zero-filled to IK  data points and multiplied by a 90° shifted sine squared bell filter and a 5 

Hz Guassian line broadening prior to Fourier transformation.

3.2.7 Absolute-Value Two Dimensional ^ - ^ H )  COSY Experiments 

2D COSY spectra were acquired with the pulse sequence

90° p u lse -tj period-900 pulse-acquire-delay 

with homogated decoupling during the delay interval to remove the residual solvent (HOD) 

peak. Typically, one set of IK  complex data points were acquired over a 4000 Hz spectral 

w idth, 64 FIDs, preceded by 2 dummy scans, were signal averaged with a 0.75 s recycle delay 

for each t2 value. The tj was initially set to 0.01 ms and incremented by 0.250 ms to achieve 

a 4000 Hz spectral width in the tj  dimension. A total of 512 tj  values were accumulated 

during the course of a single 2D experiment. In the t2 dimension, a sine bell filter was applied 

over IK  data points prior to Fourier transformation. The tim e-dom ain signal in the tj 

dimension was zero-filled to IK  data points and multiplied by a sine bell filter over 512 data 

points prior to Fourier transformation.

Two-dim ensional TOCSY spectra were acquired with the pulse sequence 

90° p u lse-tj period-(M LEV17 pulse)n-acquire-de!ay 

with n adjusted in order to produce a 70 ms spin lock period. Homogated decoupling during 

the delay interval was employed to remove the residual solvent (HOD) peak. Typically, two 

sets of IK  complex data points were acquired over a 4000 Hz spectral width in order to obtain
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phase-sensitive mode data using S tates-H aberkorn-Ruben phase cycling.79 N inety-six FIDs, 

preceded by 4 dummy scans, were signal averaged with a 0.75 s recycle delay for each tj 

value. The tj  value was initially set to 0.1ms and was incremented by 0.250 ms to achieve a 

4000 Hz spectral width in the tx dimension. A total of 384 complex ta values were 

accumulated during the course ot' a single 2D experiment. In the t2 dimension, a 3 Hz 

Lorentzian line broadening was applied prior to Fourier transform ation and a fifth  order 

polynomial baseline correction was applied to each t2 spectrum to flatten the baseline. The 

tim e-dom ain signal in the ta dimension was zero-filled to IK  data points and multiplied by 

a 90° shifted sine squared bell filter prior to Fourier transformation.

3.2.8 Two Dimensional aH -{s lP) Heteronuclear C hem ical-Shift Correlation Spectroscopy 

1H-{S1P} 2D COSY spectra were acquired with the pulse sequence80

*H (180° pulse-T )n------------------ t j  period-900 pulse-acquire-delay

S1P ------------------------- 90° pulse-------------------90° pulse----------------------

with *H homogated decoupling during the delay interval to remove the residual solvent (HOD) 

peak. During the evolution period, t l5 the 31P magnetization was transferred to JH as a result 

of JHP coupling. 31P signals that do not originate from transfer were suppressed by phase 

cycling and by presaturation of the *H resonances using a series of n 180° *H pulses spaced 

by 100 ms. Typically, two sets of IK  complex data points were acquired over a 4000 Hz 

spectral width in order to obtain phase-sensitive mode data using States-H aberkorn-Ruben 

phase cycling.79 Two hundred and fifty -six  FIDs were signal averaged with a 0.75 s recycle 

delay for each t2 value. The tj was initially set to 0.01 ms and incremented by 1 ms to achieve 

a 1000 Hz spectral width in the t j  (31P) dimension. A total of 100 complex tx values were 

accumulated during the course o f a single 2D experiment. In the t2 dimension, a 7 Hz 

Gaussian line broadening was applied prior to Fourier transformation. The time-dom ain



54

signal in the tj dimension was zero-filled to 256 data points and m ultiplied by a 90° shifted 

sine squared bell filter and a 10 Hz Gaussian line broadening prior to Fourier transformation.

3.3 Computation Section

3.3.1 NMR D ata Processing

ID  NM R data sets were processed using either the JEOL PLEXUS software supplied 

w ith the NM R spectrometer or the FTNM R software package provided by Dr. Dennis Hare 

(Hare Research, Woodinville, WA). AH 2D data sets were processed w ith the FTNMR 

software package. FTNM R version 5.2 is installed on a DEC m icroV A X -II and FTNM R 

version 5.82 is installed on a SUN 3-60; both computers are located in the RCMI (Research 

Centers in M inority Institutions; sponsored by National Center for Research Resources) 

Graphics Laboratory at H unter College.

3.3.2 Complete Relaxation M atrix Analysis

The CORMA package is installed on the DEC m icroVA X-II at H unter College. 

CORMA version 1.3 was provided by Dr. Thomas L. James and Dr. Brandan A. Borgias 

(Departm ent o f Pharmaceutical Chemistry, University o f California at San Francisco, San 

Francisco, CA).

3.3.3 Energy Minimization and Molecular Dynamics Computations

All energy minimization and molecular dynamics simulations were carried out with 

the program XPLOR on either the YAXstation 3100 in the H unter College Chemistry 

Departm ent or the CRAY-YM P at the Pittsburgh Supercomputing Center (sponsored by 

National Science Foundation). XPLOR version 2.1 was kindly provided by Dr. Axel Brunger 

(The Howard Hughes Medical Institute and Department o f M olecular Biophysics and 

Biochemistry, Yale University). The force field and topology parameters (atomic masses and 

charges) for the DNA structures were taken from  the PARAMH19E.DNA and
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T0PNAH19E.DNA files provided with the XPLOR package. The topology and parameter 

sets treat all hydrogens explicitly and the force field uses an explicit hydrogen-bonded 

potential where hydrogen-bonds are modeled by a specific short-range directional interaction.

3.3.4 CURVES

The CURVES package is installed on the DEC m icroV A X -II at H unter College. 

CURVES version 2.1 was provided by Richard Lavery (Institut de Biologie Physico- 

Chemique, Paris, France) and Heinz Sklenar (Central Institute of Molecular Biology, Academy 

of Sciences of the GDR, Berlin, Germany). The DNA input geometry was in protein data 

bank (PDB) file format.

3.3.5 DOCK

The DOCK package was used for the interactive display of DNA structures on the 

Evans and Sutherland PS-390 display subsystem located in the RCMI Graphics Laboratory at 

H unter College. DOCK version 5F is installed on the DEC m icroV A X -II and was kindly 

provided by Robert K. Stodola, Frank J. Manion and Helen M. Berman (Fox Chase Cancer 

Center, Philadelphia, PA) and William P. Wood, Jr. (Smith K line and French, Philadelphia, 

PA). The DNA input geometry was in PDB format.
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CHAPTER 4 Computer Simulations

4.1 Restrained Energy Minimization and Restrained Molecular Dynamics: A Model Study 

Using the Dickerson Dodecamer

Nuclear magnetic resonance spectroscopy is often used to determine the structure of 

macromolecules in solution. A variety of NMR experiments can be used to determine 

structural parameters such as torsion angles (derived from scalar coupling constants) and 

internuclear distances (derived from NOE data). Refinem ent techniques such as restrained 

energy minimization, restrained molecular dynamics,81,82 COMATOSE (complete matrix 

analysis torsion optimized structure)62 and distance geometry88,84 are frequently used to 

optimize macromolecular structures based on N M R-derived structural parameters. In order 

to effectively use a structural refinem ent method, it is im portant to understand the limitations 

o f the refinem ent procedure for generating a macromolecular structure from  the available 

NM R data. To this end, we have analyzed the effectiveness o f the restrained energy 

minimization method and the restrained molecular dynamics method to refine a nucleic acid 

structure based on NOE-derived interproton distance data. These methods are based on the 

use of an energy restraint in order to generate a structure which satisfies the distance 

constraints imposed by experimentally determined NOE intensities.82 A series of energy 

minimization and molecular dynamics calculations were perform ed using simulated NOE- 

derived interproton distances obtained from a model structure. The conditions for 

determ ining the set of interproton distance data and the errors inherent in the distance data 

were chosen to mimic conditions present in the experiments discussed in Chapter 5. The 

results of these computer simulations were used in Chapter 5 to evaluate the effectiveness of 

2D NOESY experiments on the parent and its ethylated analogues for defining the solution 

structure o f these molecules.

4.2 The Starting Structure and Target Structure

The goal of these calculations is to determine what conformational features of an
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irregular nucleic acid (the target structure) can be reproduced by the structural refinement 

of an assumed starting structure using either restrained energy minimization or restrained 

molecular dynamics. The structure obtained from x-ray coordinates for the dodecamer, 

{d[CGCGAATTCGCG])2, was used as the target structure (<T>) for these simulations. Heavy 

atom coordinates for the dodecamer were obtained from the Protein Data Bank (2BNA, 

deposited by H. Drew and R. Dickerson, 11/81) and protons were added in standard 

geometries using the XPLOR HBUILD subroutine. A standard B-form  geometry of the 

dodecamer was used as the starting structure (<S>) for the simulations. The atomic 

coordinates for the B-form  dodecamer were obtained with a program provided by Dr. Gary 

Quigley (H unter College).

D ifferent perspectives o f the start and target structures are shown in Figure 4.1. 

Although the DOCK generated pictures display the spatial location of all atoms in each 

molecule, the structural irregularities of each nucleic acid are better defined by the CURVES 

generated pictures which emphasize the specific orientation of successive nucleotides and the 

non-linearity o f the helical axis. The helicoidal parameters for the start and target structures 

were determ ined using the CURVES algorithm described in Section 2.8. The CURVES 

generated helicoidal parameters for the start and target structures are given in Appendix I. 

A comparison o f the helicoidal parameters for the two structures reveals that although both 

structures adopt B-form  conformations, the target structure displays conformational features 

characteristic of an irregular nucleic acid structure. For example,

-  sugar puckering is not constant over the target structure (the pseudorotation phase

angle varies between 25° and 195°);

-  the overall helix of the target structure is not straight but rather is bent by ~19°;

- the base pair propeller angle appears to be greater for the A:T base pairs in the

center than for the G.'C base pairs at the ends of the target structure;

-  large buckling angles are observed for the base pairs that flank the central (AATT)

sequence of the target structure.
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The structures obtained from  restrained energy minimization and restrained molecular 

dynamics refinem ent o f the starting structure were similarly analyzed using the CURVES 

program to determine if  the conformational features found for the target structure are 

effectively incorporated into the refined structures.
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Figure 4.1 DOCK (I) and CURVES (II) generated pictures of the starting structure <S> and 
target structure <T>. The DOCK generated picture of each molecule is shown as an all-atom 
skeleton model in which each vector corresponds to a bond between a pair o f atoms (Dreiding 
model). The CURVES generated picture o f each molecule is a representation in which the 
sugar-phosphate backbone is shown as a ribbon and each base is shown as a rectangular plane.

A. View o f major groove
B. View down helical axis
C. view o f minor groove
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4.3 Generation of Restraints Employed in the Refinement of the S tarting Structure

Distance constraints that simulate an N OE-derived interproton distance set were 

included as input for the restrained energy minimization and restrained molecular dynamics 

simulations. Interproton distances derived from the target structure were used as the distance 

constraints and were obtained using the XPLOR module DISTANCE. The following criteria 

were used to decide which interproton distances should be included in the simulations:

-  only 1H -1H distances less than 5.0 A were included; under typical experimental 

conditions NOE interactions can be observed only between protons separated by less 

than 5 A;

-  all 5’,5" sugar protons and the exocyclic amino and imino protons were excluded; 

these protons were either unresolved, unassigned or undetected in  the 2D NOESY 

experiments discussed in Chapter 5.

Using these criteria, a total o f 717 distance constraints were found between 168 protons in the

target structure. O f these, 131 1H -1H pairs were at a separation of r <2.5 A, 168 pairs were

at a separation of 2.5A < r <3.5 A, 284 pairs were at a separation of 3.5 A < r <4.5 A, and 134 

pairs were at a separation of 4.5 A < r < 5.0 A.

Once each interproton distance has been determined, a corresponding energy restraint

(E No e ) added to the empirical energy function (Equation 2.35) used fo r the energy

minimization or molecular dynamics procedure. The N O E-restraint function should be

designed so that the refinem ent procedure will bring the protons i and j w ithin an upper

bound, uSj, but not closer than a lower bound, l;j, in the refined structure where the upper and

lower bounds represent the positive and negative error estimates, respectively, of the NOE-

derived interproton distance, r^0. The skewed biharmonic energy function is capable of

producing this behavior82 and has the form
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[4.1]

£AKJir“C2̂ - r^ 2 f ° r  r tt<rv
[4.2]

and where is the interproton distance o f the structure being refined, rv° is the target (NOE 

derived) interproton distance, and C2 and C2 are force constants for the biharmonic energy 

term. The force constants are given by Equations 4.3 and 4.4

Cr kTS

2a ; 2
[4.3]

C2- kTS

2a ; 2
[4.4]

where k is the Boltzmann constant, T is the absolute temperature, S is a scale factor and A+jj
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and A'jj are the positive (upper bound) and negative (lower bound) error estimates of the

target interproton distance r°jj. The derivation of each force constant (Equations 4.3 and 4.4)

requires a positive and negative error estimate (A+jj and A"^) for each N OE-derived

interproton distance. In general, distances derived from  2D NOESY data are estimated

relative to a fixed distance according to Equation 2.24. A t short mixing times, a 2D NOESY

crosspeak represents cross-relaxation between a pair o f protons and the crosspeak intensity

is directly proportional to the inverse sixth power of the interproton distance. A t longer

mixing times, spin diffusion due to indirect cross-relaxation pathways can contribute to the

intensity o f a NOESY crosspeak intensity leading to errors in the calculated interproton

distance. An analysis of the systematic error introduced by spin diffusion made by Clore and

Gronenborn85 indicated that the apparent value of an N O E-derived interproton distance will

become closer to that o f the reference distance as the extent o f spin diffusion increases.

Therefore, an N OE-derived interproton distance that is smaller than the reference distance

will be systematically overestimated whereas an N OE-derived interproton distance that is

larger than the reference distance will be systematically underestimated.

In B-form  DNA there are an average of 3.4 neighboring protons within a 3.0 A radius 

of each proton. The presence o f neighboring protons provides indirect cross-relaxation

pathways that can lead to spin diffusion. In order to quantitate the errors introduced by spin

diffusion on interproton distance determinations in a m ulti-spin system like B-DNA,

CORMA calculations (Section 2.4) on the dodecamer target structure were perform ed at a

num ber of mixing times and correlation times. The CORMA calculation allows the

determ ination of the complete set o f 2D NOESY crosspeak intensities with the presence of

spin diffusion explicitly included. Distances derived from the CORM A-sim ulated NOE

intensities for the target structure (the C5-C6 distance of 2.5 A was used as the reference 

distance), were compared with the actual distances obtained from  the target structure. An

analysis of the errors in the distance determination:
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{rjj derived from the target structure} - 

{ry derived from  CORMA calculation on the target structure}

indicates that the following errors would be expected for NOE-derived distances obtained at 

mixing times of 100-200 ms and an isotropic correlation time of 4 ns (conditions appropriate 

to the NOE analysis of the parent octamer and its ethylated analogues discussed in Chapter 

5):

NOE-Derived Distance Positive Error

r < 2.5 A + o . i o  A

2.5 A < r < 3 . 5  A +0.25 A

3.5 A < r < 4 . 5  A +0.50 A
4.5 A <  r +1.00 A

For each distance range, spin diffusion results in the calculated distance being underestimated

relative to the actual distance and, therefore, the above errors represent a positive error

estimate (A+jj) to the NOE restraint. Note that as the N OE-derived interproton distance

becomes larger than the reference distance, the positive error for the derived distance

becomes larger because the effects of spin diffusion causes this distance to be underestimated

(i.e., an actual interproton distance o f 4.0 A would, in general, be experimentally 

underestimated by -0 .5  A so that its NOE-derived distance would be -3 .5  A). Figure 4.2 

demonstrates the effect of spin diffusion on the sequential («)H8/H6«(n+^)Hr interproton

distances derived from the CORM A-simulated NOE intensities for the target structure at

d ifferen t mixing times. It is clear from this figure that at longer mixing times, the calculated

distances converge toward the reference distance and the sequence-specific variation o f the

(n)H8/H6«(«+^)Hr interproton distance disappears. The energy restraint used for structure
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refinem ent also requires a lower bound (negative) error estimate, A 'jj. The lower bound error

represents the degree to which the NOE-derived interproton distances are overestimated.

Because most N OE-derived interproton distances within DNA oligomers are larger than the

reference distances available (1.8 A for the 2’«2" reference or 2.5 A fo r the C-H5«C-H6 

reference), it is safe to assume that the derived distances are unlikely to be overestimated and

therefore we have arbitrarily chosen -0.1 A as the lower bound error fo r each category of 

distance ranges.

It is also im portant to note that Equation 2.24 is only valid if  the reference 

internuclear vector (rlm) has the same effective correlation time, r e, as the measured 

internuclear vector, r^. A difference in tc between the reference internuclear vector and the 

measured internuclear vector also could result in an error in the distance determ ination for 

the measured internuclear vector. The motional model assumed fo r this study is an 

isotropically reorienting rigid molecule. This motional model is therefore characterized by 

a single correlation time. It should be noted that this type of model may not be a valid 

assumption for DNA fragments86 but errors in the distance determination associated with 

differences in r c among the internuclear vectors in a structure were not evaluated here.
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Figure 4.2 The sequential («)H 8/H 6K«+^)H r interproton distance as a function of residue 
number. The open circle (o) represents the interproton distances for the target structure. The 
filled symbols (• ,* ,■ ,♦ ) represent the interproton distances derived from  the CORM A- 
simulated NOE intensities at different mixing times.
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4.4 Restrained Molecular Dynamics and Restrained Energy Minimization Calculations

The computational time of a molecular dynamics or energy minimization calculation 

depends on the num ber of particles in the system. Because o f limited computational 

resources, all calculations were performed in vacuo and thus water molecules and counterions 

were not explicitly included. To approximate the effects of solvent, a 1 /r dielectric term was 

used in the electrostatic potential function (Equation 2.40) and to approximate the effects of 

counterion condensation, the net charge on each phosphate group was reduced to -0.32 e.82 

The computational time was further reduced by limiting the num ber of pairwise interactions 

used for the nonbonded potential energy functions (Equations 2.39 and 2.40); the nonbonded 

interactions were switched off smoothly to zero by using a cubic switching function between

9.5 A and 10.5 A with pairwise interactions up to 11.5 A included in the nonbonded list.

Energy minimizations were performed with the MINIMIZE POWELL module within

XPLOR. Typically, an energy minimization was carried out until the total energy gradient 

dropped below 0.001 kcal m ole '1 A '1. Molecular dynamics calculations were perform ed with 

the DYNAMICS VERLET module within XPLOR. Before a given molecular dynamics 

simulation was perform ed, the nearest local minimum in the neighborhood of a structure was 

found by conjugate gradient minimization with a soft harmonic constraint

iwEw-v'rV I4-5'

where rjref represents the atomic coordinates of the structure and kh represents the harmonic 

force constant (~ 25 kcal m ole '1 A"2). The system was then prepared for molecular dynamics 

at 300 K by a heating and equilibration period. Heating was accomplished with initial 

velocities assigned from  a Maxwellian distribution at 300 K to all of the atoms in the 

structure. Equilibration of the system for molecular dynamics was perform ed for 10,000 steps 

with a 0.5 fs timestep (total time=5.0 ps) where the temperature was m aintained in the vicinity 

o f 300 K by rescaling the velocities of all atoms every 0.1 ps. Bond lengths involving 

hydrogen atoms were kept fixed using the SHAKE algorithm.87 Twenty picoseconds of
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"production" molecular dynamics (20,000 steps with a 1 fs timestep) was performed on the

equilibrated structure with velocity rescaling and coordinate sampling every 0.1 ps. Averaged

dynamics structures were obtained for analysis by averaging the coordinates over the last 15

ps of trajectories (i.e., from  5 to 20 ps) and subjecting the averaged structure to conjugate

gradient minimization with a soft harmonic constraint (harmonic force constant ~ 25 kcal 

m o le '1 A '2).
Restrained dynamics was performed as described above except an NOE energy term 

representing each NOE-derived interproton distance (Equations 4.1 and 4.2) was added to the 

potential energy function during the equilibration period by increasing the scale factor, S, in 

Equations 4.3 and 4.4 from 0 to 3 in 0.5 increments every picosecond during the first 6 ps. 

The restraint energy (Enoe term) force constant for each proton-proton pair was calculated 

for a given scale factor using Equations 4.3 and 4.4. The following table lists the force 

constant calculated for each category of distance errors using a scale factor o f 3:

Distance Error

(A )

Force Constant 

(kcal mol-1 A-2)

0.10 89.4

0.25 14.3

0.50 3.6

1.00 1.8

It should be noted that a C -H  covalent bond has a force constant o f -100 kcal m o l'1 A '2.
Therefore, proton pairs that have an N OE-derived distance error o f ±0.1 A will have a 

restraint energy that approximates that found in a C -H  bond for a scale factor of 3. Although
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the scale factor for the restraint energy function can be arbitrarily chosen, if  the force

constant is approximately 50 kcal mol"1 A '2, a violation of 0.1 A (a distance violation, rjj-fij0,

represents the difference between the target interproton distance and the corresponding

interproton distance in the structure during the dynamics simulation) will add kT /2  to the

total potential energy at 300 K . Because the average kinetic energy of an atom per degree of

freedom is kT /2 , this implies that during the simulation, violations o f the order of 0.1 A are 

tolerated. An advantage of a low value for the force constant is that the molecule will have

more freedom to find low-energy conformations during the simulation. However, if  the force

constant is made too small by decreasing the scale factor, the molecular dynamics simulation

may not be able to generate a structure that is consistent with the N O E-derived interproton

distance data. Evidently, the size of the scale factor needs to be chosen so that it is large

enough to overcome "inaccuracies" in the force field used in the simulation but small enough

so that a sufficient amount of conformational flexibility is maintained.

4.5 Analysis of Structures Obtained From the Computer Simulations

A series o f energy minimization and molecular dynamics calculations were carried out 

either in the presence (i.e., restrained) or absence (i.e., free) of NOE restraints according to 

Section 4.4. The following nomenclature is used to represent the structure derived in each 

case:
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Structure Nomenclature

start <S>

target <T>

start + free minimization <SFM>

start + restrained minimization <SRM>

start + free dynamics <SFD>

start + restrained dynamics <SRD>

DOCK plots o f each structure are shown in Figure 4.3. In each case, except for the 

free dynamics structure <SFD>, the resulting structure remains close to a B-DNA 

conformation. In the free dynamics calculation, the duplex melts because the simulation 

conditions are evidently not accurate enough to keep the duplex structure together. The 

presence of NOE restraints sufficiently overcomes the deficiencies in the simulation 

conditions to keep the restrained structures, <SRM> and <SRD>, close to a B-DNA 

conformation.

The root mean square (r.m.s.) difference between any two structures, A and B was 

calculated, after a least squares superposition of the two structures, with the expression

N E ( V r ' /  [46]

where is the coordinate of atom i of structure A and riB is the coordinate of atom i of 

structure B. The r.m.s. differences between various combinations of structures for all atoms 

are given in Table 4.1 and the calculated energy terms for each structure are given in Table 

4.2. The NOE energy represents the sum of the restraint energies (En o e ) for all proton pairs
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in the restraint list. The restraint energies were calculated using Equations 4.1 and 4.2 and

a scale factor of 3. The NOE energy for the starting structure is ~8.5 kcal/mole and this 

energy is substantially reduced after both restrained minimization (En o e~20 cal/m ole) and

restrained dynamics (En oe~40 cal/mole). The reduction in E noe indicates that both

refinem ent procedures, restrained minimization and restrained dynamics, are capable of

substantially reducing the N O E-restraint energy. That is, the internuclear distances for all

proton pairs in the restraint list successfully converge to the simulated NOE-derived

internuclear distances during the refinem ent procedure. It is interesting to note that although

the N O E-restraint energy is approximately zero after either refinem ent procedure, the r.m.s.

difference between the <T> and refined structures is only reduced by ~10% compared to the 

r.m.s difference between <T> and <S> (r.m.s. <T>-<S>=1.48 A, r.m.s. <T>-<SRM>=1.33 A, 
r.m.s. <T>-<SRD>=1.30 A). This could arise because some regions of the target structure 

become precisely defined by the distance restraints (e.g., the sugar ring geometry) while other

regions, not defined by the distance restraints (e.g., the sugar-phosphate backbone) deviate

significantly from the target structure. Note that Eelec for the refined structures is ~ 100 kcal

m o l'1 less than that for the target structure. The Eelec term is dominated by charge-charge

interactions involving the phosphate groups of the DNA backbone. The conformation of the

backbone will be largely determined by electrostatic interactions and because it is not defined

by the distance constraints, it is free to deviate from the target structure during the

refinem ent procedure.

Table 4.3 summarizes some o f the CURVES-derived conformational parameter

deviations between the target structure, the starting structure, and the structures obtained

from  restrained minimization and restrained dynamics of the starting structure. Examination

of Table 4.3 reveals that both restrained minimization and restrained dynamics reduce the

deviations in most conformational parameters, torsion angles and sugar ring puckers between

the starting structure and the target structure, the only exception being the a (P -0 5 ’) torsion 

angle. The lack o f improvement in the a torsion angle after restrained minimization or 

dynamics is probably due to the lack o f NOE restraints along the sugar phosphate backbone.
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Figure 4.4 and Figure 4.5 displays the sequential («)H8/H6«(M+7)Hr interproton 

distance and some o f the CURVES-derived conformational parameters as a function of the 

residue number within each structure. The starting structure exhibits no sequence-dependent 

variation in any o f the helicoidal parameters because it is in an idealized B-DNA 

conformation whereas the target structure exhibits sequence-dependent variations in all of the 

helicoidal parameters. Examination of Figure 4.4 indicates that the <SRD> and <SRM> 

structures reproduce the sequence-dependent variations in the («)H8/H6-(«+7)H 1 ’ interproton 

distance whereas the <SFM> and <SFD> structures do not. Examination o f Figure 4.5 

indicates that although the exact value o f each helicoidal param eter in the target structure is 

not adopted by the <SRD> and <SRM> structures, the refined structures do follow the same 

trend as the target structure for most of the sequence-dependent irregularities in each 

helicoidal parameter. The base-pair opening helicoidal param eter is an exception and is 

consistent with the fact that no N O E-derived interproton distances (e.g., the exocyclic amino 

and imino protons) that serve to define the hydrogen-bonding geometry between base-pairs 

were used in the simulation.

Table 4.3, Figure 4.4 and Figure 4.5 also indicate that, although some conformational 

parameters (e.g., propeller twist) are improved by perform ing restrained dynamics compared 

to restrained minimization, the m ajority of conformational parameters, torsion angles and 

sugar puckers become well defined (r.m.s deviations decreases) during restrained minimization 

and are not significantly improved after restrained dynamics. Although molecular dynamics 

would be required to convert, for example, an A-DN A structure to a B-DNA structure using 

distance constraints,82 a dynamics method is apparently not necessary to reproduce many of 

the local conformational features of an irregular B-DNA structure (<T>) from  an idealized 

B-DNA structure (<S>). This suggests that the energy barriers to most o f the geometrical 

changes that must be crossed to cause the transition between <S> and <T> are relatively small 

and can be crossed using an energy minimization method with the distance restraints 

employed in this study.



74

These results demonstrate the limitations of the restrained energy minimization and 

restrained molecular dynamics refinem ent procedures for generating the structural features 

of a DNA fragm ent from a set o f simulated NOE-derived distances. The restraint function 

employed distance data and distance errors that would be obtained from  a typical 2D NOESY 

experiment. It was found that both refinem ent methods, using this distance data, succeeded 

in defining the sugar ring conformations and many o f the base-related structural irregularities 

present in  the target structure. However, some of the sugar-phosphate backbone torsion 

angles were not accurately defined during the simulations. These results are used in Chapter 

5 to evaluate the ability o f NOE-derived interproton distances fo r the parent and its ethylated 

analogues to define the structural features of these molecules in solution.
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Figure 4.3 Dock plots of:
A. <S> (I) and <T> (II)
B. <SFM> (I) and <T> (II)
C. <SRM> (I) and <T> (II)
D. <SFD> (I) and <T> (II)
E. <SRD> (I) and <T> (II)
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Table 4.1 Root mean square differences (A) between various combinations of structures for 
all atoms.

<S> <T> <SFM> <SRM> <SFD> <SRD>

<s>

<T> 1.48

<SFM> 0.98 1.64

<SRM> 1.18 1.33 0.95

<SFD> 4.31 4.62 3.95 4.09

<SRD> 1.48 1.30 1.12 0.86 3.97
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Table 4.2 Calculated energy terms (Equation 2.35) for various structures. The NOE energy 
term  corresponds to that calculated from Equations 4.3 and 4.4 with scale factor 3 for all 
interproton interactions employed in the refinem ent. The total energy and the energy 
gradient does not include the NOE energy term.



Total E nergy Energy Grad. Bond Angle Dihedral Improper VI) w Electrostatic H-Bond NOE

<s> 40 .5 9 1.98 4.46 174 .0 4 424 .72 1.02 -292 .56 -182 .82 -88.28 8 5 8 5 .5 2

<T> -22.71 1.44 7.91 188 .87 383 .82 3.03 -362 .3 5 -172 .2 4 -71.75 0 .32

<SFM> -313 .64 0.32 7.29 196 .5 4 294.31 9 .74 -397 .7 0 -317 .58 -106 .24 5 7 6 1 .9 3

<SRM> -227 .30 1.06 8.61 185 .97 326 .5 8 12 .32 -396 .55 -274 .93 -89.30 20 .75

<SFD> -319 .90 1.97 21 .67 2 0 6 .1 7 304 .94 14 .54 -424 .05 -321 .57 -121 .58 2 0 3 7 1 .6 9

<SRD> -202.01 1.34 10.44 181 .97 325 .70 7.73 -393.11 -250 .09 -84.65 42.61

00OJ
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Table 4.3 CURVES-derived conformational parameter deviations (in degrees) for various 
structures.

<S>-<T> <SR M >-<T> <SR D >-<T >

inclination 3.0 3.3 2.2

tip 3.3 2.8 3 .5

opening 7.0 8.0 8.2

tilt 2.6 2.6 1.9

roll 6 .4 4.3 3.8

buckle 8.1 9.5 4.7

propeller twist 16.6 9.5 4.5

twist 4.5 4.2 3.4

chi 26.4 8.6 5.8

gamma 15.9 13.7 14.4

delta 34.7 6.2 4.3

epsilon 44.6 16.5 11.8

zeta 38.8 14.6 13.9

alpha 16.3 22.1 22.1

beta 49.6 14.4 14.0

total torsion 34.5 14.4 13.4



in
ter

pr
ot

on
 

di
sta

nc
e 

(A
)

85

6

5

4

3
O  O —

2

----- O— <S>

— 9 — <T>

------m— <SFM>

<SRM>

------&— <SFD>

o— <SRD>

1 3 5 7 9 1 1

residue number («)

Figure 4.4 The sequential (n)H8/H6«(«+^)Hl’ interproton distance as a function o f residue 
number for various structures.
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Figure 4.5 CURVES-derived conformational parameters for various structures as a function 
of either the base-pair (i.e., 1 is the C1:G24 base-pair) or the base-pair:base-pair interaction 
(i.e., 1 is the C1:G24-G2:C23 interaction).
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CHAPTER 5 NMR Results and Discussion

5.1 Chemical Shift Assignments and Stereochemical Assignment of the Phosphotriester

All experiments were perform ed at 5°C, a temperature at which the self- 

complementary octamers are double-stranded (see Section 5.1.2). The experiments were 

perform ed under conditions of low salt (10 mM sodium phosphate) and neutral pH.

5.1.1 Sequential Assignment of the Nonexchangeable Protons using ^̂ H-{1H } 2D COSY and 

2D NOESY Connectivities and Stereochemical Assignment of the Phosphotriester Moiety 

using 1H -{1H) 2D NOESY Connectivities

Figure 5.1 shows the 5°C, one dimensional 400 MHz JH spectra of the self-

complementary octamer {d[GlpG2pA3pA4pT5pT6pC7pC8]}2 (referred to as the parent) and

its two single-site phosphate ethylated analogues, (Rp,R p)-{d[GGA(ethyl)ATTCC]}2 and

(Sp,Sp)-{d[GGA(ethyl)ATTCC])2 (referred to as R-A (et)A  and S-A(et)A, respectively).

Because the samples are dissolved in D20 ,  only the nonexchangeable XH resonances are

observed in these spectra. The resonances can be classified by type into the spectral ranges,

7.25-8.25 ppm (purine base H8 and H2 and pyrimidine base H6), 5.40-6.40 ppm (sugar H I’

and pyrim idine base H5), 4.50-5.20 ppm (sugar H3’), 3.50-4.70 ppm (sugar H4’, H5’ and H5"

and phosphate ethyl CH2), 2.00-3.10 ppm (sugar H2’ and H2") and 1.20-1.70 ppm (thymidine

CHS and phosphate ethyl CHS). The strategy for assigning the nonexchangeable proton

resonances in these oligonucleotides is based on 2D NMR techniques that are well-established

for the assignment of JH spectra of DNA oligomers.15 The general method involves the

determination of through-space interproton connectivities of < 5.0 A from 2D NOESY spectra 

(Figure 5.2) and through-bond connectivities from 2D COSY spectra (Figure 5.3).15

In a right-handed DNA duplex, a direct NOE will be observed between the purine H8

or pyrim idine H6 (H8/H6) and its own H I’ (r~3.8 A for both A-DNA andB -D N A ) in addition 

to the H I’ of the («-7) sugar (r~3.0 A for B-DNA, r~4.0 A for A-DNA). No NOE will be

observed between the H8/H6 and the H I’ of the (n+1) sugar (r>5.5 A for A-DNA  and B-
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DNA). These NOE connectivities enable one to sequentially assign the base protons through

their intervening sugar C l’ protons as shown in Figure 5.4. Since the sequential through-

space connectivities from  the H I’ to base proton are in the 5’ to 3’ direction, the 5’ terminal

base and the 3’ term inal H I’ are unique in exhibiting only intranucleotide NOEs and thus

serve to define the 5’ and 3’ ends of the sequence.

Once the H I’ chemical shift assignments were made, the H2’ and H2" protons were

assigned by means o f their scalar coupling to the adjacent H I’ (Figure 5.5). The different

COSY contour patterns for the H1’«*H2’ and H1’«H2" connectivities stem from  differences in 

the scalar coupling between the two C2’ protons and the C l’ proton. The size and shape of

a COSY crosspeak depends on both the coupling pattern and the linewidth of each proton

giving rise to the COSY connectivity.78 Because the H1’«H2’ and H1’«H2" crosspeak

intensities are a function of the sugar pucker (SJ 1>2. > for a C T-endo  conformation and

3J 112» > for a C V-endo  conformation, see Figure 5.6), the distinction between the H2’

and H2" signals cannot be determined by their COSY intensity to the H I’ proton unless there

is prior knowledge regarding the deoxyribose conformation.88,89 The distinction between

H2’ and H2" can be resolved by the direct NOE crosspeak intensities between the H I’ and its

neighboring H2’ and H2"; any given H I’ is nearer to its H2" than to its H2’ for all deoxyribose

pseudorotation phase angles and hence will show a stronger NOE crosspeak (Figure 5.7).15

The H3’ protons could not be assigned by means of a COSY connectivity to the C2’

protons because of the lack of crosspeaks in the H3’«H2’,H2" spectral region. This is due to 

the fact that the components o f a COSY crosspeak have anti-phase character and tend to

cancel each other when either the resolution is not sufficient to resolve the J separation

between them or the linewidths of the components are significantly larger than the J

separation.78 Although the 3-bond coupling constant, SJ3.2>, varies within a narrow range of

6-10 Hz (Figure 5.6) the linewidth of the H3’ protons for these oligonucleotides at 5°C is

apparently large enough to considerably reduce the COSY crosspeak intensities for these

connectivities. Hence, the H3’ chemical shift was determined by means of a NOESY
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connectivity (Figure 5.8) to the adjacent H2’ proton (r~2.2-2.4 A for all pseudorotation phase 

angles) and the adjacent H2" proton (r~2.6-3.0 A for all pseudorotation phase angles). This 

type o f connectivity enabled the unambiguous identification of all the H3’ chemical shifts.

The H4’ chemical shift can be assigned by means of a NOESY connectivity (Figure

5.9) to the adjacent H3’ proton (r~2.4-2.9 A for all pseudorotation phase angles). As shown 

in Figure 5.9, some of the H3’-H 4’ connectivities (G2-H3’«G2-H4’ and T6-H 3’«T6-H4’ for 

the parent octamer) are absent, probably resulting from the saturation of signals from protons

(G 2-H 3’ and T6-H 3’) that resonate near the residual HOD solvent signal (the residual HOD

signal is suppressed by presaturation). The H3’**H4’ COSY connectivity could not be used to 

assign the H4’ protons because of the lack of crosspeaks in this spectral region. However, the

H4’ assignments could be confirm ed by means of a NOESY connectivity (Figure 5.10) to the

adjacent H2’ proton (r~3.6 A for all pseudorotation phase angles) and the adjacent H2" proton 

(r~3.8 A for C T-endo  sugar pucker, r~2.5 A for C3'-endo  sugar pucker).

The H5* and H5" chemical shifts were not assigned. Most of the H5’ and H5" protons

are poorly resolved and overlap with the chemical shifts of the H4’ protons within the 3.5 to

4.7 ppm spectral range (Figure 5.1). The lack of chemical shift dispersion for the H4’, H5’

and H5" protons prohibits the use of a COSY or a NOESY connectivity between these protons

as a means of assigning the C5’ protons. 2D TOCSY experiments were performed in an

attem pt to assign the C5’ protons by the multiple transfer of correlations from  the C3’, C2’

or Cl* protons. Only a few transferred correlations were observed from the C l’, C2’ and C3’

protons to the C5’ protons in the 70 ms spin-lock TOCSY spectrum. Because 2D NOESY

crosspeaks to the C5’ spectral region were extensively overlapped and could not be accurately

quantitated, conditions were not sought (e.g., by varying the length of the spin-lock period

in the TOCSY experiment) that would have enabled the complete assignment of the H5* and

H5" protons. These protons were thus excluded from further analysis.

The nonexchangeable base protons (A-H2, C-H5 and T -C H S) were assigned as

follows: the C-H5 was assigned by its COSY connectivity to the adjacent C-H 6 proton, the

T -C H S was assigned by its NOESY connectivity to the adjacent T -H 6 proton, and the A-H2
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was assigned by a NOESY connectivity to its (n+1) HI* proton (r~4.5 A for right-handed 

helices).15

The phosphate ethyl group signals for the S-A(et)A and R-A (et)A  analogues were 

assigned as follows: the phosphate ethyl methyl (P O C ^ C //^  signal was assigned as the 

additional signal appearing in the methyl region within the 1.20-1.70 ppm spectral range and 

the phosphate ethyl methylene (POC//2CH3) was assigned by its COSY connectivity to the 

adjacent POCH2C //s group.

The chemical shifts for all the assigned nonexchangeable protons o f the parent, S- 

A(et)A and R -A (et)A  are given in Table 5.1.



A

10. 0 8 . 0 6 . 0  4 . 0
p p m

2 . 0

Figure 5.1 400 MHz *H NM R spectra of the nonexchangeable protons in (A)
{d[GGA ATTCC]}2, (B) (S Sp)-{d[G G A (ethyl)A T T C C ]}2 and  (C) (R p,R p)- 
{d[GGA(ethyl)ATTCC]}2. Sample conditions: 5°C; in D20  with 10 mM sodium phosphate, pH 
7.0. These chemical shifts are referenced relative to TSP and are based on a 5.00 ppm 
chemical shift for HOD from TSP at 5°C.
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Figure 5.2 A contour plot of the 400 MHz phase-sensitive 2D NOESY spectrum
(mixing time 200 ms) of (d[GGAATTCC]}2 at 5°C.
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Figure 5.3 A contour plot of the 400 MHz absolute-value 1H -{1H) 2D COSY spectrum of 
{d[GGAATTCC]}2 at 5°C.
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Figure 5.4 An expanded contour plot of the phase-sensitive 2D NOESY spectrum (mixing 
time 200 ms) of (Rp,Rp)-{d[GGA(ethyl)ATTCC])2 at 5°C correlating the H 8/H 6 base protons 
(7.0-8.5 ppm) with the sugar H I’ protons (5.1-6.5 ppm). The sequential (n )H l’«(n)H8/H6« 
( n + J ) H i’ connectivities are shown as solid lines (-).
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Figure 5.5 An expanded contour plot of the absolute-value 2D COSY spectrum of 
{d[GGAATTCC]}2 at 5°C correlating the sugar H I1 protons (5.4-6.4 ppm) with the sugar 
H2’,H2" protons (1.9-3.1 ppm). Each sugar H2’ and H2" assignment is given by a vertical line 
( - )  that connects crosspeaks representing H1’«H2’ and H1’«H2" connectivities within the same 
residue.
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The positions of the classical sugar puckers are also indicated in the figure. Figure taken from 
reference 91.
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Figure 5.7 An expanded contour plot of the phase-sensitive 2D NOESY spectrum (mixing 
time 100 ms) o f {d[GGAATTCC]}2 at 5°C correlating the sugar H I’ protons (5.4-6.4 ppm) 
with the sugar H2’,H2" protons (1.9-3.1 ppm). Each sugar H2’ and H2" assignment is given 
by a vertical line (-) that connects crosspeaks representing H1’«H2’ and H1’«H2M connectivities 
w ithin the same residue.
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Figure 5.8 An expanded contour plot of the phase-sensitive 2D NOESY spectrum (mixing 
time 200 ms) of (Rp,R p)-{d[GGA(ethyl)ATTCC]}2 at 5°C correlating the sugar H3’ protons 
(4.5-5.5 ppm) with the sugar H2’,H2" protons (1.9-3.1 ppm). Each sugar H3’ assignment is 
given by a vertical line (-) that connects crosspeaks representing H3’«H2’ and H3’«H2" 
connectivities within the same residue.
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^  G1 H3’«*H4’
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Figure 5.9 An expanded contour plot of the phase-sensitive 2D NOESY spectrum (mixing 
time 200 ms) of {d[GGAATTCC]}2 at 5°C correlating the sugar H4’ protons (4.0-4.8 ppm) 
with the sugar H3’ protons (4.5-5.2 ppm). The sugar H3’ and H4’ assignments are depicted 
next to the contour peaks.
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Figure 5.10 An expanded contour plot of the phase-sensitive 2D NOESY spectrum (mixing 
time 200 ms) of {d[GGAATTCC]}2 at 5°C correlating the sugar H4’ protons (4.0-4.7 ppm) 
with the sugar H2’,H2" protons (1.9-3.1 ppm). Each sugar H4’ assignment is given by a 
vertical line (-) that connects crosspeaks representing H4’«H2’ and H4’«H2" connectivities 
w ithin the same residue.



109

Table 5.1 Chemical shifts of the nonexchangeable protons of (d[GGAATTCC]}2 (P), (£p,5p)- 
{d[GGA(ethyl)ATTCC]}2 (S) and (Rp,R pMd[GGA(ethyl)ATTCC]}2 (R). Sample conditions: 
5°C; in D20  with 10 mM sodium phosphate, pH 7.0. These chemical shifts are referenced 
relative to TSP and are based on a 5.00 ppm chemical shift for HOD from TSP at 5°C.

8|6 2 |5 |m 1' 2' 2" 3 ’ 4' P C H 2 P C H 3

P 7 . 8 6 5 . 6 3 2.51 2.71 4 . 8 3 4 . 1 9
G1 S 7 . 8 5 5 . 6 2 2 . 5 2 2.71 4 . 8 3 4 . 2 0

R 7 . 8 7 5.61 2 . 5 3 2 . 6 8 4 . 8 3 4 . 1 9

P 7 . 8 6 5 . 4 8 2.71 2 . 7 8 5 . 0 4 4 . 3 8
G 2 S 7 . 8 5 5 . 5 2 2.71 2 . 7 6 5 . 0 6 4 . 3 6

R 7 . 8 2 5 . 6 5 2 . 6 8 2 . 7 8 5 . 0 4 4 . 4 0

P 8 . 2 2 7 . 3 2 6 . 0 8 2 . 7 7 3 . 0 0 5 . 1 4 4 . 5 2
A3 S 8 . 2 2 7 . 3 2 6 . 0 5 3 . 0 0 2 . 8 4 5 . 4 7 4 . 6 4

R 8 . 2 4 7 . 3 0 5 . 7 8 2 . 9 2 2.81 5 . 4 5 4 . 6 2
P 8 . 2 2 7 . 6 9 6 . 2 4 2 . 6 4 3 . 0 0 5 . 0 8 4 . 5 5

A4 S 8 . 1 2 7 . 7 0 6 . 2 7 2 . 5 4 3 . 0 3 5 . 0 7 4 . 5 9
R 8 . 0 8 7 . 7 4 6 . 3 3 2 . 4 9 3 . 0 5 5 . 0 6 4 . 6 2

P 7.21 1 . 32 5 . 9 9 2 . 0 4 2 . 6 3 4 . 8 9 4 . 2 8
T5 S 7 . 2 3 1.31 6.01 2 . 0 6 2 . 6 5 4 . 8 9 4 . 2 8

R 7 . 2 9 1 . 3 2 6.01 2 . 0 7 2 . 6 5 4 . 9 0 4 . 2 9

P 7 . 4 5 1 . 59 6 . 1 7 2 . 2 3 2 . 6 3 4 . 9 4 4 . 2 8
T6 S 7 . 4 5 1 . 6 0 6 . 1 7 2 . 2 2 2 . 6 5 4 . 9 7 4 . 2 8

R 7 . 5 0 1 . 65 6 . 1 4 2 . 2 4 2 . 6 4 4 . 9 5 4 . 2 5

P 7.61 5.71 6 . 0 6 2.21 2 . 5 2 4 . 8 9 4 . 2 2
C7 S 7.61 5.71 6 . 0 6 2 . 2 2 2 . 5 2 4 . 8 9 4 . 2 2

R 7 . 6 4 5 . 7 3 6 . 1 0 2 . 2 6 2 . 5 2 4 . 9 0 4 . 2 4

P 7 . 6 3 5 . 7 0 6 . 2 5 2 . 2 9 2 . 2 9 4.61 4 . 0 5
C8 S 7.61 5 . 6 5 6 . 2 4 2 . 2 9 2 . 2 9 4.61 4 . 0 4

R 7 . 6 7 5 . 7 8 6 . 2 7 2 . 3 0 2 . 3 0 4 . 6 2 4 . 0 6

S 4 . 3 8 1 . 4 8
R 4 . 4 6 1.51
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The stereochemistry of the phosphotriester group in each analogue was determined by 

2D NOESY data and the stereochemical assignment was supported by the HPLC and 

melting behavior of each analogue. Although NOEs involving the PO C //2CH3 protons have 

served to identify the stereochemistry o f other phosphate alkylated analogues,21,23 the 

phosphate ethyl methylene group was not used for the stereochemical assignment of the S- 

A(et)A and R-A (et)A  analogues because its chemical shift coincides with some o f the C5’ 

proton chemical shifts around 4.4 ppm. Contour sections which display crosspeaks associated 

with the POCH2C //3 protons of the S-A(et)A and R -A (et)A  analogues are shown in Figure 

5.11. In the R-A (et)A  duplex, the POCH2C //3 protons display a crosspeak with the A4-H8 

proton whereas in the S-A(et)A duplex, this type of crosspeak is absent. The crosspeak for 

the R-A (et)A  analogue was observable only at a mixing time of 500 ms which suggests that 

either the spatial proximity between the POCH2C7/3 and A4-H8 protons is at the limit of

NOE "detectability" (r~5.0 A) or that the crosspeak is the result of spin diffusion.

As discussed in Section 4.3, spin diffusion can modify the intensity of a NOESY

crosspeak and becomes more significant as the mixing period for the 2D NOESY experiment 

increases. A NOESY crosspeak due to spin diffusion would be observed between the 

POCH2C //s and A4-H8 protons as a result of indirect cross-relaxation between the 

POCJ/2CH3 and A4-H8 protons if  the POCH2C7/3«A4-H8 distance is larger than both the 

POC7/2CH3«A4-H8 distance and the POCH2C7/3«POC//2CH3 distance. If  these distances are 

compared from  models of the R-A (et)A  and S-A(et)A analogues (Figure 5.12), it is possible 

that the POCH2CJ/3«A4-H8 crosspeak observed for the R-A (et)A  analogue is the result of 

spin diffusion from the POC7/2CH3«A4-H8 spin pair. However, the presence of the 

POCH2CJ/3«A4-H8 crosspeak within one diastereomer but not the other indicates that the 

phosphotriester ethyl group of this diastereomer can approach the A4-H8 proton whereas this 

type of approach is not allowed for the other diastereomer. Because the Rp diastereomer, with 

its ethyl group oriented into the major groove, allows for this approach (Figure 5.12), the 

compound displaying the POCH2C //3«A4-H8 crosspeak was assigned the R p diastereomer.
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The method of spectroscopic assignment of single-site phosphate-alkylated DNA 

oligomers has been previously advanced by Summers et a l.21 and Lawrence et a l 23 and the 

success of this method has been established by comparing the assignment made by 

spectroscopic means with the assignment made by a chemo-enzymatic method. Furtherm ore, 

it has been shown that the HPLC and melting temperature behavior of single-site phosphate 

alkylated oligomers are correlated with the stereochemistry o f the phosphotriester 

group.21,23,24 In general, an analogue containing a phosphotriester alkyl group oriented 

towards the major groove will have a longer HPLC retention time and a decreased melting 

temperature relative to the analogue of opposite stereochemistry. The stereochemical 

assignments made for the R -A (et)A  and S-A(et)A analogues by ^ -{ ^ H }  2D NOESY 

measurements are supported by the chromatographic and stability characteristics of these two 

isomers; the isomer assigned as R-A (et)A  has a longer reversed-phase HPLC retention time 

on a poly(styrene-divinylbenzene) HPLC column eluted with a linear gradient of acetonitrile 

vs. triethylammonium acetate buffer (G. Zon, private communication) and the isomer assigned 

as the R -A (et)A  analogue also has a lower melting temperature compared to the S-A(et)A 

analogue (discussed in Section 5.2).
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Figure 5.11 Expanded contour plots of the phase-sensitive 2D NOESY spectrum  (mixing time 
500 ms) of (A) (Sp,Sp)-{d[GGA(ethyl)ATTCC])2 and (B) (Rp,Rp)-{d[GGA(ethyl)ATTCC]}2 
at 5°C correlating the base protons (7.2 -  8.4 ppm) with the POCH2C //j  protons (~1.5 ppm).
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Figure 5.12 Diagram of the d[A(ethyl)A] segment in (I) (Rp,Rp)-{d[GGA(ethyl)ATTCC]}2 
and (II) (§p,§p)-{d[GGA(ethyl)ATTCC]}2. The distance between the A4-H8 proton and (A) 
the center of the phosphotriester methyl group and (B) the center of the phosphotriester 
methylene group for each analogue is shown. The models are taken from reference 25 and 
represent energy minimized B-form  structures of the two analogues.
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An analysis of the 2D COSY and NOESY spectra of the parent and its two single-site

ethylated analogues, S-A(et)A and R -A (et)A , perm itted the assignment of the

nonexchangeable base and sugar protons (except for the C5’ protons) of these oligomers in

D20  solution at 5°C. Although Pardi et al.92 have described a method using homonuclear

and heteronuclear S1P-{1H) chemical shift correlations for the sequential assignment

o f the sugar protons and phosphates without recourse to a specific structural model, this

method is limited to systems and conditions that are capable of providing all the necessary

scalar coupling connectivities, conditions which were not possible to achieve for the octamers

used in this study (the extensive broadening of proton resonances in each octamer at 5°C 

caused the cancellation o f many COSY connectivities within each nucleotide). Therefore,

most of the chemical shift assignments for each octamer were made using NOESY

connectivities and assuming that each oligomer was in a right-handed conformation. This

assumption is valid for the parent duplex as demonstrated by Broido et al.22 and, indeed, the

parent chemical shifts confirm  the earlier assignments made by Broido et al.22 and Patel et

al.40 on the same duplex at 25 °C (after correction is made for the reference chemical shift

difference at 25°C and 5°C).

Plotted in Figure 5.13 are the deviations of the JH chemical shifts of the R-A(et)A

and S-A(et)A analogues from those of the parent molecule. A positive deviation indicates that

the resonance of the modified oligomer is shifted upfield relative to that of the parent

oligomer. Examination of these plots reveals that significant chemical shift differences (>0.1

ppm) are confined to signals from residues that flank the ethyl phosphotriester moiety (the

G2, A3 and A4 residues) and appear to be most significant for the A3 residue. Similar

chemical shift differences are observed for the H 3 \ H4’, H2’, and H2" protons within the A3

residue for both analogues and could indicate a redistribution of charge density in the vicinity

of these protons upon phosphate alkylation. For the R-A (et)A  analogue, there is a significant

change in the chemical shift of the H I’ resonance in the G2 (— 0.17 ppm), A3 (-+0.30 ppm) 

and A4 (— 0.09 ppm) residues. The corresponding chemical shift changes for the S-A(et)A 

analogue are less than 0.05 ppm. If the chemical shift changes were simply the result of
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changes in charge density in the vicinity of the H I’ protons upon phosphate alkylation, it

would be expected that the H I’ protons of both analogues would undergo similar chemical

shift changes, contrary to what is observed. A large upfield shift (~0.2 ppm) for the A4-H 1’ 

proton was observed in the oligomer, (Rp,Rp)-{d[GGAA(ethyl)TTCC])2 by Summers et al.21

and Lawrence et al 23 observed similar upfield shifts for the A 3-H 1’ and A 4-H 1’ protons in

(Sp,Sp)-{d[GGA(isopropyl)ATTCC]}2 and (§p,Sp)-(d[GGAA(isopropyl)TTCC]}2, respectively

(note that for the isopropylated analogues, £p denotes the diastereomers in which the isopropyl

group is oriented toward the m ajor groove). These observations are consistent with the results

presented here and suggest that a structural change occurs for oligomers containing a

phosphotriester group oriented toward the major groove of the duplex and that such a

structural change is localized to the site of phosphate alkylation.

It is well established that the intrinsic proton chemical shifts of the base and sugar

protons of DNA fragments can be influenced by

- ring currents arising from delocalized electrons at the purine and pyrim idine rings;

- polarization effects due to an enhancement or depletion of charge via protonation 

or hydrogen bonding;

- the anisotropy of diamagnetic susceptibility of various proximal groups such as 

carbonyls.93

Such factors could be sensitive to a conformational change in duplex structure. In fact, the 

H I’ resonances of the parent octamer are observed to move downfield with increasing 

tem perature, indicating that these resonances are influenced by shielding aromatic ring 

currents which are lost during the melting and destacking transitions.35 However, it is not 

clear why the (n -7 )H l’ proton should shift significantly upfield when the (n)phosphate of an 

oligomer is ethylated with R p stereochemistry (§p stereochemistry in the case of 

isopropylation). Although destacking was observed to occur for phosphate alkylated 

dinucleotides, it is difficult to determine how such stacking changes would affect the ring 

currents that influence the H I’ chemical shift of a polynucleotide. The nature of such
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structural changes will become more obvious when spatial inform ation (i.e., distances derived 

from  NOE intensities) for these oligomers is examined (Section 5.5).



117

G1

4*

3* 

2" 
2* 
1'

2|5|m  

S16

3

<
1

-0 .50

G2

4 '

3 ' 

2” 
V 
1*

2[5(m

8 |6

• 0.50

A3

4 ’

3 ' 

2 "  

T 
V

2 j5 |n

810
• 0.50

A4

4 '

3 ’ 

2 "  

2’ 
1'

2|5|m

8|6
•0.50

0.00

0 .0 0

0 . 0 0

0 .0 0

ppm

T5

4*

3* 

2 "  

2' 
I '

2 |5 |m

8|6

1
•i
1

s
0 .50 -0 .50

" i !

I

I
3

Si

P

T6

4*

3* 

2 "  

2* 
1'

2|5|m

8[6
0 .50 •0 .50

ffjBkm
*
i

t

C l

4 ’ 

3 ' 

2 "  

2’ 
1'

2|5|m

8 |6

0 .50 •0.50

C8

4*

3 ’ 

2 ”  

2 '  

1'

2|5|m  

816
0 .50 • 0.50

0.00

0.00

0.00

ppm

0.50

a
I

L3

H
a

0.50

11

3c

t

c

11
L_»

m
c 9

0.50

Figure 5.13 *H chemical shift differences observed between the parent and its two ethylated 
analogues. The shaded squares (S3) represent the chemical shift difference between 
{d[GGAATTCC]}2 and (Sp,Sp)-{d[GGA(ethyl)ATTCC]}2 for the indicated proton; the 
unshaded squares (□) represent the chemical shift difference between {d[GGAATTCC]}2 and 
(Rp,Rp)-{d[GG A(ethyl)ATTCC]}2 for the indicated proton. A positive deviation indicates that 
the resonance of the modified oligomer is shifted upfield relative to that o f the parent 
oligomer.
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5.1.2 Imino Proton Chemical S h ift Assignments

The guanine and thym idine bases each contain an imino proton (G -H l and T-H 3) 

which is capable of forming a hydrogen bond with an appropriate acceptor atom. The imino 

hydrogen bonds for the A:T and G:C Watson-Crick base pairs are shown in Figure 5.14. An 

imino proton NMR signal can be observed in aqueous solution when the corresponding imino 

proton is involved in a hydrogen bond (e.g., W atson-Crick base pairing); otherwise, rapid 

chemical exchange with water results in the loss o f its detectability as the imino proton signal 

coalesces with the water signal. Figure 5.15 shows the 5°C, one dimensional 400 MHz *H 

spectrum of the imino protons for the parent octamer and the two analogues, R -A (et)A  and 

S-A(et)A. The additional peaks in the R-A (et)A  spectrum are most likely due to the presence 

of small amounts o f a heteroduplex in which one strand of the (Rp,R p)-{[GGA(et)ATCC]}2 

duplex has lost its phosphotriester ethyl group because of limited hydrolysis. Because there 

are no additional peaks in the NMR spectrum of the nonexchangeable protons in R -A (et)A  

(Figure 5.1), it is likely that limited hydrolysis of the phosphotriester group occurred during 

the lyophilization procedure necessary to transfer the sample from  a D20  solution to an 

H20:D 20  solution (Section 3.1). However, it should be noted that the exact nature of 

im purities present in the R-A (et)A  sample was not confirm ed by other analytical methods 

such as HPLC.

Four imino proton resonances are observed for each octamer duplex in Figure 5.15 

corresponding to the four base pairs related by 2-fold symmetry. Since each octamer is self- 

complementary, the imino protons can be numbered according to the following scheme:

G l -G 2 -A 3-A 4-T 4-T 3-C 2-C !
C 1-C 2-T1-T 4-A 4-A 3-G 2-G 1

The imino proton resonances can be assigned according to type based on previous studies 

suggesting that, in general, the intrinsic chemical shift of T-H 3 in an A:T W atson-Crick base 

pair is located approximately 1 ppm downfield from the intrinsic chemical shift of G -H l in 

a G:C Watson-Crick base pair.35 Therefore, the two resonances at ~ 12.8 ppm in each spectrum
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were assigned to the G -H l protons, whereas the two resonances in the 13.5-14.0 ppm spectral 

range in each spectrum were assigned to the T-H 3 protons. Fraying effects (the rapid opening 

and closing o f a base-pair) coupled with the exposure o f one face of the terminal base-pair 

to solvent leads to an exchange broadening of the terminal base-pair imino proton 

resonance.35 Thus, the broadened resonance around 12.8 ppm serves to identify the G l-H l 

proton. The remaining resonance around 12.8 ppm in each spectrum was assigned to the G 2- 

H1 proton.

The T2-H3 proton for each octamer was assigned by means o f a ID  NOE between this

proton and the G2-H1 proton. In an idealized right-handed DNA structure, the distance

between sequential imino protons is quite short (r~3.8 A for A-DN A  and r~3.5 A for B-DNA) 

and therefore an NOE (a change in signal intensity) will be observed for an imino proton

resonance when the resonance o f the adjacent imino proton is saturated. This is clearly

observed for the G 2-H 1-T3-H 3 connectivity in each duplex as shown in Figure 5.16. The 

remaining downfield resonance was assigned to the T4-H3 proton. The chemical shift

assignments of the imino proton resonances in each of the octamer duplexes are summarized

in Table 5.2.

Although it is difficult to obtain a G2-H1«T3-H3 distance using the ID  NOE data 

obtained for each analogue (due to the lack o f a reference distance, Section 2.5), it is clear

that the difference spectrum for each duplex displays a similar NOE intensity (-10%) on the 

T3-H1 signal (Figure 5.16). This observation indicates that single-site phosphate ethylation

does not appear to significantly alter the G 2-T 2 base-pair rise as judged by the G2-H1«T1- 

H3 NOE interaction (Figure 5.17). It should be noted that NOE connectivities for the

sequential imino protons (G1-H1«G2-H1 and T2-H3«T4-H3) could not be determ ined by ID  

NOE experiments due to the presence of decoupler "spillage" artifacts that occurred because

the corresponding resonances were not sufficiently separated. U nder these conditions, a

resonance (e.g., T4-H 3) adjacent to the one being saturated (e.g., T3.-H3) became partially

saturated and a difference signal resulted. Although the difference signal could be due to an

actual NOE between the two imino protons, the fact that the difference signal intensity was
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strongly dependent on the strength of the decoupler field suggests that its presence could be 

due to a decoupler spillage artifact.

The presence of all four imino proton signals (G l-H l,  G 2-H 1, T3-H 3 and T4-H3)

indicates that duplex formation occurs along the entire length of the helix and is not inhibited

by single-site phosphate ethylation of the duplex. However, the G l-H l and T4-H3 protons

shift significantly (~0.2 ppm for both resonances) to high field in the R -A (et)A  analogue 

relative to the parent and the S-A(et)A analogue. The upfield shift of the R -A (et)A  G l-H l

imino proton resonance might reflect an increased exchange rate with solvent (HzO). An

increased exchange rate would also lead to an increased broadening of the G l-H l resonance;

however, overlap of the G l-H l resonance with the G2-H1 resonance prevented an accurate

determination of its linewidth. An increased rate of exchange with solvent would be expected

for the terminal base-pair of the R-A (et)A  analogue because this analogue is destabilized

compared to both the parent and the S-A(et)A analogue (see Section 5.2) and such

destabilization would lead to increased fraying at the ends of this duplex.

Although the T4-H3 imino proton resonance undergoes an upfield shift in the R - 

A(et)A analogue, its lack of broadening relative to that observed in the parent and S-A(et)A 

analogue indicates that the shift is not due to an increased exchange with solvent but probably 

reflects a structural change instead. In fact, the chemical shift change for the T4-H3 proton 

in R -A (et)A  is consistent with the *H chemical shift deviations observed for some of the 

nonexchangeable protons in R-A (et)A  (Figure 5.13) suggesting that the duplex has undergone 

a structural change in the vicinity of the phosphotriester group.
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Figure 5.14 The Watson-Crick base pairs A:T and G:C.
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Figure 5.15 400 MHz *H NMR spectra of the imino protons in (A) {d[GGAATTCC]}2, (B) 
(Sp,Sp)-{d[GGA(ethyl)ATTCC]}2 and (C) (Rp,Rp)-{d[GGA(ethyl)ATTCC]}2. Peaks labeled 
with a (*) are due to im purities and are discussed in text. Sample conditions: 5°C; in 
H 20:D 20  (8:2) with 10 mM sodium phosphate, pH 7.0. These chemical shifts are referenced 
relative to TSP and are based on a 5.00 ppm chemical shift for H 20  from  TSP at 5°C.
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Figure 5.16 5°C, ID NOE (truncated NOE) difference spectra (irradiation time 1 s) between 
the reference spectrum (off-resonance irradiation) and the spectrum with irradiation of the 
G2-H1 resonance for (A) {d[GGAATTCC])2, (B) (£p,Sp)-{d[GGA(ethyl)ATTCC]}2 and (C) 
(Rp,Rp)-{d[GGA(ethyl)ATTCC]}2.



124

Figure 5.17 Figure o f the imino proton interaction between the G2 base-pair and the T3 
base-pair of the octamer sequence, {d[GGAATTCC]}2. Note that this interaction can be used 
to determine the base-pair rise helicoidal parameter. The figure was obtained from  an energy 
minimized B-form  structure of the octamer sequence.
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Table 5.2 *H chemical shifts o f the imino protons in {d[GGAATTCC]}2 (P), (§p,§p)- 
{d[GGA(ethyl)ATTCC]}2 (S) and (Rp,R p)-{d[GGA(ethyl)ATTCC]}2 (R) in 10 mM phosphate 
buffer (pH 7.0), H20:D 20  (8:2) at 5°C. These chemical shifts are referenced relative to TSP 
and are based on a 5.00 ppm chemical shift for H20  from TSP at 5°C.

Gl-Hl G2-H1 T3-H3 T4-H3
p 12.96 12.83 13.91 13.80
s 12.93 12.86 13.87 13.73
R 12.76 12.81 13.94 13.59
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5.1.3 S1P Chemical Shift Assignments

The one dimensional 162 MHz 31P NMR spectra of the parent, S-A(et)A and R -

A(et)A are shown in Figure 5.18. Seven distinguishable resonances are observed for the R -

A(et)A and S-A(et)A duplexes at 5°C corresponding to two identical sets of seven chemically 

nonequivalent internucleotide linkages where the seven internucleotide linkages within each

strand constitutes a set. Only six distinguishable resonances are observed for the parent

duplex because the 31P NM R signals corresponding to the ApT and TpT phosphates are nearly

identical (vide infra).

The 31P chemical shift assignments for each duplex were determ ined by the 1H-

detected heteronuclear 1H-{31P} chemical shift correlation experiment described in Section

3.2.8. The ^ - { ^ P }  2D chemical shift correlation spectrum for the S-A(et)A analogue at 5°C

is shown in Figure 5.19. Similar spectra were obtained for the parent and the R-A(et)A

analogue. The identification of 31P resonances using the ^ - { ^ P }  chemical shift correlation

experim ent relies on each phosphorus atom having scalar connectivities to protons whose

resonances have been previously assigned. The assignment of the 31P resonance corresponding

to the (n-l)¥(n)  phosphate was accomplished by utilizing the three-bond and four-bond

coupling of the 31P spin with the («-7)H3’ proton and the («)H4’ proton, respectively. For

example, the assignment of the ApA 31P resonance was given by the presence of both

ApA«A3-H3’ and ApA«A4-H4’ scalar connectivities. The crosspeaks arising from  the three- 

bond coupling of the 31P spin with the («)H5’ and (n)H5" protons were not utilized because

the C5’ protons could not be unambiguously assigned. The 31P chemical shifts of the parent,

S-A(et)A and R-A (et)A  as determined by the above procedure are given in Table 5.3 along

with literature values obtained by 170-labeling  of the parent octamer.38
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Figure 5.18 162 MHz 31P NMR spectra of (A) {d[GGAATTCC]}2, (B) (&p,Sp)-
{d[GGA(ethyl)ATTCC]}2 and (C) (R p,R p)-{d[GGA(ethyl)ATTCC]}2. Sample conditions: 5 °C; 
in D20  with 10 mM sodium phosphate, pH 7.0. These chemical shifts are referenced relative 
to an external 50 mM sodium phosphate standard (phosphate chemical shift at 0.0 ppm).
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Figure 5.19 2D chemical shift correlation spectrum of (Sp,§p)-
{d[GGA(ethyl)ATTCC]}2 at 5°C correlating the H 3 \ H 4 \ H5’ and H5" protons (4.0 - 5.6 
ppm) with the phosphorus resonances (-6.4 — 3.6 ppm). The ID  and 31P NM R spectra 
are shown along the two axes of the 2D spectrum. The H3’ and H4’ resonances are labeled 
in the spectrum and the phosphorus resonances are labeled in the 31P spectrum.
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Table 5.3 31P chemical shifts for {d[GGAATTCC]}2 (P), (Sp,S )-{d[GGA(ethyl)ATTCC]}2 
(S) and (Rp,Rp)-{d[GGA(ethyl)ATTCC]}2 (R) in 10 mM phosphate buffer (pH 7.0), D20  at 
5°C. These chemical shifts are referenced relative to an external 50 mM sodium phosphate 
standard (phosphate chemical shift at 0.0 ppm). L iterature values are those reported by 
Connolly and Eckstein for (d[GGAATTCC]}2 at 10°C.38

Lit. Value P S R

GpG -4.04 -4.06 -4.07 -4.06

GpA -4.13 -4.14 -4.38 -4.43

ApA -4.37 -4.37 -6.27 -5.69

ApT -4.49 -4.48 -4.61 -4.59

TpT -4.43 -4.45 -4.48 -4.50

TpC -4.22 -4.23 -4.25 -4.20

CpC -3.89 -3.93 -3.93 -3.94



130

Connolly and Eckstein assigned the resonances in the 31P NM R spectrum of

{d[GGAATTCC]}2 at 10°C by regiospecific labeling with lvO,38 It is apparent from Table 5.3

that the 31P chemical shifts for the parent as determined by the 1H-{S1P} heteronuclear

chemical shift correlation method are in very good agreement with those determined by

Connolly and Eckstein and demonstrates the general utility of the 1H-{31P} 2D NMR method

for assigning the 31P chemical shifts o f deoxyoligonucleotides.

31P chemical shifts, in general, can be influenced by a number of intrinsic effects such

as the » bond order, the atomic charge on the phosphorus atom, the a-bond angle and extrinsic 

effects such as hydrogen bonding.94 Recent evidence indicates that variations in 31P

chemical shifts for nucleic acids are correlated to changes in the P-O  (a and f ) and C -0  (b and 

c) backbone torsion angles suggesting that 31P chemical shifts can provide a probe of the

phosphodiester backbone conformation.95,96 A comparison of 31P chemical shifts of

dinucleoside phosphates and long-chain oligomers indicates that the 31P NM R resonances of

oligomers are shifted to higher field relative to the corresponding dinucleoside phosphate 31P

NMR resonances.97 The upfield shifts seen in the 31P chemical shift of oligomers as

compared to dinucleoside phosphates have been attributed in large part to the base stacking

and subsequent rigidity of oligomers which cause the phosphodiester angles a and £ to adopt 

a gauche, gauche conformation. In the more flexible dinucleoside phosphates and at the

terminal internucleotide linkages of oligomers, the a and £ torsion angles tend to adopt a 

gauche, trans conformation and consequently, the 31P resonances are found at lower field.

This type o f behavior is found for the parent, the R-A (et)A  analogue and S-A(et)A analogue

where the 31P resonances corresponding to phosphates at the center of each oligomer are

found upfield of the 31P resonances corresponding to phosphates at the ends of each oligomer.

Plotted in Figure 5.20 are the 31P chemical shifts as a function of residue number in

the parent and the S-A(et)A and R-A (et)A  analogues. Examination of Figure 5.20 reveals

that the phosphotriester resonance, ApA, for both analogues is found upfield from the

phosphodiester resonances. If  charge neutralization of the phosphate in itself was responsible

for the upfield shift observed for the phosphotriester resonance, then it would be expected
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that the same upfield shift would occur in both the S-A(et)A and R-A (et)A  analogues. This, 

however, is not the case; the phosphotriester resonance in S-A(et)A is further upfield than the 

phosphotriester resonance in R -A (et)A  by approximately 0.6 ppm. In fact, the suggestion has 

been made in the literature that the absolute stereochemistry at a modified phosphate can be 

determ ined by comparing the relative chemical shift positions o f the corresponding 31P 

resonances.98 Broido et al.2A reported that for the A(iPr)T and A(et)T diastereomeric pairs 

of the octamer, the resonance of the phosphotriester in which the alkyl group points into the 

m ajor groove of the helix is shifted further upfield than the phosphotriester resonance of 

opposite stereochemistry. However, the reverse behavior was found for A(iPr)A analogues 

of the octamer and the reverse behavior was also found for the A(et)A analogues described 

here indicating that the relative chemical shift of the phosphotriester 31P resonances cannot 

be used to assign the stereochemistry of the diastereomers.

Examination of Figure 5.20 also indicates that the phosphodiester resonances, GpA 

and ApT, for the R-A (et)A  and S-A(et)A analogues are shifted upfield, whereas the other 

phosphodiester resonances are unshifted relative to the corresponding resonances within the 

parent octamer. Furtherm ore, the magnitude of the GpA and ApT chemical shift difference 

is similar for each analogue. The upfield shift observed for the GpA and ApT 

phosphodiesters in the R-A (et)A  and S-A(et)A analogues could be the result of either a 

structural change at these internucleotide linkages or a change in charge density at these 

phosphorus spins due to charge neutralization at the ApA phosphate. In order to determine 

the nature of the structural changes that occur upon phosphate-alkylation as evidenced by the 

31P chemical shift differences between the parent and the R-A (et)A  and S-A(et)A analogues, 

it would be necessary to have conformational inform ation on the sugar-phosphate backbone 

in either distance space or torsion-angle space. Due to the lack of interproton distance data 

for the C51 protons in these oligomers (the C5’ protons were not assigned), there are few 

distances available that uniquely define the sugar-phosphate backbone.

Conformational inform ation can be obtained in torsion-angle space by using a Karplus



132

relationship to correlate 1H -S1P coupling constants, JHP, with the H -C -O -P  dihedral angles 

of the sugar-phosphate backbone.41 1H -S1P coupling constants can be extracted from the 

crosspeak multiplet components in a ^ -{ ^ P }  2D chemical shift correlation spectrum. 

Because the multiplet components are antiphase for each crosspeak in a 1H-{31P} 2D spectrum, 

a 1H -S1P coupling constant can only be accurately determ ined from  the crosspeak fine 

structure under conditions where JHP is larger than the linewidth of the and 31P 

resonances. In DNA fragments, the JHP couplings typically vary between 1-4 Hz for the 

(n)P«(«)H4’ interaction and between 2.5-6.5 Hz for the (n)P«(«--0H3’ interaction.41,99 The 

linewidths o f the S1P resonances for the parent, the S-A(et)A analogue and the R-A(et)A  

analogue are approximately 10-15 Hz as determined from the spectra shown in Figure 5.18. 

The linewidths of the 31P resonances are clearly larger than the anticipated 1H -S1P coupling 

constants indicating that JHP cannot be accurately determined under the experimental 

conditions employed for this study. Consequently, there is lack of structural data about the 

sugar-phosphate backbone for the parent and the S-A(et)A and R -A (et)A  analogues in 

torsion-angle space.

The lack o f data capable o f providing structural inform ation on the sugar-phosphate 

backbone makes it difficult to correlate the 31P chemical shift changes observed for the R - 

A(et)A and the S-A(et)A analogue relative to the parent to a specific conformational change 

in the phosphodiester backbone induced by phosphate alkylation. However, the 31P chemical 

shift difference between the parent and the R-A (et)A  and S-A(et)A analogues were confined 

to the phosphodiester groups adjacent to the phosphotriester lesion suggesting that any 

possible structural changes are localized to the region of phosphate alkylation.
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GpG GpA ApA ApT TpT TpC CpC
- 3 . 0 0  f  1----------- 1-----------1----------- 1----------- 1----------- 1----------- 1

-4 .0 0  -- 

-5 .0 0  -- 

- 6 .0 0  - -  

- 7 . 0 0 -t

Figure 5.20 The 31P chemical shift as a function of residue number for {d[GGAATTCC]}2 
(■), (Sp,Sp)-{d[GGA(ethyl)ATTCC]}2 ( a ) and (Rp,Rp)-(d[GGA(ethyl)ATTCC]}2 ( 0 ) .



134

5.2 H elix-C oil Transition

The thermal dissociation of a nucleic acid duplex into single strands is characterized 

by a melting tem perature, Tm. The melting temperature represents the midpoint of the 

thermally induced duplex-to-strand (helix-coil) transition and has been extensively used to 

evaluate the helix stability of DNA duplexes in solution.14 The melting temperature of a 

DNA duplex can be measured by a number of techniques which include optical 

measurements, NMR spectroscopy and differential scanning calorimetry. Although the 

optical measurement (i.e., UV absorbance at 260 nm) of the loss of hypochromicity from base 

stacking upon strand separation yields the "classical" melting temperature of a DNA double 

helix, various NMR measurements can also be used to monitor strand separation.100,101 

In fact, the relative melting temperatures of a series of duplexes determined from NMR 

measurements is identical to that obtained from optical measurements.23 The advantage of 

1H NM R spectroscopy, unlike most optical methods, is that it can be used to monitor the 

dissociation of individual base pairs because it permits the resolution and assignment of 

individual proton markers. The most easily measured property associated with strand 

separation using NMR spectroscopy is the tem perature dependence of imino proton resonance 

linewidths. An imino proton resonance will broaden beyond detectability when the 

corresponding imino proton is no longer involved in a hydrogen bond (e.g., base-paired) and 

undergoes rapid exchange with the bulk solvent (H20 ). The melting temperature of the 

duplex can be evaluated from the temperature at which an imino proton resonance disappears 

from  the NMR spectrum.

The imino NMR spectra of the parent octamer between 5°C and 40°C are presented 

in Figure 5.21. Similar melting behavior is observed for the R -A (et)A  and S-A(et)A 

duplexes. In all cases, the G I-H 1 resonance exhibits exchange broadening at a lower 

temperature than do the other resonances, a behavior indicative of fraying at the ends of each 

duplex.102 The remaining three resonances (G 2-H 1,T3-H 3 and T4-H3) broaden in a 

concerted fashion on raising the temperature from 5°C to 32.5°C and broaden beyond
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detectability above 32.5°C. The three resonances, G 2-H 1, T3-H 3, and T4-H 3, disappear at 

a common temperature within each octamer studied, demonstrating that the nonterminal base

pairs o f each duplex melt as a cooperative unit. Therefore, the presence of a phosphotriester

lesion does not appear to affect the cooperative melting involved in the tw o-state helix-to-coil

transition of the octamer sequence.

The tem perature-dependent linewidths of the T1-H3 and T4-H 3 proton resonances

for the parent, S-A(et)A and R-A (et)A  duplexes are plotted in  Figure 5.22. It is readily

apparent that the R -A (et)A  duplex is thermally less stable than both the S-A(et)A and parent

duplexes. Based on the temperature at which the G 2-H 1, T3-H 3, and T4-H 3 proton

resonances broaden beyond detectibility, the melting temperature (accurate to ±2.5°C) and 

thus relative duplex stability for each oligomer is estimated to be:

R -A (et)A  (25°C) < S-A(et)A (31°C) < Parent (33°C)

The lower melting temperature for the R-A (et)A  analogue is consistent with previous studies 

demonstrating that, in general, the more destabilized diastereomer is the one containing a 

phosphate alkyl group pointing into the major groove of the helix. If  duplex destabilization 

were prim arily due to an electrostatic effect arising from the partially neutralized backbone, 

then the R-A (et)A  and S-A(et)A analogues would be expected to display similar melting 

behavior. The lowered Tm and the chemical shift differences (Section 5.1) of the R -A (et)A  

duplex relative to the S-A(et)A and parent duplexes suggests that a phosphotriester moiety 

oriented into the major groove has a conformationally induced destabilizing influence on a 

duplex. Thus, the observed melting behavior supports the hypothesis that the prim ary source 

of duplex destabilization by single-site phosphate alkylation is largely steric.
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Figure 5.21 400 MHz XH NMR spectra (1 2 -1 4  ppm) of (d[GGAATTCC))2 bet^ e®n 5 S, 
40^C. Sample conditions: in H 20:D 20  (8:2) with 10 mM sodium phosphate pH 7 0'■ TJ»ese 
chemical shifts are referenced relative to TSP and are based on a 5.00 ppm chemical shift for
H20  from TSP at 5°C.
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Figure 5.22 The temperature dependence o f the linewidths of the T3-H 3 (unfilled symbols) 
and T4-H 3 (filled symbols) imino proton resonances in (d[GGAATTCC]}2 (o), (Sp,Sp)- 
{d[GGA(ethyl)ATTCC]}2 ( a )  and (Rp,Rp)-{d[GGA(ethyl)ATTCC]}2 (□).
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5.3 B ase-Pair Lifetim e Measurements

The 1H NM R spectrum displaying the imino proton resonances o f the parent duplex

at 5°C in the presence of three phosphate concentrations is shown in Figure 5.23. As the 

concentration of phosphate buffer ([P043']) increases, the resonances broaden from  base

catalyzed exchange of the imino protons as discussed in Section 2.6. Similar exchange

behavior is observed for the R-A (et)A  and S-A(et)A duplexes. The imino proton linewidths

for the parent duplex as a function of the phosphate concentration are shown in Figure 5.24.

The exchange time, r ^ ,  at each catalyst concentration was obtained from the measured imino

proton linewidth according to Equation 2.32. The dependence of rex on 1 /[P043']  is shown

in Figure 5.25. These plots correspond to concentrations o f the phosphate buffer from 200

to 500 mM, a range in which rex vs. 1 /[P043"] is linear as predicted from Equation 2.31. At

lower concentrations o f phosphate, [P043-] < 200 mM, the plots deviate from  linearity. This

behavior is likely due to the presence of factors such as adjacent base-pairs which are more

efficient than phosphate base in catalyzing imino proton exchange at low phosphate

concentrations. The base-pair lifetime for the first base pair, G1 :QL, is too short to measure

accurately at 5°C due to the effects o f fraying at the ends o f each oligonucleotide. The 

lifetimes, r0, of the G2:C2, A3:T3 and A4:T4 base-pairs in each o f the DNA oligomers were

determined by linear extrapolation of rex to infinite concentration of phosphate base using a

least-squares program as described in Section 3.2.3 and they are summarized in Table 5.4.

The upper and lower limit o f each lifetime was determined graphically from  each curve in

Figure 5.25. Two lines, representing maximum and minimum values of the base-pair lifetime,

were drawn for each curve consistent with the requirement that both lines pass through the

x and y error bars for each experimental point. A representative example o f the error bars

for and 1 /[P 043"] is given in Figure 5.25A.
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Figure 5.23 Imino proton region of the 1H NMR spectrum of {d[GGAATTCC]}2 containing 
0.010 M (A), 0.250 M (B) and 0.550 M (C) sodium phosphate. Sample conditions: 5°C; in 
H20:D 20  (8:2), pH 7.0. These chemical shifts are referenced relative to TSP and are based 
on a 5.00 ppm chemical shift for H20  from TSP at 5°C.
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Figure 5.24 The imino proton linewdiths ( a ,  G2-H1; •, T3-H3; ■, T4-H 3) of (R p.R p)- 
{d[GGA(ethyl)ATTCC]}2 as a function o f phosphate concentration.
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Figure 5.25 Dependence of rex on 1 /[P043*] for the (A) G 2-H1, (B) T3-H 3 and (C) T4- 
H3 imino protons in {d[GGAATTCC]}2 (°), (§p,Sp)-(d[GGA(ethyl)ATTCC]}2 (a) and 
(Rp,Rp)-{d[GGA(ethyl)ATTCC]}2 (□). Each line represents a linear least-squares fit of the 
displayed experimental data. E rror bars for rex and 1 /[P043']  are given for the experimental 
data of the G2-H1 imino proton in {d[GGAATTCC]}2.
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Table 5.4 B ase-pair lifetim es, r 0, fo r {d[GGAATTCC]}2 (P), (£p,£p)-
{d[GGA(ethyl)ATTCC]}2 (S) and (Rp,Rp)-(d[GGA(ethyl)ATTCC]}2 (R). The upper and 
lower limit of each lifetime is given in parentheses.

G2-H1 T3-H3 T4-H3
p (6) 0 (0) (13)7(4) (9) 3 (0)
s (11)5(2) (6) 0 (0) (13) 7 (4)
R (11)5(2) (9) 3 (0) (11)5(2)
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Base-pair lifetime determinations on various DNA oligomers suggest a model where

imino protons exchange by the opening of individual base-pairs rather than one where the

base-pairs open together in a concerted fashion.103 The base-pair lifetimes are

in the range of 1 - 50 milliseconds at room temperature where A:T base-pairs generally have

shorter lifetimes ( 1 - 7  ms) than G:C base-pairs (7 -  40 ms).66 Previous studies have suggested

a correlation between the lifetime of an individual base-pair and the structural rigidity of the

duplex at the base-pair site.42,104 Some base pairs have been found to have extraordinarily

long opening lifetimes (e.g., -1 0  minutes for base-pairs in the dhU  stem of tRNA) and such 

long lifetimes have been attributed to an unusually tight structure in the region of such base-

pairs. On the other hand, some base-pairs are short lived (e.g., <1 ms fo r base-pairs at the

ends of DNA duplexes) suggesting flexibility in the area of such base-pairs.

Examination of Table 5.4 reveals that the lifetime of the central base-pair, A4:T4, for 

the three duplexes studied here are similar, differing by only a few milliseconds. Although 

increases in the base-pair lifetime by more than a factor of ten have been correlated to 

structural features in the vicinity of the corresponding base-pair, it remains unclear what 

small changes in base-pair lifetimes indicate.42,66 The small differences in lifetime observed 

for the A4:T4 base-pair between the parent, S-A(et)A and R-A (et)A  duplexes probably 

indicates that the presence of a phosphotriester lesion does not significantly influence the 

dynamics of an adjacent base-pair.

The lifetime of the G2:C2 base-pair in the R-A(et)A  and S-A(et)A duplexes is longer 

than in the parent duplex and the lifetime of the A3:T3 base-pair in these analogues is shorter 

than in the parent duplex. This behavior suggests that phosphate ethylation possibly alters the 

base-pair dynamics in the region of phosphate ethylation, without regard to stereochemistry. 

However, because the differences are within experimental error, it cannot be firmly 

established that phosphate ethylation affects the conformational flexibility of the octamer 

duplex in the vicinity of the alkylation site. A precise measurement of the base-pair lifetimes 

using the method described here requires having data at higher phosphate concentrations
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where the imino proton linewidths are larger and, consequently, the errors in are smaller 

(see Figure 5.25A). The limited solubility o f phosphate base a t pH 7.0 prevented the 

collection of data at higher phosphate concentrations and hence restricted the precision of the 

base-pair lifetimes obtained in this study. In order to obtain base-pair lifetimes with higher 

precision, it would be necessary to use a base catalyst (i.e., NHS) that permits the collection 

o f data closer to the limiting value of (i.e., at higher catalyst concentration). Furtherm ore, 

the lifetimes o f the G2:C2 and A3:T2 base-pairs are likely to be strongly influenced by the 

effects o f fraying at the ends of the octamer sequence. Therefore, it may be necessary to 

employ sequences longer than eight base-pairs in order to better separate the effects of 

fraying at the ends of an oligonucleotide from the effects of a phosphotriester lesion on the 

base-pair lifetimes within an oligonucleotide. Such a system would provide a more detailed 

understanding of the effects of single-site phosphate alkylation on the base-pair dynamics and 

hence, conformational flexibility, of DNA fragments.
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5.4 S1P Spin-Lattice Relaxation Measurements

The 162 MHz 31P spin-lattice relaxation time (Tj) of each phosphorus resonance in

the parent, S-A(et)A and R -A (et)A  duplexes was measured using the inversion-recovery

experiment described in Section 3.2.5. An example o f an inversion-recovery measurement

for the S-A(et)A duplex is shown in Figure 5.26 and a plot o f the peak intensity vs. delay

time, r, for each resonance is shown in Figure 5.27. The peak intensities were fitted  as a 

function o f the t delay using a non-linear least-squares f it as described in Section 3.2.5. From 

these calculations, the spin-lattice relaxation time for each resonance was obtained and the

results are given in Table 5.5. To ensure that the spin-lattice relaxation times were not

influenced by the presence of trace amounts of paramagnetic metal ion im purities in the

samples, T j measurements were carried out in the presence of two differen t concentrations

of EDTA (0.1 mM and 0.3 mM). The T a data were essentially identical at the two EDTA

concentrations indicating that paramagnetic im purities, if  present in these samples, do not

significantly affect the 31P spin-lattice relaxation times.
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Figure 5.26 162 MHz 31P spectra of (Sp,Sp)-{d[GGA(ethyl)ATTCC ])2  obtained at different 
delay times, t ,  using an inversion-recovery experiment. Sample conditions: 5°C; in D 20  with 
10 mM sodium phosphate, pH 7.0.
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Figure 5.27 Plot of the peak intensity of each phosphorus resonance as a function of the 
inversion-recovery delay time, t ,  for (Sp,Sp)-{d[GGA(ethyl)ATTCC]}2 at 5°C.
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Table 5.5 Experimental 31P spin-lattice relaxation times (seconds) for {d[GGAATTCC]}2 (P), 
(SP,§P)-{d[GGA(ethyl)ATTCC])2 (S) and (Rp,Rp)-{d[GGA(ethyl)ATTCC]}2 (R). Sample 
conditions: 5°C; in D20  with 10 mM sodium phosphate, pH 7.0. The error for each ^  
measurement is estimated to be less than 5% based on the standard deviation of the non-linear 
least squares fit to the experimental data and the uncertainty in the intensity for each 
phosphorus resonance.

P S R

GpG 1.39 1.46 1.40

GpA 1.41 1.44 1.29

ApA 1.33 1.63 1.34

ApT 1.34 1.37 1.33

TpT 1.35 1.39 1.32

TpC 1.27 1.32 1.31

CpC 1.28 1.29 1.23
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31P NM R relaxation techniques have been widely used to study the structure and 

conformational dynamics o f nucleic acids.94 The availability o f a S1P nucleus at each 

internucleotide linkage in the polynucleotide backbone of a nucleic acid makes 31P relaxation 

measurements an attractive method for examining the local internal motions and structure of 

DNA fragments. For example, S1P relaxation measurements indicate that the relaxation 

parameters for a variety of nucleic acids can be fit very well by a motional model involving 

long-range bending motions o f the helix on a microsecond timescale and internal motions 

consisting of rotational wobbling about P-O  bonds on a nanosecond timescale.105 In the 

approach discussed here, 31P NM R spin-lattice relaxation measurements were perform ed in 

an effort to characterize the effects of single-site phosphate ethylation on the backbone 

structure and dynamics of the parent octamer.

NM R spin-lattice relaxation is the process by which a nuclear spin system gives up 

energy to its surroundings in order to reestablish an equilibrium distribution o f spin 

populations within the available energy states and the spin-lattice relaxation time, T l5 

characterizes the time constant for this process. The spin-lattice relaxation rate of a nucleus 

will, in general, depend on the coupling of the nuclear moment with local magnetic fields that 

fluctuate at the site of the nucleus as a result o f molecular motion.106 Hence, the spin- 

lattice relaxation time will depend upon the types and strengths of the local magnetic fields 

present and the frequencies at which these fields fluctuate. If the fluctuations in the local 

magnetic fields arise from  Brownian motion, then the intensity distribution (the spectral 

density) of the frequency components is given by

[5.1]

where tc is a time (the correlation time) characteristic of the random motion, to is the Larmor 

frequency and J(o>) is the spectral density function.107 The spin-lattice relaxation rate
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(1 /T j) can then be written as

where H represents the strength o f the particular local magnetic field giving rise to relaxation

and J(to) is the spectral density function whose exact form depends on the mechanism of spin- 

lattice relaxation.46

For nucleic acids, S1P T x relaxation, in the absence o f paramagnetic im purities, is 

dominated by dipolar relaxation with neighboring protons (T1DD) and by chemical shift 

anisotropy relaxation (T1CSA).94 The total spin-lattice relaxation rate is a function of the 

mechanisms giving rise to the relaxation as follows

_L— L_+_L_. [5.3]
T  T  T*  1 A 10 D  1 1,CSA

The phosphorus relaxation rate (1 /T 1DD) as a result of dipolar coupling with a proton is given 

by

1J)D

1 2 2.2
 Y  wY P"1 0 — [---------   H

r HP
, 2 2 l + G>pT e

]
l + ( «  p+ CJ g f t

[5.4]

where rHP is the internuclear distance between the phosphorus and the proton, rc is the 

correlation time for fluctuations of the S1P -1H internuclear vector relative to the reference 

frame of the magnetic field and cop and coH are the S1P and 1H Larm or frequencies.108 If 

the phosphorus spin is relaxed by several proton spins then the total phosphorus dipolar 

relaxation rate will be given by the sum of the individual dipolar relaxation rates. The dipolar 

contribution to 31P spin-lattice relaxation in nucleic acids arises mainly from the three 

deoxyribose ring protons, H3’, H5’ and H5", which are at an average distance o f 2.8 A away



154

from  the phosphorus atom in B-DNA .04

Anisotropy of the chemical shift results when the local field experienced by a nucleus 

depends on the orientation of the molecule in the magnetic field. The orientational 

dependence o f the chemical shift is given by a shielding tensor and the chemical shift 

anisotropy (CSA) is generally defined by the three principal components o f the shielding 

tensor, all f  a22 and a33, as follows:

A °  =  0 i r ^ ( a 2 2 + 0 33>- 1551

Chemical shift anisotropy can contribute to the spin-lattice relaxation of a nucleus since the 

chemical shift and, hence, the local field at the nucleus changes in magnitude as the molecule 

changes its orientation in the magnetic field. The relaxation rate due to chemical shift 

anisotropy is given by the equation

1 - ^ o > 2,A o2t c[----- 1— ] [5.6]

where a  a represents the CSA for the phosphorus nucleus, t c is the correlation time for 

fluctuations o f the shielding tensor relative to the reference fram e of the magnetic field and 

top is the 31P Larmor frequency.108 Linear correlations have been established between the 

principal values of the shielding tensor for phosphodiesters and the P -O  bond lengths and O- 

P -O  bond angles and, therefore, the S1P chemical shift anisotropy is capable o f providing 

conformational inform ation on the sugar-phosphate backbone of nucleic acids.109

The functional form of the dipolar and CSA relaxation rates indicates that the S1P 

spin-lattice relaxation time is sensitive to motional fluctuations that occur at frequencies near
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the Larm or frequency (~109s_1) and is thus sensitive to motions on the nanosecond timescale

(tc~ 10"9 s). Because the dipolar and CSA relaxation mechanisms depend on both structural

parameters (e.g., the 31P -1H distances for dipolar relaxation and the shielding tensor for CSA

relaxation), and dynamical parameters (the effective correlation time), T j measurements can

potentially yield im portant inform ation regarding the structure and dynamics of the sugar-

phosphate backbone in DNA oligomers.

In order to correlate changes in the 31P spin-lattice relaxation time with either changes

in backbone dynamics or changes in the backbone structure, it is im portant to determine the

contribution of each relaxation mechanism to the overall spin-lattice relaxation rate. The

spin-lattice relaxation times of the 31P resonances for the parent, R -A (et)A  and S-A(et)A

duplexes are on the order of 1.5 s (Table 5.5) and suggest that CSA relaxation is the

predom inant relaxation mechanism for these oligomers at 5°C and a phosphorus Larmor 

frequency of 162 MHz. This conclusion is supported by comparing the calculated relaxation

time for phosphorus under dipolar relaxation and under CSA relaxation. The dipolar and CSA

relaxation times can be estimated assuming that reorientation of the dipolar vectors and the

shielding tensors relative to the reference frame of the magnetic field coincides with isotropic

rotation of the duplex with a correlation time predicted by the Stokes-Einstein-Debye Law

for rotational motion. The correlation time, tc, for molecular rotation of the octamer duplex

can be estimated, using plausible dimensions for the oligomer, by the Stokes-Einstein-Debye

Equation

T
c 3 kT

where r is the mean radius of the molecule and » and T are the viscosity and temperature, 

respectively, of the solution. Assuming isotropic tumbling of the octamer duplex with a mean

_ 4 71T) V
[5.7]
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helical diameter o f -24  A in water at 5°C, the t c  is estimated to be 3 ns. A correlation o f 3 ns

is in good agreement with that determ ined by Broido et al22 who showed that the 2D NOESY

intensities of the parent octamer at 25°C could be fit reasonably well by a motional model of 

the duplex with a rotational correlation time of -1 .7-2 .7  ns. Furtherm ore, a correlation time 

of 3 ns ( S ) t c= 7.5) is consistent with the sign of the 2D NOESY intensities measured for the

octamer duplexes which indicate that the rotational correlation time for these duplexes is in

the slow motional regime (see Section 5.5). The chemical shift anisotropy in phosphodiesters

has been reported to be approximately 125 ppm ,109 a value which would lead to a S1P spin-

lattice relaxation time of 1.6 s using Equation 5.6 and a 3 ns correlation time. Dipolar

relaxation o f phosphorus by three protons with an internuclear distance (rHP) o f 2.8 A would

lead to a 31P spin-lattice relaxation time of approximately 15 s using Equation 5.4 and a 3 ns

correlation time. Clearly, the experimental 31P spin-lattice relaxation times given in Table

5.5 are consistent with CSA relaxation as the principal relaxation mechanism when T j DD and

T 1 C S a  are calculated using the motional model and the structural parameters, and rHP,

described above. Although the motional and structural models used to calculate the relaxation

times were not experimentally validated in this study, two additional experimental

observations are consistent with the 31P T j being dominated by CSA relaxation: (/) the 202 Mz

31P T j’s for the parent duplex were -10% smaller than the 162 MHz 31P T j’s and (/'/') a 31P-

(1H) NOE was not observed during broadband irradiation of the proton resonances in the

parent duplex. I f  31P -1H dipolar interactions dominated the 31P spin-lattice relaxation rate

obtained for these duplexes, then one would expect to find behavior opposite to that actually

observed; namely that either the 31P T ^s would increase with the magnetic field strength

(expected when T 1DD dominates T 2 in the slow motional regime) or that a S1P-{1H) NOE

would be observed (expected when T 1DD dominates T j in the extreme narrowing regime).

Therefore, the 31P spin-lattice relaxation times for the parent, S-A(et)A and R-A (et)A

duplexes measured at 162 MHz and 5°C are consistent with CSA relaxation as the dominant 

relaxation mechanism.
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Plotted in Figure 5.28 are the experimentally determined 31P T j’s as a function of

residue number for the parent, S-A(et)A and R-A (et)A  duplexes. Overall, the 31P T j’s within

each duplex are quite similar, consistent with CSA relaxation characterized by isotropic

reorientation of each duplex with a rotational correlation time in good agreement with that

predicted by the Stokes-Einstein-Debye Law for rotational motion. It should be noted that

internal motions characterized by subnanosecond correlation times, such as rotational jumps

about the phosphodiester bonds, may also contribute to the effective correlation time and

therefore be partly responsible for the observed 31P T^s. Examination o f Figure 5.28

indicates that the only 31P T a difference between the parent and the two analogues that is

larger than the experimental error belongs to the phosphotriester of the S-A(et)A analogue

which exhibits a ~25% increase in T x relative to the other 31P T j’s. The difference in 31P T j

observed for this phosphorus could result from differences in the contribution of internal

motions to the relaxation rate and/or differences in the CSA for the phosphorus nucleus at

this site. However, w ithout prior knowledge regarding the size of the A a term  for the 

phosphorus nucleus, it cannot be determined if  a change in CSA and/or a change in the

effective correlation time is responsible for this difference. If a change in CSA is solely

responsible for the increased 31P T j of the S-A(et)A phosphotriester, then a similar increase

in 31P T x would be expected for the R-A (et)A  phosphotriester, contrary to what is actually

observed. Although esterification of a phosphotriester results in an upfield shift of the

corresponding 31P resonance (Section 5.1.3), its affect on the 31P CSA remains unclear since

a direct determ ination of the 31P shielding tensor o f a phosphotriester has not yet been

reported. It should be of interest to measure the 31P chemical shift tensors of model

phosphotriesters either by measuring the orientational dependence of the 31P chemical shift

using single crystals or by recovering the chemical shift tensor elements from  the 31P spectra

of noncrystalline samples using the magic-angle sample spinning technique.110 The

inform ation obtained from such measurements would allow a direct comparison of the 31P A a

term in a phosphodiester with that in a phosphotriester and thus enable a prediction of the
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extent to which the S1P spin-lattice relaxation rate o f a phosphodiester will change upon 

phosphate alkylation.

Overall, the similarity of the 31P spin-lattice relaxation rates between the parent, and 

both the S-A(et)A and R-A (et)A  analogues indicates that the presence of a phosphotriester 

lesion does not appear to strongly influence the structural (i.e., S1P CSA) and the dynamical 

(i.e., internal motions that would influence the effective correlation time) features of the 

sugar phosphate backbone as determined by the T 1CSA parameter. If  phosphate alkylation 

alters the structural and /or dynamical features along the sugar-phosphate backbone, then the 

31P spin-lattice relaxation rates are insensitive to such changes. However, the increased 31P 

T j of the S-A(et)A phosphotriester may indicate changes to the structural and/or dynamical 

features o f the sugar-phosphate backbone at the phosphotriesterification site. Therefore, it 

should be of interest to obtain inform ation on the 31P CSA in phosphotriesters so that 

observed changes in the 31P T j’s of phosphotriesters can be more clearly understood.
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Figure 5.28 The 31P spin-lattice relaxation time as a function o f residue num ber for 
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5.5 NOE Measurements of the Nonexchangeable Protons and Conversion into Distance Data

Two-dim ensional NOESY spectra for the parent, S-A(et)A and R -A (et)A  duplexes 

were recorded at five mixing times (2, 50, 100, 200, and 500 ms) and processed as described 

in Section 3.2.6. Two-dim ensional NOESY contour plots for the parent duplex at four mixing 

times are shown in Figure 5.29. T j noise, noise in the direction (along the vertical of the 

2D contour plots of Figure 5.29), is observed in the spectrum obtained at each mixing time. 

The tx noise artifacts are due to instrum ent limitations (e.g., less than optimal control of the 

sample tem perature) and are most pronounced for sharp resonances (i.e., T -C H 3 and A -H 2).78 

It should be noted from  Figure 5.29 that the 2D NOESY diagonal and cross peaks have the 

same phase. The sign of the NOE changes from  positive to negative when the effective 

correlation time for dipolar relaxation is in the slow motional regime (&tc>1) and in the 2D 

NOESY experim ent this results in the diagonal and cross peaks having the same phase.78 

Therefore, the effective correlation time for dipolar relaxation in these duplexes must be in 

the slow motional regime (rc>0.4 ns). This observation is consistent with the 3 ns correlation 

time derived in Section 5.4.

The quantification of crosspeak volumes, not in the regions of tj noise, was achieved 

by two-dim ensional integration of each crosspeak using the FTNM R processing program 

(Section 3.3.1). The volume measurements were used to estimate the interproton distances in 

each duplex based on Equation 2.24. As discussed in Section 4.3, spin diffusion can modify 

the intensity of a NOESY crosspeak and becomes more significant as the mixing period for 

the 2D NOESY experim ent increases. The determination o f interproton distances using 

Equation 2.24 is only valid if  the rm used to acquire the 2D NOESY spectrum is sufficiently 

short. Therefore, interproton distance determinations using Equation 2.24 require, as a 

precondition, the estimation of the spin diffusion limits which may be d ifferen t for different 

protons pairs. Figure 5.30 shows the buildup of some of the NOE crosspeak volumes as a 

function o f the experimental mixing time. The different slopes of the NOE buildup curves 

arise from the locally different geometries of the spin pairs (i.e., protons that are closer will
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give rise to a steeper slope relative to protons that are farther apart). It is observed that even

at 100 ms the curves become nonlinear, indicating contributions from  spin diffusion in the

system to the measured crosspeak volumes at this mixing time. Therefore, the determination

o f interproton distances for these oligomers w ithout errors due to spin diffusion would require

the measurement of crosspeak volumes at mixing times less than 100 ms. However the very

low intensity of most NOESY crosspeaks at short mixing times (<100 ms) prevents their

accurate quantitation and therefore most interproton distance determinations were based on

crosspeak volumes measured using either a 50 ms, 100 ms or 200 ms mixing time (vide infra).

In DNA, there are three fixed distances, T-H 6«T-CH S (r=3.0 A), C -H 5-C -H 6 (r=2.5

A), and the deoxyribose H2’«H2" (r=1.8 A) which can be used as standards for distance 

measurements from crosspeak volumes.15 The T-H 6«T-CHS reference was used as a yardstick

for all NOEs involving CHS protons because CHS«H internuclear vectors generally have a

d ifferent correlation time than H«H internuclear vectors due to rotation o f the methyl group 

which is superimposed on the tumbling of the molecule as a whole. The H2’«H2" reference 

was used as a yardstick for the few NOEs arising at 50 ms because the C-H 5-C -H 6 volumes 

could not be accurately determined at this mixing time. Only crosspeaks between protons

separated by <2.8 A appear at this mixing time (based on an average integrated volume o f ~15 

for the H2’**H2" crosspeaks and an integrated volume of ~1 as the noise threshold). The C- 

H 5-C-H6 reference was used as a yardstick for all NOEs arising at 100 and 200 ms. The 

H2’«H2" volume becomes nonlinear after 50 ms and thus was not employed as a reference for 

NOEs arising at 100 and 200 ms. Only crosspeaks between protons separated by <3.8 A and 

<4.5 A are seen at mixing times of 100 and 200 ms, respectively (based on an average 

integrated volume of -7  and -15  for the C-H5«C-H6 crosspeaks at 100 and 200 ms, 

respectively, and an integrated volume of -0 .5  as the noise threshold at these mixing times). 

The interproton distances measured, according to the above criteria, between the

nonexchangeable protons in each duplex are listed in Table 5.6. The interproton distances

within right-handed nucleic acid structures dictate that the m ajority of 1H -{1H) NOESY

crosspeaks will occur exclusively within individual mononucleotides or between sequentially

neighboring nucleotides.15 Therefore, Table 5.6 has been constructed in a convenient format
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where only sequential neighbors (the (n-1 ) and (n+1) residues) to residue n are included in the

table of measured interproton distances for protons found within residue n. Distances that

could not be determined because of the lack o f a crosspeak are represented by the symbol

and those distances that could not be determined because of crosspeak overlap are represented

by the symbol in Table 5.6. Distances that were determ ined but may be inaccurate due

to partial crosspeak overlap are represented by the value o f the distance followed by the

symbol "#". An NOE crosspeak that is observable only at a mixing time o f 500 ms (the longest

mixing time used in this study) could arise as the result o f spin diffusion or could arise

because the two protons giving rise to the crosspeak are separated by a distance >4.5 A. 
Because distances could not be accurately determined under such conditions any crosspeak

that exists only at 500 ms is represented by the symbol "5-". The errors associated with the

calculated interproton distances given in Table 5.6 will be discussed below.
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Figure 5.29 400 MHz 2D NOESY spectra of {d[GGAATTCC]}2 acquired at the four
mixing times 50 ms (A), 100 ms (B), 200 ms (C) and 500 ms (D). Sample conditions: 5°C; in 
D20  with 10 mM sodium phosphate, pH 7.0.
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Table 5.6 Calculated interproton distance data for the nonexchangeable protons in 
{d[GG AATTCC]}2 (P), (S ,S )-{d[G G A (ethyl)A T T C C ]}2 (S) and  (R ,R p)- 
{d[GGA(ethyl)ATTCC]}2 (R) at 5°C  See text for an explanation of the symbols found in this 
table.



170

at
<31 i* S  R P S R P S R P S ft P 5 ft P 5  R

3.1

2 .5#
1.8r

2 .6 #

3.1

3.1

3.9

1 .8 r
3.5#

2.5

3 .4#
2.9#

3 .2# 3.8# 4.0

3.6 4.1# 3.8# 3.4

3.8 3.5# 4.0# 3.8

2 3 3.9# 5-

2.0 3.6# 4.6

3 .4# 2.2 2 .8# 3.4 5-

Oi
<32 ft 3  R P S ft P S ft P $ ft P S ft ft S R

5*
5-

5-

5-
3.2# 2.2#

2.9# 2.1#
3.5 4.0 2.5# 4.6



Gl m u
P S R P £ ft P S R P S R p s k P s R P S R

3.4
2 .6 #

2.3# 1.8r
2 .5 1.8r

2 .3 1.8r
4 .6# 4.3#

4.2 3.0# 3.1#

3.6 5 .1# 4.4# 4.0

3.7 4.4# 5.1

4.7 3.5
4.1# 2 .2 # 2 .6 #

2 . 1# 2 .2 # 5-

3.6 2 .5# 2.8 5-

G l
P £  R P £ ft p s it P £  R P £ ft S ft P  s ft

5-

5- 5-

5-

5-

5-

5* 5-

5-
2.1# 5- 4.6

3.2 4.1# 2.6 5- 4.4
2.2# 5- 4.1



mm

T

A*

A3

ill
s

JR _
P
$
ft

III 
S i 

Jk j 
P i 
s i 
r
P i
$ i
ft : 
P :
S i 

111 
P i 
s  i 
a

A3

illin
a
pi:

III
a
pi: 
S :

IP
pi;

111
ai;
Pi:
s
si
pi:

IIIll!
P 
8 ; 
ai

p s a p s «

3.2#
2.9#

2 .7 #

2.3# 1.Br
2.1 1.8r _

2.4# 1.8r lii:
2 .9# 3.0#

2 .6 # 2 .6#
3.3 2 .4 2 .5#

3.6# 4.3# 3 .6#

3.5# 3 .6 3 .7

3.8# 3.6#

2 . 1#

4.2 2 .1# 2 .4

4.3

P & R

2.0

P $ ft p  S k

5- 5-

3.5# 2 . 1#

3.2 2.2
3.3 3 .3 2.5

i: .y 11 ...
P S R

.....

v S fc P  5  R

3.0
a ;.;.;.;..1.;.;1

3.5
3.4

3.7# 4.2#

3.6 4.6

3.4

P & ft r s ft

5.4

3.9 4.6 4.0
4.2 4.0

3.7
3 .3

4.2



A4
P S R R S ft P 8 k P A R P S R P S k P A R

3.7#
3.3#

3.5

■m
2 .2# 1.8r

2 .3# 1.8r

2.2 1.8r

3 .5# 3 .3#
5-

3.8 3 .4

3.5 3 .8# 3.6
3.5# 4.1 3.9

3 .7# 3.7# 3 .6# 3.4

4 .4# 2 .2 # 6- 4.9#

4 .2 2 .3 5.0

3.7 2 .4 3.1 5- 4.8

5-
5-

5-
A4

A  * P S ft P A R P S ft P S ft
4.4# 4.6

4 .7

5- 4.1

4 .9

5-

5-
5.6 3 .6

5- 5-

5-
4.5 5.0# 4.7 5- 5- 4.0

4.8 3.8 3.8 5- 3.1
5.5 4.2 4.3 5- 5- 4.4

4 4 3.3# 2.3 5- 4.2 5-
4.2 2.4 4.0

3.5 4.0 2.5 4.1



r$ v*
TS P S R P S R P S R P S R P S ft P S R P S R:

2.6
2 .8

2.9

&
2 .3# 1.8r

2 .2# 1.8r

2 .3#
5.2 2.9 3 .6#

3.2 3 .6#
4.1 2.5 3 .1#

3.2# 3 .7# 3.7# 4.2#
3.0# 3.6# 3 .5# 3.7#

3.0 3.7# 3.8# 3 6#

5- 5-

5-
4.1 2.1 3.3# 5- 2 .9r

2.1 3 .4# 5- 2 .9 r

4.2 2.1 4 .0 5- 2.9r

TS
P S R P $ ft P S ft P ft R P S ft P S ft

4.9

4.2 4.5

5-

5-

5- 4.0
4 3 5.0 4.6# 4.0# 3.2 3.7

4.2 4.0 4.0# 5- 3.9 3.7
5.4 3.8 4 .2# 5.2# 5- 3 .7 3.4

4.3 3.1 2.2# 5- 4.0
3.7 2.7 2.1# 5- 3.6

3.9 2.8 2 .2 # 4.5# 5- 4.0



175

T6
P S  R P  S R P S R P S R *  S k P S R

3.2#
3.3#

3.1#

m
2.4#

2 .2 # 1.0r
2 .4 1.8r

4.3 3.4 3.7#

3.5 4 .0# 3.7#
3.3# 3.6# 3.5#

3.0 3 .8# 3.2# 4.1#

5*
4.6 2 . 1# 4 .5# 2.9r

3 .7 2 .1# 4.7# 2.9r
4.0 2 . 1# 4.7 5- 2.9r

T6
P S R P A R P $ R P S ft P S  R

3.6 5-

5*

4.2#
4.0#

5.0# 3.6# 4.1# 4.4

4 .0 3.6 4.3 3.9

4 .7 4.3

3 .6 2.7# 5* 5- 4.6
3 .7 2 .4 5- 5- 4.2

3.8 2 .7 5- 3.9



176

S ip s r Y r V 4 ‘ 5 s

i W> P  S R V S R P S R P 5  R P  S R P 8  R m m m m R

r
1 1 1
1 1 1
i r ®

\ V
m

s
1 1 1

3 5# xivxl:
SS*S:S
BiSS3.0#

I B S3.1#

r
1 1 1
i s !

®R®

2.2 1 8r

2.1 1.8r :*:vx*::*>x:x;x
2 .4 1.8r

■ £
s S*?:: 

I s l :  
IR ®

5 .4 3 .1#

3.3#

3.6

3.7#
Slx-x-x

V:V:W*
3.7 2 .7# 3.2#

4*
1 1 1
I I I
I R S

3.4# 3.9# 3.2# 3.6# *****
3 .6 3.5# 4.1# 4.1#

3 .1# 3.8# 3.5# 3.7#

i *

i * S

S S I
I R I

• • •• *• •• **

5- •  • 4.9# -

5- •• 5- 5- - #&:*x

: «■

S S I

IS ®
IR :!

• • 1.8# ** 4.5# 4 .0# 2.5 r ■X-X-Xv yy.yy.-y.
. . 1.8# *• 5- 3 8# 2 .5 r

3.4 1.9 3.2 3.9 5- 2.5r

S i p 1 r T 3' 5 4

P S R P S R V S It P $  R V S R P  S R m m - m m R

t

I I I

m
l i l

•  • •  • 5- • • • * **

** • • • • - 5- - . 4

4.3 • • 5- . 5- - -

'■ 2*

i l l
§SS:
I I I

5- •  • • * 5 .0# * • **

5- • • 5- - 4 .7# - * •

* • • * 5- - 4.3# *• • •

H r

S S I

I I I
S s j l

• • • • * • 5 .0# * • . .

• • • • • • - 4 .7# - **

. . • • *• - 4.3# • • • •

3/
1 £ 1
i s l
S r S

5- 3.8 •* ••

** . - •* ** **

. - •• - -

4
1 * 1

I S l :
I r I

5- . 4.6 •• - -*

5- . 3.9 . — - **

5- . 4.1 - *• - -

S
S S I

I I I
IR ®

4 0# •  • 3.8# 5- • • • * —

5- 3.8# • • . ** . . 4 .

5- 3.4# 3.9# 5- 5- 4# *•

«
S
S

R

3.7# • • 2.4# • * ** *• ••

3.5# • • 2.3# ** •• *•

3.9 •• 3.3 5- - 4 . • •



€8 r
R S R P S R P 8 R 9  JS R P S R S k p u n

&
1.8r

1.8r

1.0r
3.5

3.5
3.0

3.5 3 .0# 3 .8# 3.1
3.2 3.6# 3.6# 2.9

3.1 3.6# 3.6# 3.2

4.3
3.9# 3 .1# 2.5r

3.9# 4 .1# 2 .5 r

3.7 3.7 4.1# 2.5r



178

The available and 31P chemical shift data on the parent, S-A(et)A and R-A (et)A  

duplexes indicates that the presence of a phosphotriester lesion induces conformational 

changes in the octamer duplex and the conformational changes are localized to the site of 

phosphate alkylation. Furtherm ore, the chemical shift differences between the parent and 

its ethylated analogues suggest that the conformational changes are more pronounced for the 

R-A (et)A  analogue which contains a phosphotriester ethyl group oriented into the major 

groove of the duplex. In an effo rt to obtain a more detailed understanding o f the 

conformational changes that occur upon single-site phosphate ethylation, spatial data was 

obtained for each oligomer in the form of NOE-derived interproton distances as described 

above.

Refinem ent methods such as restrained energy minimization and restrained molecular

dynamics are frequently used to optimize macromolecular structures based on N O E-derived

interproton distances.70,71,72 In Chapter 4, a series of computer simulations were discussed

to evaluate the effectiveness of the restrained energy minimization and restrained molecular

dynamics methods to refine a nucleic acid structure based on N O E-derived interproton

distance data. The set of interproton distance data used in the com puter simulations was

chosen from a target structure (a dodecamer DNA duplex) and mimicked that derived from

typical 2D NOESY experiments on nucleic acids; only interproton distances less than 5 A were 

included in the simulations and all interproton distances involving the 5’,5" sugar protons and

the exocyclic amino and imino protons were excluded from  the simulations. It was

demonstrated from the simulations that the refinem ent methods, when used with the set of

interproton distance data, generated structures which accurately reproduced some of the

conformational features of the target structure such as deoxyribose ring conformations and

base-related helicoidal parameters. However, some of the conformational features o f the

sugar-phosphate backbone were not accurately reproduced in the simulations due to the lack

of interproton distance constraints that serve to define the backbone structure (i.e.,

interproton distances involving the 5’,5" sugar protons). The results o f the simulations suggest
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that the accuracy with which the refinem ent methods can define the conformational features 

o f a nucleic acid structure depends on both the quality (i.e., error limits for the interproton 

distances) and the quantity o f the distance data used in the refinem ent procedure. Hence, the 

results o f the simulations discussed in Chapter 4 can be used to judge the effectiveness of a 

refinem ent procedure to generate structures from a given set o f experimental distance data 

only if  the quality and quantity of the experimental data is similar to that used in the 

simulations.

Table 5.7 provides some o f the interproton distances within mononucleotides and

between sequentially neighboring nucleotides for a classical B-DNA structure; only those

interproton distances that are accessible from typical 2D NOESY experiments are included in

this table. Examination of Table 5.7 indicates that -15  intraresidue interproton distances and 

-8  (n-1 ) and -8  (n+1) interresidue interproton distances would typically be accessible for each

nucleotide assuming the structure adopts a B-DNA conformation. The dodecamer duplex

used for the computer simulations in Chapter 4 had 717 interproton distance constraints, in

good agreement with the -712 interproton distance constraints expected for a dodecamer 

duplex using the above criteria. An octamer duplex, assuming it adopts a B-DNA

conformation, should have -240 intraresidue and -224 interresidue accessible interproton 

constraints. Examination of Table 5.6 indicates that -220 intraresidue and -130 interresidue 

interproton distances were determined from the available 2D NOESY data on each octamer

duplex in this study. Therefore, although most of the accessible intraresidue interproton

distances have been determined from the available 2D NOESY data on the octamer duplexes,

many of the normally accessible interresidue interproton distances could not be determined,

largely because of crosspeak overlap (represented by the symbol "**" in  Table 5.6).

Furtherm ore, many of the interresidue interproton distances that could be determined from

the 2D NOESY data possess inaccuracies due to partial crosspeak overlap (represented by the

symbol "#" in Table 5.6). The accuracy of an octamer structure generated using the

refinem ent methods described in Chapter 4 would be uncertain because the set of interproton

distance data for the octamer duplexes is incomplete compared to the set of interproton
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distance constraints used in the computer simulations. Because a direct comparison cannot

be made with the computer simulations given in Chapter 4, attempts were not made to use the

set o f interproton distance data obtained on the octamer duplexes in a refinem ent procedure

to generate structures for the parent and its ethylated analogues.

Although incomplete, the interproton distance data obtained on the octamer duplexes

can be examined to determine the gross conformational features of each duplex and to

determine any structural perturbations that occur to the parent duplex upon phosphate

alkylation. Plotted in Figure 5.31 are the (n)H4’«(«)H2" and (« )H l’«(n-/-7)H8/H6 interproton

distances as a function o f residue number for the parent, S-A(et)A and R -A (et)A  duplexes.

The (m)H4’«(«)H2" interproton distance is sensitive to the puckering mode of the deoxyribose

ring. Nucleotide structure analysis indicates that two puckering modes, Q V-endo  and C2’-

endo, are generally found for deoxyribose rings in nucleic acids; the C V-endo  conformation

is often preferred in A-DNA and the C2'-endo  conformation is often preferred in B-D N A .14

The (m )H 4 ’« (h )H 2 " interproton distance for the CV-endo  and C2'-endo  conformations of the

deoxyribose ring is ~2.8 A and ~4.0 A, respectively.15 Examination of Figure 5.31 indicates

that the (h)H4M«)H2" interproton distances for the three octamer duplexes are between 3.6 -

4.6 A and thus show a reasonable correspondence with the interproton distance expected for 

a C2'-endo  deoxyribose ring conformation. However, it is im portant to consider the error

limits for the («)H4X«)H2" interproton distances calculated from the 2D NOESY data. As

discussed in Chapter 4, spin diffusion can modify the intensity of a 2D NOESY crosspeak

leading to errors in the calculated interproton distance. In general, the apparent value of an

N O E-derived interproton distance will become closer to that of the reference distance as the

extent o f spin diffusion increases. Because the C-H5«C-H6 interproton distance (r=2.5 A) was 

used as a reference for calculating the (n)H4’«(«)H2" distances, the presence of spin diffusion

would result in a systematic underestimation of each ( h ) H 4 ’«(h )H 2 "  interproton distance. The

CORMA calculations discussed in Chapter 4 demonstrated that an N O E-derived distance of

3.5-4.5 A would be underestimated relative to the actual distance by up to 0.5 A. The
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experimental mixing times) that are similar to those found in this study. Because the

calculated (n)H4’«(w)H2" interproton distances are at the upper limit o f that observed for the

( h ) H 4 ’«(m )H 2 " distance as a function of the pseudorotation phase angle (the (w)H4’«(h)H2"

distance reaches a maximum o f ~4.2 A for the C T -en d o -C y-exo  furanose conformation), it

is unlikely that the (n)H4X^)H2" interproton distances were underestimated to the extent

predicted from  the CORMA calculations. It is likely that internal motions attenuate the

effects of spin diffusion at the mixing times employed here (vide infra) and, therefore, the

0.5 A error limit predicted by the CORMA calculations overestimates the error for the NOE- 

derived (m)H4X«)H2h interproton distances. However, it is unclear why some of the

calculated (m)H4’«(«)H2" interproton distances exceed the 4.2 A upper limit imposed by the

geometry of the deoxyribose ring.

The (« )H 1 X « ^)H 8 /H 6  interproton distance is sensitive to the global conformation

adopted by a nucleic acid (i.e., the A -, B- and Z-DNA conformations) as well as the

sequence-dependent local conformation of the duplex structure.14 The ( m) H 1 ’«(/j* J ) H 8 /H 6

interproton distance for A - and B-DNA is 4.5 A and 3.5 A, respectively.15 In general, the

experimental (m)H1’«(m+-OH8/H6 interproton distances for the three octamer duplexes are

between 3.0-4.2 A and thus show a reasonable correspondence with the interproton distance 

expected for a standard B-DNA structure. The changes in the (« )H IX ”+^)H8/H6 interproton

distance as a function of residue number for each duplex suggest that sequence-dependent

variations are present in each structure. The CORMA calculations discussed in Chapter 4

predicted that the NOE-derived (m)H1’«(m+-0H 8/H 6 interproton distances would be

underestimated by up to 0.5 A because of effects due to spin diffusion. If the 

(m)H1X«+^)H8/H6 interproton distances are underestimated by 0.5 A then some of

(n)H r*(” +-OH8/H6 distances (i.e., those toward the 3’ end o f each duplex) show a

correspondence with the interproton distance expected for a standard A -D N A  structure.

However it has been shown by Broido et a l,22 that the 2D NOESY intensities for the parent
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duplex can be fit using a B-DNA structural model. This result suggests that the 

(m)H1’«(h*-OH8/H6 interproton distances, as was the case for the (n)H4’«(«)H2" interproton 

distances, were not underestimated to the extent determined by the CORMA calculations in 

Chapter 4. The likely reason that spin-diffusion is not affecting the interproton distances to 

the extent predicted by the CORMA calculations is that internal motions exist in the duplexes 

that attenuate the effects o f spin-diffusion (the CORMA calculations assumed a rigid 

molecule with no internal motion). In fact, the results o f calculations by Broido et a l 22 on 

the parent molecule indicated that a reasonable fit between the experimental and calculated 

2D NOESY intensities were obtained using a motional model for the duplex with nanosecond 

correlation times (1.5-3 ns) but better fits to some of the 2D NOESY data were obtained by 

assuming local variations in mobility within the duplex structure. Therefore, a better estimate 

of the effects of spin-diffusion on interproton distances determined from  2D NOESY 

experiments could be obtained by performing CORMA calculations assuming a motional 

model that has internal motions that can influence the interproton cross relaxation rates.

Although the above factors limit the interproton distance data obtained in this study

from  being used to exactly define the conformational features of each duplex, the interproton

distances determined for the parent and its ethylated analogues can be compared to determine

if  single-site phosphate ethylation affects the structure of the parent duplex. Examination

of Figure 5.31 indicates that no significant differences are observed for the (n)H4’«(«)H2"

interproton distances between the parent and its ethylated analogues. This suggests that

single-site phosphate ethylation does not alter, within the resolution limits of the experimental

data, the deoxyribose ring conformations in the octamer duplex. Examination of Figure 5.31

indicates that the only (m)H ! ’«(«+/)H8/H6 interproton distance difference observed between

the parent and its ethylated analogues is for the A4 residue of the R-A (et)A  duplex. The A4-

H1’«T5-H6 interproton distance of the R-A (et)A  duplex is -0 .8  A smaller than the 

corresponding distance in the parent and S-A(et)A duplexes. Examination of Table 5.6

indicates that the A4-H1’«T5-CH3 and A4-H 1’«A4-H8 interproton distances of the R-A (et)A
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duplex are -0 .8  A larger and -0 .6  A smaller, respectively, than the corresponding distances in 

the parent and S-A(et)A duplexes. The observed interproton distance differences suggest that

the duplex structure in the R-A (et)A  analogue adopts a d ifferent conformation in the vicinity

o f the A4 residue than the corresponding region in the parent and the S-A(et)A analogue.

Overall, the interproton distance differences between the parent duplex and the S- 

A(et)A and R-A (et)A  duplexes complement the observed and S1P chemical shift 

differences discussed in Section S.l. These data support a model in which a local structural 

perturbation occurs in the octamer duplex upon single-site phosphate ethylation. This 

structural perturbation is more pronounced for the R p-analogue which contains a 

phosphotriester ethyl group oriented into the major groove of the helix. In order to resolve 

the more subtle conformational changes that might occur to the octamer duplex upon single­

site phosphate ethylation, it would be necessary to improve both the quality and quantity of 

interproton distance data. This may be accomplished by decreasing the effects of spin- 

diffusion and by decreasing the amount o f crosspeak overlap in the 2D NOESY data. The 

effects of spin-diffusion can be minimized by collecting data at shorter mixing times or by 

using 3D NMR techniques (i.e., 3D NOESY-NOESY) that delineate crosspeaks arising from 

direct cross relaxation pathways from those that arise from indirect cross relaxation (i.e., spin 

diffusion) pathways.111 Crosspeak overlap can be reduced by performing the 2D NOESY 

experiments at higher field strengths so that the 1H resonances are more clearly resolved or 

by employing 3D NMR techniques that can provide greatly improved spectral resolution.112 

The additional interproton distance data accessible by these techniques should provide a more 

detailed understanding of the effects of phosphate alkylation on the structure of DNA 

duplexes in solution.
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Table 5.7 Intraresidue ((«)•<«)) and interresidue ((«Hm-7)) interproton distance data for a 
classical B-DNA structure. Only those interproton distances that are obtained from a typical 
2D NOESY experiment are included in this table; all interproton distances larger than 5 A and 
all interproton distances involving the 5’,5" sugar protons and the exocyclic amino and imino 
protons were excluded from the table. The distances were obtained from  an energy- 
minimized B-DNA structure.

n 1* 2' 2" 3* 41 S* 5* 2 S 6 HI
D

1'
2' 3.0

T 2.3 1.8
3 ' 3.9 2.4 2.7
4' 3.6 3.9 4.1 2.7
S'
r

8 3.9 2.1 3.7 4.2 4.9
2
5 4.1
6 3.7 1.8 3.4 3.8 4.6 2.5
m 4.8 4.7 2 . 9

n 1’ 2* i i p § mmm. : « I m m i 5“ mmm mmm mmm 6 m
n«l

V 4.1 4.9 4.2 3.5 4.3 3.5
2' 3.8 3.6 4.0 3.4
2” 3.7 2.1 2.7 2.2 2.9
3' 4.6 4.6
4'
S'
S"

8 3.9 3.8
2 4.6 3.6
5 4.1 4.7 4.7
6 4.8 3.9 3.8
n»
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Figure 5.31 Plot of the N O E-derived (n)H4Mw)H2" (A) and (n)H lM «+^)H 8/H 6 (B) 
interproton distance as a function o f residue number for {d[GGAATTCC]}2 (□)> (§p,Sp)- 
{d[GGA(ethyl)ATTCC]}2 ( a )  and (Rp,Rp)-{d[GGA(ethyl)ATTCC]}2 (♦). The interproton 
distances are taken from Table 5.6.
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CONCLUSIONS

A num ber o f NM R measurements have been made on the octamer duplex,

{d[GGAATTCC]}2, and its two single-site ethylated analogues, S-A(et)A and R-A (et)A . The

*H chemical shift differences between the native octamer and its ethylated analogues indicate

that structural perturbations exist in the S-A(et)A and R -A (et)A  duplexes that are localized

to the region o f phosphate ethylation. The chemical shift differences, most notably those

of the A 4-H 1’ resonance, are more pronounced for the R -A (et)A  duplex which contains a

phosphotriester group oriented into the major groove of the helix. Interproton distances

obtained from 2D NOESY experiments indicate that the A 4-H 1’«T5-H 6/CH 3 and A4-

H1VA4-H8 distances in the R-A (et)A  duplex are different than those in the parent and S- 

A(et)A duplexes. The R-A (et)A  duplex also has a melting tem perature that is ~5°C lower than 

that found for the parent and S-A(et)A duplexes.

The 31P chemical shift differences between the native octamer and its ethylated 

analogues were confined to the phosphodiester groups adjacent to the phosphotriester lesion 

suggesting that any possible structural changes to the sugar-phosphate backbone are localized 

to the region of the phosphotriester lesion. However, the lack of data capable of providing 

structural inform ation on the sugar-phosphate backbone makes it d ifficu lt to correlate the 31P 

chemical shift changes observed for the ethylated analogues relative to the native octamer to 

a specific conformational change in the phosphodiester backbone induced by phosphate 

ethylation. Furtherm ore, only small 31P T a differences and base-pair lifetime differences 

were observed between the three octamer duplexes, suggesting that these parameters are 

largely insensitive to structural perturbations to the parent duplex which result from 

phosphate ethylation.

The chemical shift, interproton distance, and melting tem perature differences 

observed between the parent and the S-A(et)A and R -A (et)A  analogues are consistent with 

a model in which a phosphotriester lesion induces a local structural change to the duplex in 

the vicinity of the phosphotriester resulting in destabilization of the duplex. Furtherm ore,
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the structural changes and consequent destabilization are more pronounced for a duplex 

containing a phosphotriester lesion whose alkyl group is oriented into the m ajor groove of the 

helix. The similarity of *H and 31P chemical shifts and interproton distances between the 

three duplexes in regions that do not flank the phosphotriesterification site suggests that 

structural perturbations induced by a phosphotriester lesion are not propagated along the 

backbone of the octamer duplex.

The local, stereochemically dependent structural change induced by single-site 

phosphate ethylation as evidenced by the NMR data obtained in this study complements the 

in vitro studies of M iller et a /.10 The in vitro study indicates that a phosphotriester lesion in 

DNA interferes with template-directed DNA polymerization and that the observed reduction 

in template activity depends on the stereochemistry o f the phosphotriester moiety. Thus it 

appears that a structural effect is at least partly responsible for the biochemical and biological 

effects induced by phosphate alkylation. The structural change deduced by the NMR data 

obtained in this study is consistent with the studies of Miller et a l.,47 Weinfeld et al,18 and 

K an et a /.19 on phosphate ethylated dinucleotides. These studies indicate that a phosphate 

ethyl group decreases the degree of base-base stacking and that the degree of destacking is 

more pronounced for an alkyl group oriented toward the bases of the dinucleotide. However, 

the local, structural change found herein contrast with the NMR studies o f Lawrence et al.23 

and Broido et al.24, in which single-site isopropyl phosphotriester lesions were found to 

induce long range structural perturbations to an octamer duplex. This suggests that the nature 

of the structural perturbation also depends on the steric bulk of the phosphotriester moiety.

Long-range structural perturbations that might exist in the R -A (et)A  and S-A(et)A 

duplexes could not be detected using the interproton distance data obtained here. However, 

it should be noted that a full set of interproton distances was not obtained on the octamer 

duplexes due to the lack of resonance assignments for the sugar 5’ and 5" protons and because 

crosspeak overlap in the 2D NOESY spectra precluded the determination of many interresidue 

interproton distances. Indeed, the results of the computer simulations presented in this study
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underscore the necessity o f obtaining a full set o f high-quality distance data in order to 

determine the local conformational features of a nucleic acid. Consequently, experimental 

conditions and methods should be chosen such that the complete set of interproton distance 

data required for the elucidation o f long range structural consequences o f DNA phosphate 

ethylation is obtained.
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f^ rm °d [cG C G A A ^ C G C ^ l)^ ) a ^ ^ i n ^ h 01)3' Parameters for ®  the so rting  structure (B- t a t c o c u A a  1TCGCG]}2) and (II) the target structure (the Dickerson dodecamer).
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I. CU RVES-derived conformational parameters for the starting structure:

1BI Global Base -Axis Parameters |

1st strand Xdisp Ydisp Inclin Tip Be Te
(dx) (dy) (eta) (theta)

1) CYT 1 -0.59 0.01 -4.54 -0.59 3 0
2) GUA 2 -0.59 0.01 -4.52 -0.61 1 13
3) CYT 3 -0.59 0.01 -4.54 -0. 60 3 -13
4) GUA 4 -0.59 0 . 01 -4 .55 -0.59 1 10
5) ADE 5 -0. 61 0 . 01 -4 .57 -0.59 2 18
6) ADE 6 -0. 61 0.00 -4 .58 -0.60 2 24
7) THY 7 -0.58 0.00 -4.55 -0.60 4 -24
6) THY 8 -0.58 0.00 -4 .55 -0.62 4 -18
9) CYT 9 -0.59 0.00 -4.56 -0.61 3 -1010) GUA 10 -0.59 0 . 01 -4 .53 -0.61 1 13

11) CYT 11 -0.59 0.01 -4.53 -0.60 3 -1312) GUA 12 -0.59 0.01 -4.53 -0.62 1 0
2nd strand Xdisp Ydisp Inclin Tip Be Tc

(dx) (dy) (eta) (theta)
1) GUA 24 -0.59 0 . 01 -4 .53 -0.62 1 02) CYT 23 -0.59 0 . 01 -4.53 -0 . 60 3 -133) GUA 22 -0.59 0 . 01 -4.53 -0.61 1 134) CYT 21 -0.59 0.00 -4.56 -0.61 3 -105) THY 20 -0.58 0 . 00 -4 .55 -0 . 62 4 -186) THY 19 -0.58 0.00 -4.55 -0.60 4 -247) ADE 18 -0. 61 0.00 -4.58 -0 . 60 2 248) ADE 17 -0. 61 0 . 01 -4 .57 -0.59 2 189) GUA 16 -0.59 0 . 01 -4.55 -0 . 59 1 1010) CYT 15 -0.59 0.01 -4.54 -0 . 60 3 -1311) GUA 14 -0.59 0.01 -4.52 -0 . 61 1 1312) CYT 13 -0.59 0 . 01 -4 .54 -0.59 3 0

|C| Global Base pair-Axis Parameters |

Duplex Xdisp Ydisp Inclin Tip Be Tc(dx) (dy) (eta) (theta)
1) C 1-G 24 -0.59 0 . 00 -4.53 0 . 01 3 02) G 2-C 23 -0.59 0 . 00 -4 .53 -0 . 01 1 13
3) C 3-G 22 -0.59 0 . 00 -4 .54 0 . 01 3 -134) G 4-C 21 -0.59 0.00 -4 .55 0.01 1 105) A 5-T 20 -0.60 0.00 -4 .56 0.02 2 186) A 6-T 19 -0.59 0.00 -4 .57 0.00 2 247) T 7-A 18 -0.59 0. 00 -4.57 0.00 4 -248) T 8-A 17 -0 . 60 0. 00 -4.56 -0 . 02 4 -189) C 9-G 16 -0.59 0. 00 -4 .55 -0 . 01 3 -1010) G 10-C 15 -0.59 0 . 00 -4.54 -0 . 01 1 1311) C 11-G 14 -0.59 0 . 00 -4 .53 0 . 01 3 -1312) G 12-C 13 -0.59 0 . 00 -4.53 -0.01 1 0
Average: -0.59 0.00 -4.55 0.00

1D| Global Base'-Base Parameters |

Duplex Shear Stretch Stagger Buckle Propel Opening Be Tc
(Sx) (Sy) (Sz) (kappa) (omega) (sigma)

1) C 1-G 24 0.00 0.01 -0.02 -0.01 -1.21 -0.36 3 0
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2) G 2-C 23 0.00 0.01 -0.02 0.01 -1.21 -0.36 1 133) C 3-G 22 0.00 0.01 -0.02 -0.01 -1.21 -0.34 3 -134) G 4-C 21 0.00 0.01 -0.02 0.01 -1.21 -0.35 1 105) A 5-T 20 -0.03 0.01 -0.02 -0.02 -1.21 -0.75 2 186) A 6-T 19 -0.03 0. 01 -0.02 -0.02 -1.21 -0.76 2 247) T 7-A 18 0.03 0.01 -0.02 0.02 -1.21 -0.76 4 -248) T 8-A 17 0.03 0.01 -0.02 0.02 -1.21 -0.75 4 -189) C 9-G 16 0.00 0.01 -0.02 -0.01 -1.21 -0.35 3 -1010) G 10-C 15 0.00 0.01 -0.02 0.01 -1.21 -0.34 1 1311) C 11-G 14 0.00 0.01 -0.02 -0. 01 -1.21 -0.36 3 -1312) G 12-C 13 0.00 0.01 -0.02 0.01 -1.21 -0.36 1 0
Average: 0.00 0.01 -0.02 0.00 -1.21 -0.49

|E| Global Inter -Base Parameters |

1st strand Shift Slide Rise Tilt Roll Twist Dc(Dx) (Dy) (Dz) (tau) (rho) (Omega)
2) C 1/G 2 0.00 0.00 3.38 0.01 -0 . 02 35.99 83) G 2/C 3 0.00 0.00 3.38 -0.01 0.01 36.02 54) C 3/G 4 0.00 0. 00 3.38 0.01 -0.01 35.98 85) G 4/A 5 -0.03 -0.01 3.38 -0.02 0.01 35.61 26) A  5/A 6 0.00 0.00 3.38 0.01 0.00 35.99 47) A 6/T 7 0.03 0.00 3.38 0.02 0.02 36.39 78) T 7/T 8 0.00 0.00 3.38 -0.01 0.00 36.01 -49) T 8/C 9 0 . 00 0.00 3.38 -0.02 0.00 36.00 -210) C 9/G 10 0.00 0.00 3.38 0.00 -0.01 35.99 811) G 10/C 11 0.00 0.00 3.38 -0.01 0.01 36.00 512) C 11/G 12 0.00 0.00 3.38 0.01 -0.02 35.99 8
2nd strand Shift Slide Rise Tilt Roll Twist Dc(Dx) (Dy) (Dz) (tau) (rho) (Omega)
2) G 24/C 23 0.00 0.00 3.38 -0.01 0.02 35.99 83) C 23/G 22 0.00 0.00 3.38 0.01 -0.01 36.00 54) G 22/C 21 0.00 0.00 3.38 0.00 0.01 35 . 99 85) C 21/T 20 0.00 0.00 3.38 0 . 02 0.00 36.00 -26) T 20/T 19 0.00 0.00 3.38 0. 01 0.00 36. 01 -47) T 19/A 18 -0.03 0.00 3.38 -0.02 -0.02 36.39 78) A 18/A 17 0.00 0.00 3.38 -0.01 0. 00 35.99 49) A  17/G 16 0.03 0. 01 3.38 0. 02 -0.01 35.61 210) G 16/C 15 0.00 0.00 3.38 -0.01 0.01 35.98 811) C 15/G 14 0 . 00 0.00 3 . 38 0.01 -0.01 36.02 512) G 14/C 13 0.00 0.00 3.38 -0.01 0.02 35.99 8

F| Global Inter'-Base pair Parameters I

Duplex Shift Slide Rise Tilt Roll Twist Dc(Dx) (Dy) (Dz) (tau) (rho) (Omega)
2) C 1/G 2 0.00 0.00 3.38 0.00 -0.02 35.99 83) G 2/C 3 0 . 00 0.00 3.38 0.00 0.01 36.01 54) C 3/G 4 0 . 00 0 . 00 3.38 0.00 -0.01 35.99 85) G 4/A 5 -0.01 0 . 00 3.38 0.00 0.00 35.81 26) A 5/A 6 0 . 00 0.00 3 . 38 0.01 0.00 36.00 47) A 6/T 7 0.00 0.00 3.38 0. 00 0 . 02 36.39 78) T 7/T 8 0.00 0.00 3.38 -0. 01 0 . 00 36.00 -49) T 8/C 9 0 . 01 0.00 3.38 0.00 0 . 00 35.81 -210) C 9/G 10 0 . 00 0.00 3.38 0.00 -0 . 01 35.99 811) G 10/C 11 0 . 00 0.00 3.38 0.00 0.01 36.01 512) C 11/G 12 0 . 00 0.00 3.38 0. 00 -0 . 02 35. 99 B
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Average: 0.00 0.00 3.38 0.00 0.00 36.00

|G| Local Inter--Base Parameters |

1st strand Shift Slide Rise Tilt Roll Twist Dc(Dx) (Dy) (Dz) (tau) (rho) (Omega)
2) C 1/G 2 0.03 -0. 62 3.34 0.38 -2.82 35.88 83) G 2/C 3 0.03 -0.62 3.34 0.36 -2.79 35.91 54) C 3/G 4 0.03 -0. 62 3.34 0.38 -2.82 35.87 85) G 4/A 5 0.00 -0.63 3.35 0.35 -2.78 35.50 26) A 5 /A 6 0.03 -0.64 3.34 0.37 -2.82 35.89 47) A 6/T 7 0.06 -0. 63 3.34 0.40 -2.83 36.28 78) T 7/T 8 0.03 -0. 62 3.34 0.37 -2.81 35.90 -49) T 8/C 9 0.03 -0.62 3.34 0.36 -2.81 35.89 -210) C 9/G 10 0.03 -0.62 3.34 0.38 -2.82 35.88 811) G 10/C 11 0.03 -0. 62 3.34 0.36 -2.79 35.90 512) C 11/G 12 0.03 -0.62 3.34 0.38 -2.82 35.88 8
2nd strand Shift Slide Rise Tilt Roll Twist Dc(Dx) (Dy) (Dz) (tau) (rho) (Omega)
2) G 24/C 23 -0.03 -0. 62 3.34 -0.38 -2.82 35.88 83) C 23/G 22 -0.03 -0. 62 3.34 -0.36 -2.79 35.90 54) G 22/C 21 -0.03 -0.62 3.34 -0.38 -2.82 35. 88 85) C 21/T 20 -0.03 -0. 62 3.34 -0.36 -2.81 35.89 -26) T 20/T 19 -0.03 -0. 62 3.34 -0.37 -2.81 35.90 -47) T 19/A 18 -0.06 -0.63 3.34 -0.40 -2.83 36.28 78) A 18/A 17 -0.03 -0. 64 3.34 -0.37 -2.82 35.89 49) A 17/G 16 0.00 -0.63 3.35 -0.35 -2.78 35.50 210) G 16/C 15 -0.03 -0. 62 3.34 -0.38 -2.82 35.87 811) C 15/G 14 -0.03 -0.62 3.34 -0.36 -2.79 35.91 512) G 14/C 13 -0.03 -0. 62 3.34 -0.38 -2.82 35.88 8

H| Local Inter-■Base pair Parameters 1

Duplex Shift Slide Rise Tilt Roll Twist Dc(Dx) (Dy) (Dz) (tau) (rho) (Omega)
2) C 1/G 2 0 .00 -0 .62 3.34 0.00 -2.82 35.88 83) G 2/C 3 0.00 -0 . 62 3.34 0.00 -2.80 35.91 54) C 3/G 4 0.00 -0 . 62 3.34 0.00 -2.82 35.88 85) G 4/A 5 -0 . 01 -0 . 62 3.34 -0.01 -2.80 35.70 26) A 5/A 6 0.00 -0 . 63 3.34 0.00 -2.82 35.90 47) A 6/T 7 0.00 -0.63 3.34 0.00 -2.83 36.28 78) T 7/T 8 0.00 -0.63 3.34 0.00 -2. 82 35.90 -49) T 8/C 9 0.01 -0 . 62 3.34 0.01 -2.80 35.70 -210) C 9/G 10 0 . 00 -0 . 62 3.34 0.00 -2.82 35.88 811) G 10/C 11 o.'oo -0 . 62 3.34 0.00 -2.80 35. 91 512) C 11/G 12 0.00 -0 . 62 3.34 0.00 -2.82 35.88 8
Average: 0 . 00 -0 . 62 3.34 0.00 -2.81 35.89

11 I Global Axis Curvature |

Duplex Ax Ay Ainc
2) C 1/G 2 0 . 00 0.00 0 . 003) G 2/C 3 0.00 0 . 00 0.01

At ip Adis Angle Path Dc
0.00 0 . 00 0.00 3.38 8■0.01 0.00 0.01 3.38 5
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4) C 3/G 4 0.00 0.00 0.02 -0.02 0.00 0.02 3.38 85) G 4/A 5 -0.01 0.00 0.01 0.00 0.01 0.01 3.38 26) A 5/A 6 0.00 0.00 0.01 0.02 0.00 0.02 3.38 47) A 6/T 7 0.00 0.00 0.00 0.02 0.00 0.02 3.38 78) T 7/T 8 0.00 0.00 -0.01 0.02 0.00 0.02 3.38 -49) T 8/C 9 0.01 0.00 -0.01 0.00 0.01 0.01 3.38 -210) C 9/G 10 0.00 0.00 -0.02 -0.02 0.00 0.02 3.38 811) G 10/C 11 0.00 0.00 -0.01 -0.01 0 .00 0.01 3.38 512) C 11/G 12 0.00 0.00 0.00 0.00 0.00 0.00 3.38 8
Duplex Offset Angle' 0. 0 Dirn** 0.0

1) c 1 0.00
2) G 2 0.00
3) C 3 0.01
4) G 4 0.00
5) A 5 0.00
6) A 6 0.01
7) T 7 0.018) T 8 0.00
9) C 9 0.00

10) G 10 0. 01
11) C 11 0.00
12) G 12 0.00

Pathi length** 37.18 End-tc-end* 37.18 Shortening[- 0.00 %

|J| Backbone Parameters I

1st strand Cl'-C2' C2'-C3' Phase Ampli Pucker Cl' C2' C3'
1) CYT 1 24 . 62 -34.78 192.17 36.27 C3'-exo 107.7 102.0 102.82) GUA 2 24 . 62 -34.78 192.16 36.27 C3 '-exo 107.8 102.0 102.83) CYT 3 24 . 65 -34.78 192.13 36.27 C3'-exo 107.8 102.0 102.84) GUA 4 24.65 -34.79 192.13 36.27 C3'-exo 107.8 102.0 102.85) ADE 5 24 . 66 -34.78 192.07 36.26 C3'-exo 107.8 102.0 102.86) ADE 6 24 . 62 -34.78 192.17 36.27 C3'-exo 107.7 102.0 102.87) THY 7 24 . 62 -34.78 192.16 36.27 C3'-exo 107.8 102.0 102.88) THY 8 24 . 65 -34.78 192.13 36.27 C3'-exo 107.8 102.0 102.89) CYT 9 24.65 -34.79 192.13 36.27 C3'-exo 107.8 102.0 102.810)GUA 10 24.66 -34.78 192.07 36.26 C3 '-exo 107.8 102.0 102.811)CYT 11 24. 62 -34.78 192.17 36.27 C3'-exo 107.7 102.0 102.812)GUA 12 24 . 62 -34.78 192.16 36.27 C3'-exo 107.8 102.0 102.8
Torsions Chi 

Cl' -N
Gamma 

C5'-C4'
Delta 

C4'-C3'
Epsil 

C3'-03'
Zeta 
03' -P

Alpha Beta 
P-05' 05'-C5'

1) CYT 1 -95.45 ............ 156.50 159.12 -98.84 -39.25 -151.392) GUA 2 -95.45 30. 87 156.50 159.14 -98.83 -39.26 -151.413) CYT 3 -95.45 30. 91 156.49 159.09 -98.83 -39.25 -151.394) GUA 4 -95.44 30.88 156.53 159.13 -98.85 -39.25 -151.385) ADE 5 -95.41 30. 85 156.56 159.15 -98.89 -39.23 -151.436) ADE 6 -95.42 30. 89 156.50 159.12 -98.84 -39.25 -151.397) THY 7 -95.44 30. 87 156.50 159.14 -98.83 -39.26 -151.418) THY 8 -95.44 30. 91 156.49 159.09 -98.83 -39.25 -151.399) CYT 9 -95.44 30. 88 156.53 159.13 -98.85 -39.25 -151.3810)GUA 10 -95.43 30.85 156.56 159.15 -98.89 -39.23 -151.4311)CYT 11 -95.45 30. 89 156.50 159.12 -96.84 -39.25 -151.3912)GUA 12 -95.45 30.87 156.50 ......

2nd strand Cl'-C2' C2 '-C3' Phase Ampli Pucker Cl' C2' C3'
1) GUA 24 24 . 62 -34.78 192.16 36.27 C3'-exo 107.8 102.0 102.8
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2) CYT 23 24. 62 -34..78 192 .17
3) GUA 22 24 .66 -34,.78 192 .07
4) CYT 21 24 .65 -34..79 192 .135) THY 20 24. 65 -34..78 192 .136) THY 19 24. 62 -34..78 192 .167) ADE 18 24 .62 -34..78 192 .17
6) ADE 17 24 .66 -34..78 192 .07
9) GUA 16 24 .65 -34..79 192 .13

10)CYT 15 24 .65 -34..78 192 .13
11)GUA 14 24 .62 -34..78 192 .16
12)CYT 13 24. 62 -34..78 192 .17
Torsions Chi Gamma Delta

Cl' -N C5 ' ■-C4' C4'-C3
1) GUA 24 -95. 45 30..87 156 .50
2) CYT 23 -95. 45 30..89 156 .503) GUA 22 -95. 43 30., 85 156 .56
4) CYT 21 -95. 44 30..88 156 .535) THY 20 -95 .44 30.. 91 156 .496) THY 19 -95. 44 30.. 87 156 .507) ADE 18 -95. 42 30..89 156 .50
8) ADE 17 -95. 41 30..85 156 .569) GUA 16 -95. 44 30..88 156 .5310)CYT 15 -95. 45 30.. 91 156 .4911)GUA 14 -95. 45 30.. 87 156 .5012)CYT 13 -95. 45 156 .50

36.27 C3'-exo 107.7 102.0 102.8
36.26 C3'-exo 107.8 102.0 102.8
36.27 C3'-exo 107.8 102.0 102.8
36.27 C3'-exo 107.8 102.0 102.8
36.27 C3'-exo 107.8 102.0 102.8
36.27 C3'-exo 107.7 102.0 102.8
36.26 C3'-exo 107.8 102.0 102.8
36.27 C3'-exo 107.8 102.0 102 . 8
36.27 C3'-exo 107.8 102.0 102.8
36.27 C3'-exo 107.8 102.0 102.8
36.27 C3'-exo 107.7 102.0 102. 8
Epsil Zeta Alpha Beta

C3'-03' 03'-P P-05' 05'-C5I'

159..12 -98,.84 -39,.25 -151..39
159..15 -98..89 -39..23 -151..43
159..13 -98..85 -39,.25 -151..38
159..09 -98.. 83 -39..25 -151..39
159..14 -98.. 83 -39..26 -151..41
159..12 -98 ..84 -39..25 -151..39
159..15 -98,.69 -39..23 -151,.43
159..13 -98..85 -39..25 -151..38
159..09 -98..83 -39..25 -151,.39
159..14 -98..83 -39,.26 -151..41
159..12 -98.. 84 -39,.25 -151,.39
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IB| Global Base -Axis Parameters |

1st strand Xdisp Ydisp Inclin Tip Be Tc
(dx) (dy) (eta) (theta)

1) CYT 1 -0.42 -0.08 4.79 -14.36 3 0
2) GUA 2 -0.54 0.02 0.95 -3.39 1 13
3) CYT 3 -0.23 -0.14 -2.71 -7.92 3 -13
4) GUA 4 -0.79 0.10 3.69 -2.78 1 10
5) ADE 5 -0.30 -0.04 -0.14 -10.71 2 18
6) ADE 6 -0.44 0.10 -3.86 -10.03 2 24
7) THY 7 -0.22 -0.16 -7.97 -11.95 4 -24
8) THY 8 -0.26 -0.01 -5.39 -8.40 4 -18
9) CYT 9 -0.50 -0.14 -15.97 -3.93 3 -10

10) GUA 10 0.21 0.16 1.22 4.54 1 13
11) CYT 11 -0.64 0.08 -6.38 -10.24 3 -13
12) GUA 12 0.11 0.26 0.10 9.54 1 0
2nd strand Xdisp Ydisp Inclin Tip Be Tc

(dx) (dy) (eta) (theta)
1) GUA 24 0. 01 -0.04 -1.67 -8 . 93 1 0
2) CYT 23 -0.74 -0.12 -2.91 -5.76 3 -13
3) GUA 22 -0.13 -0.02 3.15 1.07 1 13
4) CYT 21 -0.28 -0.29 -3.15 -8.56 3 -10
5) THY 20 -0.47 -0.13 -5.53 -7 .25 4 -18
6) THY 19 -0.45 -0.14 -3.88 -14.79 4 -24
7) ADE 18 -0.59 -0.02 -6.05 -11.88 2 24
8) ADE 17 -0.26 -0.14 -2.05 -14.73 2 18
9) GUA 16 -0.38 0.10 5.91 -7.14 1 10

10) CYT 15 0.29 -0.27 -7.36 -10.37 3 -13
11) GUA 14 -0.74 -0.29 -6.46 -10.65 1 1312) CYT 13 0.56 -0.14 -7.15 5.51 3 0

|C| Global Base pair-Axis Parameters |

Duplex Xdisp Ydisp Inclin Tip Be Tc
(dx) (dy) (eta) (theta)

1) C 1-G 24 -0.21 -0.02 1.56 -2.72 3 0
2) G 2-C 23 -0.64 0.07 -0.98 1.18 1 133) C 3-G 22 -0.18 -0.06 0.22 -4.49 3 -134) G 4-C 21 -0.53 0.19 0.27 2.89 1 105) A  5-T 20 -0.39 0.04 -2.83 -1.73 2 186) A  6-T 19 -0.44 0.12 -3.87 2.38 2 247) T 7-A 18 -0.41 -0.07 -7.01 -0.04 4 -248) T 8-A 17 -0.26 0.07 -3.72 3.17 4 -189) C 9-G 16 -0.44 -0.12 -5.03 1.60 3 -1010) G 10-C 15 0 .25 0.22 -3.07 7.45 1 1311) C 11-G 14 -0.69 0.18 -6.42 0.20 3 -1312) G 12-C 13 0.34 0.20 -3.52 2.02 1 0
Average: -0.30 0.07 -2.87 0.99

1D| Global Base -Base Parameters |

Duplex Shear Stretch Stagger Buckle Propel Opening Be Tc
(Sx) (Sy) (Sz) (kappa) (omega) (sigma)

1) C 1-G 24 -0.43 -0.12 -0.01 6.46 -23.29 -2.74 3 0
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2) G 2-C 23 0.20 -0.09 0.49 3.85 -9.15 -6.77 1 13
3) C 3-G 22 -0.10 -0.16 0.28 -5.86 -6.85 -0.47 3 -13
4) G 4-C 21 -0.51 -0.20 -0.14 6.85 -11.34 2.08 1 10
5) A 5-T 20 0.16 -0.17 -0.14 5.39 -17.97 6.87 2 18
6) A  6-T 19 0.01 -0.05 -0.39 0.01 -24.82 11.26 2 24
7) T 7-A 18 0.37 -0.18 -0.10 -1.92 -23.83 10.42 4 -24
8) T 8-A 17 0.00 -0.16 -0.04 -3.33 -23.13 6.43 4 -18
9) C 9-G 16 -0.12 -0.04 0.32 -21.88 -11.06 -2.68 3 -10

10) G 10-C 15 -0.08 -0.11 0.34 8.58 -5.83 -2.15 1 13
11) C 11-G 14 0.10 -0.21 0.45 0.08 -20.89 -6.76 3 -13
12) G 12-C 13 -0.44 0.12 0.28 7.24 15.05 -8.16 1 0
Average: I O o -0.11 0.11 0.46 -13.59 0.61

IE| Global Inter-Base Parameters |

1st strand Shift Slide Rise Tilt Roll Twist D<
(Dx) (Dy) (Dz) (tau) (rho) (Omega)

2) C 1/G 2 -0.14 0.04 3.73 -6.07 10.03 39.88 8
3) G 2/C 3 0.41 -0.10 3.54 -4.05 -3.13 38.50 5
4) C 3/G 4 -0.65 0.44 2.96 8.04 10.88 26.84 8
5) G 4/A 5 0.42 -0.07 3.18 -2.52 -4.16 43.96 2
6) A 5/A 6 -0.06 -0.05 3.25 -3. 02 1.09 37.55 4
7) A 6/T 7 0.28 -0.50 3.37 -3. 61 -1. 82 35.27 7
8) T 7/T 8 -0.13 -0.08 3.27 3.41 2.80 31.76 -4
9) T 8/C 9 -0.11 -0.15 3.85 -10.53 7.73 34.39 -2

10) C 9/G 10 0.70 0.64 2 . 83 16.45 7.72 30.69 8
11) G 10/C 11 -1.13 0.19 3. 67 -7.86 -21.95 38.47 5
12) C 11/G 12 0.83 0.20 3.16 8.29 15.58 32.84 8
2nd strand Shift Slide Rise Tilt Roll Twist D<

(Dx) (Dy) (Dz) (tau) (rho) (Omega)
2) G 24/C 23 -0.76 -0.01 3.23 -3.46 4.11 43.90 83) C 23/G 22 0.70 0.04 3.74 5. 66 5.42 32.20 54) G 22/C 21 -0.24 -0.48 3.38 - 4 . S 6 -15.37 24.29 8
5) C 21 /T 20 -0.26 0.10 3.18 -1.06 -2.46 39.17 -26) T 20/T 19 0.10 0.17 3.50 2.36 -7. 94 33.16 -47) T 19/A 18 -0.07 0.37 3.09 -1.68 2.82 36.11 7
8) A 18/A 17 0.23 0.11 3.21 4 . 83 -2 .10 35.74 4
9) A 17/G 16 0.01 0.27 3.48 8.02 4.34 43.50 210) G 16/C 15 0.66 -0.71 2 . 82 -14.02 -2.49 30.16 811) C 15/G 14 -1.32 -0.29 3.56 0. 64 6.88 43.08 512) G 14/C 13 1.37 0.13 3.34 1.13 20.37 34 .24 8

|F| Global Inter-Base pair Parameters |

Duplex Shift Slide Rise Tilt Roll Twist Dc(Dx) (Dy) (Dz) (tau) (rho) (Omega)
2) C 1/G 2 -0.45 0.03 3.48 -4 .77 2. 96 41. 89 83) G 2/C 3 0.55 -0 . 07 3.64 0.81 -4.27 35.35 54) C 3/G 4 -0.44 0.46 3.17 1.69 13.13 25.57 85) G 4/A 5 0.08 -0.08 3.18 -1.79 -0.85 41.57 26) A 5 /A 6 0.02 -0 .11 3 . 37 -0.33 4.51 35.35 47) A 6/T 7 0.10 -0.44 3.23 -2 . 64 -2.32 35.69 78) T 7/T 8 0.05 -0.10 3.24 4 .12 2.45 33.75 -49) T 8/C 9 -0.05 -0.21 3. 66 -1.26 1.70 38.95 -210) C 9/G 10 0.68 0 . 68 2 . 82 1.21 5.11 30.43 811) G 10/C 11 -1.22 0.24 3. 62 -3. 61 -14.41 40.78 512) C 11/G 12 1.10 0.04 3.25 4 . 71 -2.39 33.54 8
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Average: 0.04 0.04 3.33 -0.17 0.51 35.71

|G| Local Inter-Base Parameters |

1st strand Shift Slide Rise Tilt Roll Twist Dc
(Dx) (Dy) (Dz) (tau) (rho) (Omega)

2) C 1/G 2 0.47 -0.23 3.71 0.30 11.22 40.53 8
3) G 2/C 3 0.79 -0.35 3.48 -0.15 -3.46 38.74 54) C 3/G 4 -0.38 0.19 3.07 10.44 10.90 26.11 8
5) G 4/A 5 0.75 -0.29 3.17 2.95 -2.32 43.76 26) A 5/A 6 0.51 -0.41 3.20 3.89 -0.30 37.45 4
7) A 6/T 7 0.90 -1.01 3.18 3.25 -5.35 35.15 7
8) T 7/T 8 0.43 -0.60 3.20 8.69 -1.03 30.42 -4
9) T 8/C 9 0.43 -1.09 3.71 -6.30 1.17 35.37 -2

10) C 9/G 10 0.53 0.14 2.93 15.70 3.41 30.73 8
11) G 10/C 11 -0.94 0.05 3.79 -5.49 -22.77 39.18 512) C 11/G 12 0.65 -0.28 3.18 8. 60 13.05 32 .79 8
2nd strand Shift Slide Rise Tilt Roll Twist Dc

(Dx) (Dy) (Dz) (tau) (rho) (Omega)
2) G 24/C 23 -1.13 -0.35 3.13 -8.88 -5.48 43.16 8
3) C 23/G 22 0.44 -0.20 3.79 4 .17 -5.07 32.45 54) G 22/C 21 -0.48 0.33 3.43 -6.23 15.13 24.15 85) C 21 /T 20 -0.77 -0.56 3.11 -6.37 -0.33 38.85 -2
6) T 20/T 19 -0.61 -0.77 3.40 -4.03 5.00 32.96 -47) T 19/A 18 -0.74 -0. 91 2.95 -9.74 -5. 68 34.77 78) A 18/A 17 -0.55 -0.62 3.13 -3.50 -0.46 35.76 49) A 17/G 16 -0.71 -0.29 3.44 -0.77 -2.35 44.03 210) G 16/C 15 0.26 0. 62 2 . 91 -18.00 1. 97 28.02 811) C 15/G 14 -2.00 -0.26 3.24 -7.24 -11.88 41.39 512) G 14/C 13 1.06 -0.42 3.44 -0.63 -23.74 34.19 8

IH| Local Inter-Base pair Parameters |

Duplex Shift Slide Rise Tilt Roll Twist Dc(Dx) (Dy) (Dz) (tau) (rho) (Omega)
2) C 1/G 2 -0.36 -0.34 3.48 -3.96 2. 64 42.50 83) G 2/C 3 0.62 -0.28 3. 64 2.04 -4.20 35. 67 54) C 3/G 4 -0.42 0.26 3.24 2.15 13.14 25.13 85) G 4/A 5 -0.01 -0.39 3.21 -1.68 -1.15 41.50 26) A 5/A 6 -0.05 -0.54 3.35 0.15 2. 66 35.77 47) A 6/T 7 0.05 -0.87 3.19 -3.32 -4.87 35.79 t8) T 7/T 8 -0.07 -0.57 3.20 2. 67 -0.31 33.81 -49) T 8/C 9 -0.16 -0.66 3.64 -3. 61 -0.57 39. 68 -210) C 9/G 10 0.39 0.38 2.90 -1.14 2.40 29. 03 811) G 10/C 11 -1.49 -0.13 3.56 -6.64 -17.40 40.25 512) C 11/G 12 0.86 -0.34 3.26 5.10 -5.61 33.65 8
Average: -0 . 06 -0.32 3.33 tor-01 -1.21 35.71

111 Global Axis Curvature |

Duplex Ax Ay Ainc Atip Adis Angle Path Dc
2) C 1/G 2 -0.01 -0.06 -2.23 -0.94 0.06 2.42 3.48 8
3) G 2/C 3 0.09 0.06 -0.39 1.40 0.11 1.46 3.64 5
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4) C 3/G 4 -0.09 0.20 1.64 5.75 0.22 5.98 3.18 8
5) G 4/A 5 -0.06 0.06 1.32 3.77 0.09 3.99 3.18 2
6) A 5/A 6 0.08 -0.18 0.71 0.40 0.20 0.81 3.38 4
7) A 6/T 7 0.07 -0.24 0.49 0.10 0.25 0.50 3.24 7
8) T 7/T 8 -0.10 -0.23 0.83 -0.75 0.25 1.12 3.25 -4
9) T 8/C 9 0.13 -0.02 0.05 3.26 0.13 3.26 3.67 -2

10) C 9/G 10 -0.01 0.34 -0.75 -0.75 0.34 1.06 2.84 8
11) G 10/C 11 -0.29 0.28 -0.26 -7.17 0.40 7.17 3.63 5
12) C 11/G 12 0.08 0.01 1.82 -4.21 0.08 4.58 3.25 8

Duplex Offset Angle* 17.. 0 Dirn* 133.4

1) c 1 0.00
2) G 2 0.74
3) C 3 1.24
4) G 4 1. 64
5) A 5 1. 81
6) A 6 1.56
7) T 7 1.24
8) T 8 0.87
9) C 9 0.92

10) G 10 0.91
11) C 11 0.36
12) G 12 0.00

Path length* 36.73 End-to- end* 36.44 Shortening* 0.80 %

|J| Backbone Parameters |

1st strand Cl'-C2' C2'-C3' Phase Ampli Pucker Cl' C2' C3'
1) CYT 1 48.18 -49.04 166.21 51.96 C2 '-endo 104 . 8 95.3 101.6
2) GUA 2 39.22 -38.39 162.25 41.26 C2 '-endo 104.8 100.3 102.2
3) CYT 3 10.47 12 .86 70.67 39.72 C4 '-exo 106.0 105.0 103.0
4) GUA 4 35.04 -37.28 170.25 38 .78 C2'-endo 106.1 101.1 102.1
5) ADE 5 35.62 -32.27 155.43 36.29 C2 '-endo 105. 0 102.3 102.5
6) ADE 6 32.44 -27.24 149.52 32.45 C2 '-endo 105. 8 103.4 102.9
7) THY 7 29.99 -10.21 105.19 39.30 01'-endo 103.7 104.2 103.9
8) THY 8 35.33 -24.03 132.94 36.19 Cl'-exo 104.8 102.8 103.2
9) CYT 9 48.62 -39.15 145.97 48 . 62 C2'-endo 102 .7 98.5 101.8

10)GUA 10 49.55 -38.15 142 .71 49 . 83 Cl'-exo 104.3 96.0 104.0
11)CYT 11 43.98 -39.01 152 .46 44 . 65 C2'-endo 102.5 100.7 101.9
12)GUA 12 36.25 -15.02 110.19 44.59 Cl'-exo 102.7 102.4 104.3
Torsions Chi Gamma Delta Epsil Zeta Alpha Beta

Cl' -N C5'-C4' C4'-C3' C3'-03' 03' -P P-05' 05'-C5'
1) CYT 1 -107.41 156.10 -140.17 -136.06 -40.97 167.11
2) GUA 2 -95.22 '20.48 142.88 -177.18 -113.11 -70.69 159.83
3) CYT 3 -143.56 72.50 88.41 -163.59 -93.28 -39.45 167.45
4) GUA 4 -101.13 47 .21 142.17 -172.26 -129.90 -15.80 150.06
5) ADE 5 -110.53 32.11 126.88 178.97 -93.35 -59.30 -173.04
6) ADE 6 -105.83 44.27 126.05 162.56 -80.97 -66.58 -176.86
7) THY 7 -131.68 63.22 103.70 -175.97 -87.81 -47.98 175.82
8) THY 8 -112.62 46.27 117 . 83 168.89 -92.17 -67.35 178.76
9) CYT 9 -129.15 63.58 136.62 -130.82 -123.56 -41.18 143.20

10)GUA 10 -84.76 34.83 130.06 -101.58 144.50 -67.55 132.94
11)CYT 11 -118.67 44 . 88 137.71 -151.88 -99.41 -91.93 165.7312)GUA 12 -116.10 69.66 107.08 ...... ......

2nd strand Cl'-C2' C2'-C3' Phase Ampli Pucker Cl' C2 ' C3'
1) GUA 24 -18.19 40.78 34.10 50.86 C3'-endo 106.9 101.0 97.9
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2) CYT 23 31.61 -10.76 105.29 41.19 01' -endo 103.5 104.0 104
3) GUA 22 45.24 -41.71 157.60 46.64 C 2 '-endo 106.3 96.4 103
4) CYT 21 28 . 90 -15.76 119.68 32.42 Cl'-exo 105.0 103.7 105
5) THY 20 37.16 -33.40 155.40 37.77 C2'-endo 105.7 101.3 103
6) THY 19 40.24 -25.83 128.37 42.31 Cl'-exo 102.6 102.1 104
7) ADE 18 34.58 -32.22 159.93 35.50 C 2 '-endo 106.6 102.1 102
8) ADE 17 23.36 -32.11 191.76 33.82 C3 '-exo 107.9 103.0 101
9) GUA 16 37.03 -32.19 152.13 37.39 C2 '-endo 105.1 101.6 103

10)CYT 15 8.19 18. 90 65.44 46.27 C4'-exo 105.5 103.2 103
11)GUA 14 34.53 -24.68 135.06 35.34 Cl'-exo 103.8 103.4 104
12)CYT 13 39.61 -39.62 164.60 42.09 C2'-endo 104.7 100.5 101
Torsions Chi Gamma Delta Epsil Zeta Alpha Beta

Cl' -N C5'-C4' C4'-C3' C3'-03' 03'-P P-05' 05'-C5'
1) GUA 24 -141.80 56.79 72.07
2) CYT 23 -142.88 63.86 99.35 -167!12 -87.31 -82!07 168!26
3) GUA 22 -84.19 33.06 145.35 -126.71 -177.96 -57.32 117.09
4) CYT 21 -110.44 49.56 115.37 -173.65 -86.13 -46.86 177.86
5) THY 20 -112.39 32.39 130.50 175.09 -96.77 -61.73 -171.88
6) THY 19 -111.91 51.82 118.83 -174.64 -102.54 -31.19 176.30
7) ADE 18 -106.91 31.21 132.34 168.17 -92.03 -57.51 -179.05
8) ADE 17 -104.97 27.99 144 .43 172.22 -91.53 -39.50 -175.97
9) GUA 16 -110.24 80.70 136.25 176.12 -105.87 -29.80 -172.19

10)CYT 15 -148 .11 68.83 80 .78 -166.25 -90.34 -73.45 171.54
11)GUA 14 -123.13 29.26 120.97 -171 .86 -99.52 -53.60 151.32
12)CYT 13 -131.63 144.44 -145.23 -156.35 -21.13 135.01

l
8
4
0
2
4
9
0
2
3
7
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