
Lawrence Berkeley National Laboratory
Recent Work

Title
CONFORMATIONAL STUDIES OF NUCLEIC ACIDS

Permalink
https://escholarship.org/uc/item/07t4c5bw

Author
Pearlman, D.A.

Publication Date
1984-11-01

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/07t4c5bw
https://escholarship.org
http://www.cdlib.org/


uc-~ 
LBL-18649 

~'I 

Lawrence Berkeley 'Laboratory 
UNIVERSITY OF CALIFORNIA 

. RECEIVED 

CHEMICAL BIODYNA~~SoDIVISION 
JAN 'l 1985 

LIBRARY AND 
DOCUMENTS SECTION 

CONFORMATIONAL STUDIES OF· NUCLEIC ACIDS 

D.A. Pearlman 
(Ph.D. Thesis) 

November 1984 

Prepared for the U.S. Department of Energy under Contract DE-AC03-76SF00098 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



CONFORMATIONAL STUDIES OF NUCLEIC ACIDS 

David Ari Pearlman 
(Ph.D. thesis) 

Lawrence Berkeley Laboratory 
University of California 

Berkeley. CA 94720 

November 1984 

This work was supported by the U.S. Department of Energy 
under Contract Number DE-AC03-76SF00098. 



Conformational Studies of Nucleic Acids 
Copyright © 1984 

by 

David Ari Pearlman 

"The United States Department of Energy has the right 
to use this thesis for any purpose whatsoever including 

the right to reproduce all or any part thereof." 



Conformational Studies of Nucleic Acids 

by 

David Ari Pearlman 

ABSTRACT 

Techniques are developed and implemented which make possible, for 

the first time, thorough examinations of the conformational energetics 

of nucleic acids and their constituents. 

The fir s t 0 f these is a new method for modeling, in an 

experimentally consistent fashion, the furanose sugar ring in nucleic 

acids. This method allows the coordinates corresponding to any sugar 

conformation to be generated rapidly and unambiguously from just one 

parameter: the phase angle of pseudorotation. Taking advantage of the 

simplification allowed by this sugar modeling method, we carry. out the 

first reported calculations to completely explore the conformational 

spaces available to the eight commonly occurring nucleosides~-A, U, G, 

C. dA, dT, dG, dC-~using experimentally consistent furanose geometries 

and an appropriate classical potential energy force field. The results 

of these calculations are in excellent agreement with experiment. 

We also develop empirically fit multiple correlation functions 

between the torsion angles of nucleic acids. This results in a dramatic 

reduction of the number of conformations which need to be considered in 

a thorough energetic survey for a nucleic acid. Such surveys are then 

carried out for two single~stranded nucleic acid tetramers: d(ApApApA) 

and ApApApA. From the resulting data, we creat~ energy contour maps for 



each of the 21 possible torsion angle pairs in a nucleotide repeating 

unit. For 15 of these no maps have before been reported. The maps are 

quite consistent with the experimental distribution of oligonucleotide 

data and provide rationalizations for several experimentally observed 

angle-angle correlations. Complete energy minimization is carried out on 

all local minima found in the surveys. Both the maps and the results of 

these minimizations indicate DNA and RNA to be highly polymorphic. 

The specific conformational changes in DNA upon damage by UV 

radiation~-both by formation of a psoralen crosslink and by formation of 

a thymine dimer~~are also studied using energy minimization techniques. 

These indicate that such damage causes large morphological changes in 

the DNA, including kinking of the helical axis and unwinding at the 

damage site. 

Finally, we derive a set of partial charges for a nucleotide (2'

deoxycytidine 5'-monophosphate monohydrate) from high resolution X~ray 

data. This is the first experimentally based derivation of partial 

charges for a nucleic acid constituent. The results provide hope for 

more accurate parameterization of what is now the worst characterized 

component of the common classical potential energy force field. 
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CHAPTER I 

Introduction 

Background 

Our views on the conformational behavior of helical nucleic acids 

have changed dramatically in the past few years. No longer can we solely 

regard these molecules as fairly regular and rigid polymers with 

nucleotide repeating units. Figures I-1 a and b depict the A-form and S

form models for nucleic acids which together served until recently as 

the "complete picture" of major helical nucleic acid conformations1- 3. 

Advancements in experimental techniques for examining these molecules 

have since destroyed this clean and simple view. The discovery in the 

late 1970's of Z-form DNA4 (figure I-1c). which has a completely 

different morphology than A-form or B-form. including a different 

repeating unit. struck a serious blow to the simplistic picture. Around 

the same time. high accuracy structural studies of oligonucleot ides 

revealed that such models as A-form. B-form and Z-form--convenient as 

they might be for visualizing nucleic acids--are just that: mOdels5 . The 

conformations of real nucleic acid molecules are significantly more 

variable. Unfortunately, although experimental evidence has indicated 

that nucleic acids are conformationally flexible, an understanding of 

the forces which underlie this flexibility and the paths by which 

conformational changes occur still eludes us. How nucleic acids interact 

with other molecules--drugs and proteins, for example--remains still 
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Figure I-1: Space-filling representations of DNA molecules belonging to 

three important conformational families of nucleic acid helices. Each 

figure represents a helix 12 base pairs in length. a) A-form; b) B-form; 

c) Z-form 
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(c) 

(a) 
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more mysterious. Certainly, conformational fluctuations in the DNA or 

RNA playa role in such interactions6 • 

Ideally. of course, we would like to develop a "master" 

experimental technique. with which many of our questions about these 

molecules could be answered in a systematic fashion by performing a 

properly designed series of studies. Unfortunately, no such technique 

appears to be forthcoming. Our ability to examine nucleic acids using X-

ray crystallography is improving, and in fact studies using this 

technique provide the conclusive evidence for the variability of nucleic 

acids 5 ,7,8. Crystallography provides only a time-averaged and 

population-averaged picture of a molecule, however, and does not by 

itself yield such information as pathways of interconversion or how 

facile various trans! tions are. Nor will crystallography necessar 11 y 

reveal the entire spectrum of conformational states adopted by a 

molecule, even if repeated on many different systems under many 

different conditions. This information can in theory be gleaned from 

spectroscopic techniques such as nuclear magnetic resonance (NMR)9,10. 

Interpretation of the results obtained using these techniques requires a 

starting multistate model of the system being examined, though, and at 

present thoroughly reliable models for nucleic acids do not exist. 

Conceding that no currently available experimental technique allows 

us all the information regarding nucleic acid conformation that we 

des ire, we are forced to try to obtain this information by another 

means, i.e. using theoretical methods. Theoretical computations on 

nucleic acids are fairly new: the first significant studies in this 

11 12 
field were not carried out until the late 1960's ' • Since then, the 

advent and proliferation of more powerful computing facilities and 
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significant refinements in specific computing techniques have spawned a 

substantial amount of work in this area'2-22. All such work requires the 

determination of the relative favorablenesses of various nuclei c aci d 

conformations. This type of determination is made using a function which 

attributes to each conformation a particular potential energy. Molecular 

conformations with lower potential energies are more favorable (entropic 

effects are ignored). In principal, we can accurately answer all 

questions of nucleic acid conformation by theoretical techniques, 

provided the quality of our potential energy function is sufficiently 

high. 

In practice there are two major problems with such an approach. 

First, because of thei r inherent structural complexi ti es, it is 

impossible, in the absence of simplifications, to examine the 

conformations of polynucleotides in the amount of detail necessary to 

answer many important questions. Thus, previous studies on nucleic acids 

have been made under numerous simplifying assumptions and 

approximations. While some of these are reasonable, others most clearly 

are not (see chapter five) and undermine the significance of the 

results. 

Second, the derivation of a method for calculating potential 

energies which is both reliable and feasible is not straightforward. The 

quantum mechanical Schroedinger equation allows us to calculate the 

potential energy of a particular molecule in a particular conformation 

as accurately as we wish. Unfortunately, for accurate determinations 

tremendous amounts of computer time and other resources are necessar y 

even for small molecules, precl uding comprehensi ve conformational 

examinations using this method of energy calculation23 . For this reason, 
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so-called semi -empir i cal class i cal potent ial funct ions have been 

developed. These functions define the potential energy of a molecule as 

the sum of a number of terms directly and rapidly evaluable from its 

conformation
24

• Each term is associated with one or more coefficients 

which are determined from accurate experimental data on small molecules 

or (in the case of the atomic charges used in calculating coulombic 

interactions) quantum mechanical calculations. The assumption is tha t 

. the intrinsic energy changes associated with various atomic motions--the 

energy barriers to rotations about different types of bonds, for 

example--are the same in a large molecule as in a small one, and so, for 

the same structural element. the same energy function should describe 

both24 • 

The potential problems with this sort of approach are clear. Not 

only do the forms of the various terms used have to be determined, but 

the small molecule data used to define the coefficients has to be 

chosen; several values from different experiments on different systems 

may be a vai labl e. In addit ion. a suitable method of der i ving the 

information used to calculate the coulombic interactions, information 

not in general directly ob.tainable from experimen~25. has to be 

determined. Significant effort has been applied to sol ving these 

problems. Al though the classical potential functions used in early 

theoretical studies of nucleic acid conformation left much to be desired 

in terms of the correspondence between prediction and experimental 

26 27 observa t ion • • reli abl e functions have emerged in the past few 

24 27 
years • • The available potentials allow us to examine in detail 

specific favorable states for different systems, such as the most 

favorable conformation for a drug-nucleic acid comPlex28 •29 . This type 
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of study is undertaken in chapter six. 

Still, the structural complexities of nucleic acids have prevented 

previous studies from carrying out comprehensive examinations of their 

energetics, despite the availability of high Quality classical 

potentials for such purposes. Much of the this thesis is devoted to 

developing and implementing simplifying techniques which allow such 

conformational energetic searches. 

The Work Presented Here 

In addition to its division into six chapters, the work presented 

here can be divided into three parts. Part one is comprised of chapters 

two to fiv~. In this part we develop new methods and reasonable 

assumptions which reduce the complex it ies of nuclei c ac i d sys terns 

sufficiently to allow thorough examinations of their conformational 

energetics, and then carry out such studies on a few nucle i c ac i d 

molecules. These allow us to examine the general conformatfonal 

variabilities available to nucleic acids. In part two (chapter six) we 

apply energy minimization techniques to two particular systems, DNA 

incorporating a psoralen crosslink and DNA incorporating a thymine 

dimer, to see the specific conformational effects of introducing these 

damaging elements to a nucleic acid. Finally, in part three (chapter 

seven) we present a first and significant step towards further improving 

classical potential functions, such as those used in parts one and two, 

through an experimentally--rather than theoretically--based derivation 

of partial atomic charges. 

An overview of the work covered in part one follows. Overviews of 
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the work presented in parts two and three can be found at the beginnings 

to chapters six and seven, respecti vely. It should be noted that in 

addition to its appearance here, each of the following chapters is being 

30-32 or will be published separately . 

An Overview to Part One (Chapters Two Through Five) 

Figure 1-.2 depicts part of a oligonucleotide strand. Phosphate 

groups (P0 4 ) connected together by furanose sugar rings make up the 

backbone . of the strand. Also connected to the sugar is a pur ine or 

pyr imidine base. We call each (phosphate group+sugar+b·ase) uni t a 

nucleotide. As can be seen, the nucleic acid strand is made up of these 

units connected end to end. In other words, the strand is polymeric, 

with the unit structural entity being a nucleotide. 

The noted obj ecti ve of this study is to examine the entire 

conformational spaces available to nucleic acid molecules, using energy 

functions. To see at the onset what this entails we first make the 

standard assumption, based on x-ray studies, that the bond lengths and 

angles (except·for those in the sugar ring; see chapter two) of this 

molecule do not vary much from their canonical values, i. e. can be 

considered fixed. In addition, we know from x-ray studies that the 

bases, as a whole t can be considered rigid groups. With these 

simplifications, each nucleotide unit can be specified by seven 

conformational elements: the si x torsion angles (see figure 1- 2 for 

definitions) a, St Y, £, ~, and x; and the geometry of the sugar. 

Each of the torsion angles can vary over the range 0-360°. If we 

sample each in increments as large as every 15° (in fact we would like 

to--but practically cannot--do better than this), for each torsion angle 
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Figure 1-2: Schematic view of a polynucleotide. The simplest repeating 

molecular uni t of the molecule--a nucleotide--i s outlined. and the 

torsion angles which determine the conformation are indicated. 
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360/15=24 different conformations'need to be tested~ Assuming we look at 

24 different conformations for the sugar as well, we need to examine 

247.4.6 0 109 different conformations for each nucleotide unit in order to 

completely examine the conformational space of that nucleotide. And for 

the whole molecule 247N conformations, where N is the number of 

nucleotide residues, need to be considered. To consider these numbers of 

independent conformations for molecules as large as nucleic acids is way 

beyond the computing capabilities of today' s computers. For example, 

7 ' such a calculation with N=2 would take more t~an 10 years of continuous 

computing time on the most powerful computers presently available! 

Further simplification is needed. 

The most obvious simplification is to assume nucleic acids are 

regular, that is, they are made up of conformationall y i dent i cal 

repeating units. Well established models of nucleic acid conformation-

the A-form, B-form and Z-form families, for example5--have all, out of 

necessity and convenience, incorporated similar assumptions. If we take 

the repeating unit to be a nucleotide, so that Q.=Q. l' 6.=6 .. l' etc., 
1 1- 1 1-

only one nucleotide, with 247 possibilities, has to be specified. Still, 

however. the number of conformations which need to be considered is too 

great. More reasonable simplifications are required to reduce the number 

of possiblli ties. Previous studies have failed to produce any such 

simplifications. 

Related to the necessity of reducing the number of trial 

conformations, a second problem is encountered in a study such as thiS: 

defining the sugar geometry. Experimental studies have demonstrated that 

the sugar is flexi ble. adopting a number of conformations including,- but 

not limi ted to, 
. 5 

those commonly denoted as C2''''endo and C3'-endo . 
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Equi valently, the 0 torsion angle, which is directly related to the 

sugar conformation through the C3 ' .... Cll' bond, demonstrates a non

negligible amount of variability. In order to reduce the conformational 

complexity of a nucleic acid to a level tolerable for our purposes, we 

need to be able to directly specify the sugar geometry by only a small 

number of parameters. In fact, as is developed in chapter two, we can 

specify the sugar geometry in an experimentally consistent manner from 

only one parameter. The accuracy of the method developed is supported by 

the study presented in chapter three. There, the new sugar modeling 

method is incorporated into an examination of the conformational 

ener get i cs of common nucleosides (one sugar+base unit, no phosphate 

group). Nucleosides are simple enough molecules that their 

conformational spaces can be completely examined when the sugar modeling 

technique is used. 

The sugar modeling technique we develop allows the sugar 

conformation to be determined from the 0 torsion angle. Therefore 

(incorporating the simplifications described above) the conformation of 

a riucleic acid is specified by the seven torsion angles a, S, Y, 0, E, 

~, and X. As noted, too many different conformations can be specified by 

seven torsion angles to carry out a comprehensive conformational search, 

which entails varying each of them independently. To further reduce the 

number of independent variables, we have chosen a novel approach: the 

development of empirical correlations among these seven remaining 

variable torsion angles. We know from crystallographic data 7 ,33 that 

motions about these angles are not all independent. As discussed in 

chapter four, itt urns out that impressi vel y accurate mul t i ple 

correlation functions can be deduced from the experimental X-ray data. 
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The correlations developed there allow us to reduce the seve n 

independent torsion angles to just four: B; Y; ~; and x. The remaining 

three angles (ex. 6. and e:) are calculated as dependent functions of 

these four. 

The correlation rela t ionshi ps reduce the number of different 

conformations which we must examine in a comprehensive conformational 

search to·a computationally feasible level. No previous study has been 

able to consider an amount of conformational space close to that now 

examinable. using these correlations in conjunction with the sugar 

modeling technique. Chapter five describes such searches for two nucleic 

acid tetramers. d(ApApApA) and ApApApA. The results described there 

support the validity of our distinctly new approach to the problem. are 

in excellent overall agreement with experiment. and offer considerable 

hope for further lea ps in our understanding of the under I yin g 

conformational energetics of nucleic acids. 
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CHAPTER II 

A Rapid and Direct Method for Generating Furanose 

Coordinates from the Pseudorotation Angle 

Synopsis 

17 

The greatest difficulty in modeling a nucleic acid is generating 

the coordinates of its furanoses. This difficulty arises from 

constraints imposed by the closed ring geometries of these sugars. We 

have developed a new method for modeling these furanose rings. Using 

this method, the coordinates of a sugar can be obtained quickly and 

unambiguously for any point on the pseudorotational pathway from one 

parameter: the phase angle of pseudorotation P. The significant 

difference between this and previous sugar modeling schemes is that here 

the endocyclic bond lengths of the five membered sugar ring are allowed 

to vary according to simple, explici t, and exper imentally reasonable 

analytic functions of P. The coefficients of these functions follow from 

the empirical behavior of the endocyclic bond angles and from 

geometrical constraints due to ring closure. The ability to model the 

sugars directly from one parameter suggests use of the proposed modeling 

technique in both experimental and theoretical studies requiring a rapid 

and reasonable method for generating nucleic acid sugar geometries. In 

particular, this ability greatly facilitates . carrying out the global 

conformational studies on nucleic acid constituents which will be 

attempted in the first section of this thesis (chapters' III and V). 
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Introduction 

The furanose ring is an important determinant of conformation for 

nucleic acids, owing to its role as linker between the backbone 

phosphate groups and bases in these molecules. Recently, a number of 

single crystal oligonucleotides, specifically the Z-form~-3, A-form4,5 

and B-f~rm6 double helical DNA and the t-RNA7,8 structures, have been 

solved which demonstrate significant conformational variability for this 

sugar correlated with previously unobserved structural diversity. These 

studies clearly indicate both the ability of the sugar to interconvert 

between the common C2' and C3'-endo forms, and its ability to adopt wide 

varieties of conformations centered on, and intermediate to, these two 

extremes. 

Despite the centrality of the furanose to nucleic acid 

conformation, the pathways by which it undergoes changes are still not 

well ·understood. It is believed that changes in the furanose ring occur 

along a pseudorotation pathway rather than through a planar 

9-14 intermediate • This allows the formulation of geometrically-based 

approximate relationships which imply the routes by which 

i f f 1 
15,16 nterconversion of the various orms 0 the sugar may take pace . 

Some of these formulae may be improved to reasonably fit empirical 

d t 
10-12 a a • However, generation of the actual atomic coordinates of 

riboses along the pseudorotation pathway using these relationships is 

not straightforward. Due to closure constraints, energy minimization of 

crude models is generally necessary to produce the desired sugars. Thus, 

obtaining sugar coordinates by the presently available techniques is 
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fairly time consuming and the resulting coordinates are -dependent on the 

energy force field used to produce them. 

It is our" desire in the first part of this thesis to examine 

energetically the entire conformational spaces available to various 

nucleic acid constituents. For such molecular modeling, as well as for 

other purposes like fitting diffraction data of limited resolution, it 

is desirable to have a method which can yield the sugar atom positions 

at any location on the conversion pathway in an unambiguous and 

straightforward manner. Additionally, for modeling on computer graphics 

systems, it would be useful to have a convenient method for continuously 

varying sugar pucker in real time by. for example, simply rotating a 

knob, as is often done now for simple torsion angles. In this chapter we 

describe a simple new procedure for specifying the conformation of the 

fi ve membered sugar and attached a toms whi ch rel ies on onl y one 

variable, the phase angle of pseudorotation, P. This method differs 

appreciably from those described previously in that the endocyclic bond 

distances of the sugar are allowed to vary with P according to explicit 

analytic expressions. Because the coeff i c i ents of the analyt i cal 

functions used in this method come from a combination of fit to 

empir ical data and geometrical constraints, the sugars so buil t have 

geometrical parameters generally consistent with those from experiment. 

Background 

The sugar in nucleic acids is a heterocyclic five membered ring 

attached to the backbone at C3'and C4', and to the base at C1' (figure 

II-1 ). It has long been observed that in nucleic acids the sugar tends 
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Figure II-1: A schematic view of the non-hydrogen atoms of the furanose. 

A deoxyribose is shown; a ribose would have an additional hydroxyl group 

on C2'. The endocyclic bonds, Li , endocyclic valence angles, 9i , and the 

endocyclic torsion angles, Ti , of the sugar are noted. 
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towards one of two general conformations17 , either C3'~endo. with the 

C3' atom maximally displaced to the C5' side of the plane determined by 

C4', 04', Cl' and C2', or C2'-endo, with the C2' atom maximally 

displaced to the C5' side of the C3', C4', 04'. Cl' plane. However, 

within each of these conformational regions, much variability has been 

, ' 11 18 
ob'served ' • Additionally, as noted above, it is known that these 

conformations interconvert in solution. How this interconversion occurs 

is not known experimentally, but it is believed accountable by the 

process of pseudorotation9 ,19, whereby the atoms of the ring move in and 

out of its mean plane in a smooth and coordinated fashion, and the atom 

maximally displaced from this plane cyclically alternates. For 

cyclopen'tane, this leads to a convenient description of the 

i nterconvers ion pathway, developed by Ge ise, Altona, Romers and 

9'20 21 , Sundaralingam' , , in terms of the flve endocyclic torsion angles of 

the ring: 

1. IS 1 cos(P + 144(i-2)). 
1 max 

(1) 

Here 1 is the absolute maximum value any torsion angle attains max 

throughout pseudorotation and P is the phase angle of pseudorotation, 

. arbitrarily defined as 18° for the pure C3'-endo conformation (or 162° 

for pure C2'-endo). The 1, are defined in figure II-l. As can be seen, 
1 

these equations describe the torsion angles in terms of cyclic cosine 

functions of period 360°, and thus each torsion angle attains its 

maximum absolute value twice through each cycle. 

This set of equations has been widely applied to the pseudorotation 

of furanoses in nucleic acids. For these sugars, 1 is generally max 

around 39°. While these relationships are adequate for a general 
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description of pseudorotation and for extraction of the pseudorotation 

parameters , and P from exper imental data, max they suffer from two 

severe drawbacks when used to generate model sugar conformers: 1) These 

equations are derived for homocyclic pentane, where all endocyclic bond 

distances are equal. These equations are only approximations when the 

bond distances differ, as they do in nucleic acid sugars; and 2) There 

is no convenient geometrical method for the construction of model sugars 

from the torsion angles. 

16 The approach of Cremer and Pople relieves, somewhat, the second 

problem by describing pseudorotation, based on the earlier work of 

Kilpatrick et al 19 , in terms of the displacements of the ring atoms from 

a specially defined "mean" plane. These displacements are analytically 

related to two parameters, amplitude q and phase angle ~, analagous to 

, and P. As were those based on torsion angles, however, these max 

equations were devised for the extraction of pseudorotation parameters 

from experimental data, not the prediction of sugar conformers along the 

pseudorotation pathway. Thus, though this approach is more 

mathematically rigorous, its implementation for modeling is complicated, 

and additionally, the relationships upon which it is based still do not 

completely reflect the empirical perturbations from equilateral ring 

geometry observed for nucleic acid sugars. 

A significant advance in the field of sugar modeling was made by 

the elucidation of a set of functions relating the endocycl i c bond 

10 12 . angles to P in a ribose sugar ' • For a fIxed value of 'max' these 

functions have the form 

( 2) 
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where i=1, 2, 3, 4, 5 for the angles centered on 04', C1', C2', C3', 

C4'. These functions have been regression fit to experimental values 

obtained from the crystal str.uctures of a large number of accurate 

10-12 furanose structures , with very good results, and thus provide the 

foundation for empirically based sugar modeling schemes. 

11 Such a scheme is outlined by de Leeuw et al ,who additionally 

deri ve empirical correction terms for the above ideal torsion angle 

equa t ions and s imllar functions for various exocyclic substi tuents. 

Endocyclic bond lengths are held fixed. In order to model a closed five 

membered ring from the relationships presented in their study, however, 

a pseudo-energy minimization is required, where the function minimized 

acts to keep the bond angles and torsion angles of the model as close as 

possible to their values as predicted by the empirically based 

r e 1 a t ions. This requirement is part ially a consequence of the 

aforementioned difficulty in constructing a sugar using. the torsion 

angles as parameters. Minimization is also requiredbecausei t is 

desired that the sugars closely reproduce fifteen internal coordinates 

(five valence angles and five torsion angles, from analytic functions, 

and five bond lengths, which are fixed), while the geometry is fully 

specified by only 3N-6=9. In fact, rigidly fixing the bond lengths in 

itself leads to problems requiring minimization. For many pOints on the 

pseudorotational pathway, no sugar can be bull t from the fixed bond 

lengths and any subset of the remaining analytically calculated 

parameters (such as four endocyclic valence angles; see figure 11-2). 

This is a result of constraints imposed by the closed ring geometry, due 

to which only certain sets of nine parameters define possible sugars. 
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Figure 11-2: The results of modeling pseudorotation of the furanose ring 

with four endocyclic valence angles ai(p) m Ai + BiCOS(P+72i) and five 

fixed bond lengths. The broken curve marks the actual behavior of the 

remaining, .dependent valence angle, in this case a" when sugars are 

modeled by this method. The continuous curve represents the behavior of 

a" as given by the analytic function. As can be seen, the calculated 

angle approximates the analytically predicted angle only for small 

regions of pseudorotational space. The discontinuities occur at values 

of P for which it is geometrically impossible·to build a sugar from the 

analytically predicted angles and the fixed bond lengths. The 

coefficients Ai and Bi are from (10), the average bond lengths from 

(11). Angles are in degrees. 
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The New Furanose Modeling Method 

We have devised a method for sugar modeling which avoids the above 

problems. The sugar ring conformation is determined by a combination of 

four endocyclic valence angles. calculated using the empirical relations 

of equation 2 with coefficients from Westhof and Sundaralingam 1 0. and 

the five bond lengths. which are allowed to vary systematically with the 

phase angle of pseudo rotation. As previously described22 • extraction of 

ring coordinates from this set of variables has the advantages over 

other cho ices of being geometrically simple and avoiding artificial 

parameters such as mean plane. Only the essential elements of the method 

are given here. A more expanded development is given in appendix A. 

It is empirically observed that the lengths of certain endocyclic 

bonds of the furanose decrease with increasing value of the torsion 

angle centered on the bond10 . Attributing this dependence to steric 

effects (figure II-3) and recognizing that the torsion angles are 

dependent on P leads to a set of functions 

where Li is bond length i. as defined in figure II-1. Coefficients L~ 

and a i for these functions are presented in table II-1. As explained in 

appendix A. the coefficients are derived from ring closure constraints 

and from optimization of the similarity between the dependent valence 

angle's actual behavior and that predicted for it from equation 2. These 

particular coefficients are derived for. and thus are specific for. the 

case where 91 (centered on 04') is taken as the dependent valence angle. 
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Figure II-3: A simple, classical hard sphere visualization of the effect 

of the value of a torsion angle. on the length r of its central bond. 

a) .-cis; b) .-gauche. We would expect r 2 < r, and can crudely model 

r(.) - rO - AI.I. 
I 

I 

I 
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Table II-l 

Parameters Used in the Endocyclic Bond Length Expressions for Furanosea,b 

i BOND LO 
i a i 

1 04 ' .... C1 ' 1.390035 0.038940 
2 C 1 ' .... C2' 1 .520465 0.012900 
3 C2'-C3' 1.527530 0.027550 
4 C3'-C4' 1 .520760 0.021750 
5 C4'-04' 1.420465 0.027400 

a Li(P) - L? + a i (1-lcos(P+144(i-3»I) • where P is the phase angle of 
pseudorot§tion in degrees. Lengths are in Angstroms. As developed in 
this paper. 

b Derived for the case where 9, (centered on 04') is taken as 
the dependent endocyclic valence angle when generating sugar 
coordinates. 
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Interestingly, al though no initial assumptions were made about the 

relative C-O bond lengths in the sugar, the resulting parameters 

reproduce the exper imentally observed shortening of the 04' -C,' bond 

relati ve C4' -04' ". This must be a consequence of ring closure 

requirements coupled with the asymmetric variation of endocyclic bond 

angles. It is also noteworthy that the length of the 04'-C4' bond is 

predicted to vary much more with pseudorotation (as measured by a.) than 
1 

that of any other bond. This may reflect a manifestation of the the 

anomeric effect at this bond23 , which has been predicted but unobserved 

experimentallY", presumably because the structural differences it would 

induce are too small to be resolved from the present experimental data 

base. 

From the analytic expressions for endocyclic valence angles 82 , 8
3

, 

84 , and 8
5 

(equation 2) and all endocycl1c bond lengths (equation 3), we 

may easily construct the five membered ring corresponding to any value 

of P using the equations given in appendix B. In figure 11-4 the values 

of the dependent endocyclic bond angle at 04' calculated from sugars 

built using the new method and the values from a regression fit to 

experimental data are plotted as a function of Po As can be seen, 

agreement is good throughout pseudorotational phase space, with a 

maximum difference between the curves of only about 0.5°, at P='Ooo and 

P-2800. Interestingly, the maximum differences occur for ranges of P 

poorly represented in the experimental data used to obtain the 

'0 regression coefficients. Figure 11-5 shows plots of the five 

endocyclic torsion angles as calculated both from the modeled sugars and 

from the approximate relationships of equation' with, =38.7°. The max 

curves are quite similar, the major differences being the larger values 
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Figure 11-4: The value of 91 (C4'-04'-C1') as a function of 

pseudorotation angle P. The dashed curve represents the function 91 = 

A1 + 81 cos{P), with coefficients A1 and 81 from regression analysis on 

10 relevant nucleoside and nucleotide crystal data • The solid curve 

displays the values for 91 obtained when the coordinates of the sugars 

are derived from the remaining four endocyclic angles 9.{P) and the five 
1 

bond lengths Li{P), as described in the text. Angles are in degrees. 
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Figure II-5: The values of the five endocyclic torsion angles of the 

furanose ring as calculated from the approximate expression L. = 
1 

L cos(p + 144(1-2)). with L _38.7°9.10 (dashed curves), and as 
max max· 

produced with the new modeling method presented in this chapter (solid 

curves). Plotted angles are in degrees. 
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of 1max for 1, and 14 (42.7° and 41.6 0
, respectively). This figure 

clearly confirms the usefulness of the approximate functions for a 

general, but not exact, conformational description of the sugar. 

Once the fi ve membered sugar ring has been buil t. the exocycli c 

substituents of this ring, including the base, must be added. For the 

substituents at each endocyclic atom this is accomplished as follows. 

The two exocyclic atoms attached to the ring atom in question, which 

will in general be one heavy atom and one hydrogen, and the ring atom 

itself are assumed to remain fixed in their orientations relative to one 

another Le. can be considered a rigid group. Call these three atoms 

Sb"sb
3 

and sb2 , respectively. The conformation for this rigid group in 

our work comes from Arnott 24 ,25, with hydrogen positions calculated to 

occupy a position as close to tetrahedral as possible. The orientation 

of t.his group with respect to the sugar ring may then be defined by 

three angles, 410
, 41, and 412 (figure II-6). The substituent group of 

three atoms defines a plane Pl. Likewise, Sb2 and the two ring atoms 

connected to it, rg, and r g
3

, define a second plane P2~ ~O represents 

the angle between P, and P2• 41, is the angle between the line of 

intersection of P~ and P2 , !" and the bond sb2-Sb,. ~2 is the the angle 

between ~ and bond rg,-sb2. Throughout pseudorotation. we consider ~O 

and 41, for each set of substituents to be fixed at their canonical 

24 25 values' • 4>2 will vary with the endocyclic ring valence angle 

centered on sb2 , 6sb2 ' as 

(4) 

where 41 2 ' and 6sb2 ' 
. 24 25 

are the canonlcal values • . This method for 

positioning exocyclic substituents extrapolates the implici t forces 
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Figure 11-6: The three angles, ~O' ~" and ~2' necessary for the 

attachment of exocyclic substituents to the sugar ring are defined, ~O 

the angle between plane P" defined by substituent atoms sb, and Sb
3 

and 

ring atom sb2 , and plane P2 ' defined by atom sb2 and adjacent ring atoms 

rg, and r g
3

, ~, is the angle between the line of intersection of P, and 

P2 ' ~" and sb,-sb2" ~2 is the angle between ~, and rg,-sb2 o 
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causing deviations from tetrahedral geometry at the sugar ring 

substituents in the crystal structures to other positions along the 

pseudorotational pathway. 

It should be noted that we have assumed that the geometry of the 

five membered ring is the same at a given value of P for either ribose 

or deoxyribose. While the regression coefficients for the endocyclic 

10 angle relationships were determined from a ribose data base , studies 

considering both ribose and deoxyribose structures in fitting this 

relationship have obtained similar results 11 ,12. Additionally, it should 

be noted that the substituent placements in the modeled riboses and 

deoxyriboses differ ·somewhat from each other, reflecting the different 

geometries at these atoms in the respecti ve experimental crystal 

structures. 

Summary and Discussion 

We have devised a straightforward, simple. and rapid method for 

generating the geometries of the five membered sugars, and substituents, 

found in nucleic acids. Only the phase angle of pseudorotation, P, is 

necessary in this method to specify the sugar conformation, which can 

then be built using simple geometrical relationships. This is a 

. 9 11 16 22 26-28 signlficant advantage over previous methods' , " which have 

required that some sort of minimization be performed to produce closure 

of the sugar ring and/or have not uniquely specified a geometrically 

sound and experimentally consistent sugar for any value of P. Thi s 

method differs most greatly from previous attempts in that here the 
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endocyclic bond lengths are modeled as simple explici t analytic 

functions of P. 

Coefficients for the analytic endocyclic valence angle and bond 

length functions used in our method arise from a combination of 

regression fit to experimental data and geometrical constraints. The 

internal coordinates of the resulting sugars are thus in good agreement 

with experimentally observed values. Importantly, our method strictly 

requires the valence angles to vary in an empirically consistent 10 

manner. I t has been demonstrated29 that sugars with valence angles 

differing by only 2-3 0 from those calculated by the empirical 

relationships offer significantly different and potentially erroneous 

descriptions of pseudorotation. It is interesting that the 

experimentally observed shortening of the C4'-04' bond relatiye to the 

04' -C,' bond and the approximately sinusoidal dependencies of the 

endocyclic torsion angles on P are manifest by the modeled sugars. 

In their study of the variation of sugar conformation with 

pseudorotation, de Leeuw et all' noted that a few exocyclic bond 

lengths, especially that connecting the base to the sugar, vary with 

pseudorotation, and provided regression fit analytic functions for these 

variations. Our method for attachment of exocyclic sUbstituents did not 

allow for bond length variations. However, in light of the the minor 

perturbations invoked by, and the relatively low correlation 

coefficients for, these relationships, we feel it is unlikely that these 

modifications, if made, would meaningfully alter the furanose 

geometries. The closeness of prediction to experiment for a study of 

nucleoside conformation using sugars built as detailed here (chapter 

III) supports this view 30 • Such modifications could easily be 
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incorporated in future implementations of our method if so desired. 

In addition to facilitating the conformational searches with which 

the first section of this thesis concerned, the model building technique 

presented here has possible applications to energy minimization 

(reducing the number of variables), crystallographic refinement (model 

fi tting the electron densi ties) and computer graphics. In energy 

minimizations on polynucleotides, the five membered sugar ring" if 

allowed to vary, is normally modeled by the fifteen x, y, and z 

coordinates corresponding to the five atoms of the ring. Our method of 

modeling replaces these fifteen parameters by 7: p; 'three parameters 

corresponding to the translational position of the ring in space; and 

three parameters corresponding to its rotational position in space. It 

was of interest to us to see what affect making this replacement would 

have on the minimization process. We developed the necessary algorithms 

to calculate the ring coordinates in space from the desired independent 

parameters and to calculate analytically the derivitives of energy with 

respect to these new variables, and included them in an appropriately 

modified version of the AMBER31 conjugant gradient minimization program 

package. Complete minimization of a double stranded dodecamer using the 

new variables took about four times as long as by the traditional 

method. Naturally, because the rings were constrained to a particular 

pathway, the final energy was somewhat higher, as well. The final 

structures from the two methods were fairly similar, however, indicating 

that the new method might be feasible, if inefficient for such a 

problem. It therefore seems reasonable that similar modification of x

ray data refinement programs32- 34 might aid these programs in producing 

reasonable, experimentally consistent (with high resolution small 
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molecule x-ray structures) sugar geometries, in the many cases where a 

nuclei c aci d s truct ure is not well enough r esol ved to determine 

absolutely the conformations of its sugars without additional 

information. Indeed, it has been noted that the unusual sugar puckering 

behavior recentl y reported in the crystal structures of certain 

polynucleotides may in some part be an artifact of the energy refinement 

parameters, of questionable accuracy. used to help sol ve these 

structures29 • Utilization of our model building technique to allow the 

variation of sugar pucker in real time for interactive computer graphics 

also seems feasible. 

In all, then, our approach to sugar modeling is appealing for the 

rapid, simple and experimentally reasonable one parameter modeling of 

sugar conformation it makes possible. Further confirmation of the 

suitability of the method is presented in chapters three andfive30 , 

where the conformational energetics of nucleosides and oligonucleotides 

built around sugars produced by this method are successfully predicted. 
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CHAPTER III 

The Conformational Energetics of Commonly Occurring Nucleosides 

Synopsis 

We have examined the conformational energetics of the eight most 

commonly occuring nucleosides--A, U, G, C, dA, dT, dG, dC--as monitored 

by a semi-empirical energy force field. These are the first reported 

calculations to completely explore the· entire conformational spaces 

available to all eight major nucleosides using. experimentally consistent 

furanose geometries and an appropriate force field. Central to our 

approach is the ability to model an experimentally reasonable furanose 

for each nucleoside directly from only one parameter, the phase angle of 

pseudorotation P, as described in the previous chapter. This allows us 

to specify the conformation of a nucleoside by three variables: torsion 

angle Y (05'-C5'-C4'-C3'); torsion angle X (04'-C1'-N9/N1-C4/C2); and P. 

In our study each of these parameters was allowed to vary independently 

and in small increments over the range 0-360°. The empirically observed 

preferences for C3'-endo and C2'-endo sugar conformations, for anti and 

syn values of X and for staggered (g+, t, g-) values of Y can be 

explained on the basis of the energy maps so obtained. Finer details, 

such as the different conformational preferences of ribonucleosides and 

deoxyri bonucleosides and of pur ines and pyr im i dines, can also be 

extracted from these maps and are consistent with experiment. The 

calcula t ions suppor t previous descr i pt ions of pseudorota t ion as 



47 

hindered. Statistical Boltzmann population factors for different 

conformational ranges in Y, X, and P, as predicted by the calculations, 

are consistent with factors obtained from crystallographi c data. The 

excellent results here provide additional support for the suitability of 

the new sugar modeling technique used. 
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Introduction 

The conformational energetics of nucleic acids are still not well 

characterized. The limited number of accurate oligonucleotide crystal 

structures,-6 now solved demonstrate a large diversity of conformations 

available to double helical nucleic acids, and raise questions both as 

to the true structural variability of these molecules and as to the 

paths by which they interconvert. Still more remains to be understood on 

these topics for single stranded polynucleotides, of which there is only 

one crystallographic example 7 ,8. A knowledge of how the energies of 

nucleic acid constituents vary with conformation would be valuable in 

attempting to answer these questions. Such knowledge is also important 

for use with certain experimental data, such as that from NMR, where 

interpretation is based on a multistate model. ~easonable and quickly 

evaluable semi-empirical functions representing the conformational 

energies of nucleic acids are now available 9 ,10. Owing to their 

structural complexity, however, it has been hitherto impossible to 

sample energetically the conformational spaces available· to most of 

these structures while allowing all important independent parameters to 

vary in appropriately small increments. 

The purpose of the first section of this thesis is to attempt an 

examination of the conformational energetics of both oligonucleotides 

and their constituents over ~ conformational space, utilizing various 

methods and assumptions which reduce the nUmber of parameters necessary 

, 1 
to specify conformation. The previous chapter detailed a procedure 

which reduces the number of variables necessary to speci fy an 
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experimentally consistent sugar conformation to one, the phase angle of 

pseudorotation P. Here, this sugar modeling technique is incorporated 

into a complete examination of the variations in energy wi th 

conformation for the eight commonly occuring nucleosides: A; U; G; C; 

dA; dT; dG; and dC. An elaborate study of nucleoside conformation 

(including explicit bases and backbone atoms of variable orientation) 

was previously carried out12 , but used sugar geometries in significant 

disagreement with experimental observation13 ,14 and a force field which 

has since been shown inadeqUate 15 • As noted 14 ,15, both of these 

shortcomings adversely affected the qualities of the calculated energies 

and predictions of this study. 

The nucleoside unit (figure 111-1) provides an advantageous system 

for which to study conformational preferences, owing to its rela t i ve 

simplicity. The ability we now have to specify a suitable sugar by only 

P allows us to essentially describe each nucleoside by three parameters: 

torsion angle Y (05'-C5'-C4'-C3'); glycosyl torsion angle X (04'-Cl'

N9/Nl-C4/C2); and P. Thus, by allowing these variables to vary 

independently between 0 0 and 360 0
, we can completely energetically 

characterize the conformational space available to each nucleoside. The 

results of these calculations permit us to make detailed predictions as 

to nucleoside interconversion pathways and preferred conformations, some 

of which can be readily compared with corresponding experimental data. 

Additionally. provided these predictions are reasonably consistent with 

experiment, we can extrapolate the results to polynucleotides, for which 

the preferred conformations are likely to be a subset of those available 

to the much less conformationally constrained nucleosides. Comfortingly. 

the results of these studies do indeed agree very well with experimental 
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Figure 111-1: A typical deoxyribonucleoside, this one with the purine 

base adenosine (attached to the five membered sugar ring at C1 '). In a 

ribonucleoside, a hydroxyl group replaces the C2' hydrogen on the same 

side of the sugar as 03'. Also shown is cytosine, a typical pyrimidine 

base. Torsion angles 'f (05'-C5'':'''C4'-C3'), X (04'-C1'-N9/N1-C4/C2) are 

noted. 'f is measured relative to 0 0 at the fully eclipsed position, X is 

relative to 0 0 at the trans conformation. For both, a positive torsion 

angle indicates clockwise rotation of the more distant bond. The sugar 

conformation can be described by the phase angle of pseudorotation P, 

here calculated using the definition of Sundaralingam
44

, in terms of the 

endocyclic torsion angles of the sugar. 

I 
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data, as measured by such parameters as Boltzmann population factors. 

The conformational preferences of the sugar are particularly 

important, as the sugar is a maj or determinan t of nucle i c ac i d 

16 structure . The barrier to interconversion between the two sugar 

conformational ranges most commonly observed, C3' -endo and C2' -endo 

(centered on pm18° and Pa 162°, respectively; see figure 111-2), is shown 

to be high enough that relatively few intermediate conformers are 

expected but still low enough that interconversion may take place 

rapidly on an NMR time scale, consistent with experimental data'7-22. 

Perhaps most interestingly, fairly broad energy minima are apparent at 

both conformations. This pOints to the necessity of modeling the sugar 

as a continuously varying function of pseudorotation rather than with a 

small set of "standard" conformations, as has gen~rally been done in the 

past23- 29 • 

Both the syn and anti preferences of the glycosyl torsion X and the 

staggered (g+, t, g-) preferences of the Y torsion observed in crystal 

structures are also explained by these calculations. 

Methods 

The potential energy function used in this analysis is 

E - E + E + E + E total bond angle torsion gauche 

+E +E (1) van der Waals coulomb' 

where 
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Figure 1II-2: An illustration of the conformational changes in a nucleic 

acid sugar corresponding to changes in the psudorotation phase angle P, 

given in degrees. Each sugar is viewed along the perpendicular bisector 

of the angle C4 ' -04 ' -C1 I. The sugar conformations are generated using 

the procedure outlined in chapter II. The common descriptors of various 

conformations (C3 ' -endo, C2'-endo, etc.) are noted, as are the n, s, e 

and w ranges defined in the text. 
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Et i c L V3 /2 (1+cos(31)) ors on 
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( 1 a) 

( 1 b) 

( 1 c) 

( 1 d) 

( 1 e) 

( If) 

Here Kr and Ke are force constants, V2 and V3 are rotational barrier 

heights, Aij and 81j are "Lennard-Jones" potential constants, rand rO 

are the actual and ideal values of a bond length, e and eO are the 

actual and ideal values of a bond angle, 1 is the value of a torsion 

angle, r 1j Is the distance between atoms i and j, qi and qj are the 

point charges assigned atoms i and j, respectively, and e: is a 

dielectric constant. This potential is of the standard form, with the 

addition of a 2-fold "gauche" torsional term30 , as first introduced to 

furanose calculations by Olson 15. For the nucleosides, this term is 

summed over all torsion angles with oxygen atoms at one or both ends, 

and models the empirical preference of these torsions in small molecules 

for a gauche (-±900) rotational conformation. The addition of E h to gauc e 

the potential function has been shown necessary to accoun t for the 

exper imental propert i es of nucleosides 15. Angle bending, torsional 
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(except for the glycosyl torsion), gauche and van der Waals parameters 

are from Olson 15. Bond stretching parameters and the glycosyl torsion 

parameters are from Kollman9• The partial charges for the coulombic term 

are from Nuss and Kollman31 • A dielectric constant of £=~ is used, as in 

Olson's study. We assume that all bond distances and angles which do not 

vary with the sugar i are constant and fixed at standard values32 , 33. 

Likewise, the base is held fixed at its standard conformation32 ,33. To 

aid in' defining the nucleoside geometry with the smallest number of 

parameters, the hydrogen atoms attached to 05' and 03' (as well as 02' 

in ribose structures) are included implicitly in these calculations by a 

modification of the effective pOint charge of the oxygen atom to which 

they are attached. As it is to be expected that these terminal hydrogens 

will be fairly free to adopt a position which minimizes their van der 

Waals interaction with the remainder of the molecule, and that this 

contribution will be reasonably constant with nucleoside conformation, 

no corresponding modification of the van der Waals term for the attached 

oxygens is made. The remaining hydrogens are included explicitly in the 

energy calculations. 

The nucleoside can then be described by torsion angles r (05'-C5'-

C~'-C3'; defined relative to 0° at the fully eclipsed position) and 

X (O~ '-C1 '-N9-C~ for purines; 0~'-C1 '-N1-C2 for pyrimidines; defined 

relati ve to trans ... Oo; see figure I II"" 3 ), and the conformation of the 

sugar in the nucleoside structure. Since we can, using the method of the 

previous chapter 11 specify the sugar by P, the nucleoside is fully 

determined by three variables: r, X and P (figure 111-1). Allowing each 

of these variables to change independently, we can determine the energy 

of every conformation available to the nucleoside. In our calculations, 
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Figure 1II-3: Simplified views of the glycosidic torsion angle X. The 

bases are viewed down the N( base )~C1' bond, with a regular pentagon 

representing the sugar. Also noted are the three conformational ranges, 

anti, high-anti, and syn, defined in the text. Angles are in degrees. a) 

A purine base. X is defined as Q4'-C1 '-N9-C4 and is 0° in the trans 

(fully extended) conformation. The base is shown in the syn 

conformation. b) A pyrimidine base. X is defined as Q4'-C1 '-N1-C2 and 

is 0° in the trans conformation. The base is shown in the anti 

conformation. 
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Y and X are allowed to vary in increments of 6° from 0° to 360°, and P 

is varied in increments of approximately 4.5° over the same range. In 

the following, where not otherwise noted, the experimental data base 

used for comparison is the compilation of crystal structure data on 

nucleic acid constituents by de Leeuw ~ al 17 , which consists of 102 

relevant ribose and 23 relevant deoxyribose structures. 

Results 

P Versus X 

There are six significant local minima in the P-X plane which occur 

for most or all of the nucleosides considered here. These minima, 

hereafter denoted by letters A (as in A-form helices), B (as in B-form 

helices), C, 0, E and F, are indicated in figure III-4, which shows 

separately the overall resulting energy contour maps in this plane for 

purine and pyrimidine nucleosides. The overall purine and pyrimidine 

maps are generated by averaging the four similar-looking maps for the 

indi vidual purine and pyr imidine nucleosides, respecti vely, shown 

separately in figures 111-5 and 111-6. Figures 111-7 a and b are polar 

coordinate representations of the averaged maps of figure 111-4 which 

emphasize the direction and energetics of pseudorotation, and can be 

directly referenced to the sugar conformation wheel (figure 111-2). In 

the individual maps, important minima are marked by Roman numerals which 

sequentially indicate their relative depths, I being lowes t and V I 

highest. At each point of a map, the energy corresponding to the value 

of Y which gives a minimum at this point is plotted. Energies within -5 
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Figure 111~4: Energy contours in the P-x plane for an average purine and 

an average pyrimidine nucleoside. Angles are in degrees. Each point in 

the maps is calculated with r rotated to the angle giving the minimum 

energy at that point. The maps are contoured to 5.2 kcal/mole from their 

respect i ve global minima in increments of 0.4 kcal/mole, wi th all 

contours within 2.4 kcal/mole of the global minimum drawn with dashed 

lines for emphasis. Experimentally observed nucleoside and nucleotide 

conforma t ions 17 are i ndi cated on the plots by circles (r i bose 

structures) and squares (deoxyribose structures). The si x important 

minima in both maps are labeled by letters A-F starting in the bottom 

left corner and proceeding counterclockwise; see text and table 111-1 

for _ further discussion. 44 The common des i gnations of sugars with 

selected values of P are noted at the tops of the plots. a) Pur ine 

nucleoside; data for A, G, dA and dG nucleosides are averaged (see 

figure 111-5) b) Pyrimidine nucleoside; data for U, T, dC, dT averaged 

(see figure 111-6). 
I 
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Figure lII-5: Energy contours in the P-x plane for the four common 

purine nucleosides. Angles are in degrees. Each point in the maps is 

calculated with r rotated to the angle giving the minimum energy at that 

point. Each map is contoured to 5.2 kcal/mole from its global minimum in 

increments of 0.4 kcal/mole. In each map, major local minima are 

sequentially labeled wi th Roman numeral s from lowes t to hi ghes t. 

a) Adenosine; E-E i for l(pa-4,x"0)-0.0 kcal/mole; 11(191,24)=0.2; m n 

III(167,234)-0.5; IV(25,222)-0.8; V{344,114) .. 0.9; VI(111,138)=1.8; 

b) Deoxyadenosine; 1(195,18)=0.0; 1I(161,234)=0.4; lII(8,36)=O.8; 

IV(25,222)-1.4; V(163,132)-1.8; VI(335,156)-2.1; c) Guanosine; 

1(0,6)-0.0; 11(161,234)-0.0; 111(195,18) .. 0.2; IV(25,222)=0.3; 

V<339,120)-0.5; Vl(183,138)-1.6; d) Deoxyguanosine; I(161,228)=0.0; 

11(195,18)-0.3; 111(-4,6)-1.1; IV(25,222)-1.1; V(119,138)=1.1; 

vI(335,156)-1.8 

I 
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Fi gure I II-6: Energy contours in the P-x plane for the four common 

pyrimidine nucleosides. Angles are in degrees. Each point in the maps is 

calculated with Y rotated to the angle giving the minimum energy at that 

pOint. Each map is contoured to 5.2 kcal/mole from its global minimum in 

increments of 0.4 kcal/mole. In each map. major local minima are 

sequentially labeled with Roman numerals from lowes t to hi ghes t. 

a) Cytidine; E-E i for 1(P-16.X-18)=0.0 kcal/mole; II(183.24)=0.2; m n 

111(159.234)-1.3; 1V(25,90)-1.7; V(57,240)=2.2; VI(159,132)=3.6; 

b) Deoxycytidine; 1(187,18)-0.0; 1I(16,24)=1.0; 1II(159,228)=1.7; 

1V(35,78)-2.8; V(57,234)-2.9; V1(154,132) .. 3.8; c) Uridine; 

1(183,24)-0.0; 11(16,24)-0.0; 1II(159,234)-0.6; 1V(30,84)=1.4; 

V(48,234)-1.7; VI(163,138)-3.2; d) Deoxythymidine; I(183,24)=0.0; 

11(17,30)-1.0; 111(158,228)-1.2; 1V(50,234)-2.6; V(158,138)=3.4 
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Figure III-7: Polar coordinate representations of the averaged P-X 

energy contour plots, which emphasize the energetics of pseudorotational 

changes. For any point in the circle, P is defined as the angle between 

the vector to the point and the vector pointing vertically upward (to 

the point marked 0 on the circumference of the circle). X is defined by 

the magnitude of the radial vector from the center of the circle to the 

point in question; the center of the circle corresponds to x=-60 o and 

the circumference to x=300 o • By comparison with figure II1-2. the 

energies corresponding to different physical sugar conformations can be 

clearly deduced. All details regarding the energies contoured and the 

levels contoured are identical to those presented in the legend to 

figure I1I-4. a) Average purine nucleoside; b) Average pyrimidine 

nucleoside. 

I ' 
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kcal/mole of the global minimum are contoured which, according to the 

Boltzmann function, should enclose most attainable structures under 

normal conditions. For additional emphasis, in the averaged maps of 

figures III-4 and 1II-7 contour lines within 2.4 kcal/mole of the 

global minimum are dashed. 

The energetic relationship in a nucleoside between P and X while 

12 minimizing Y was also examined by $asisekharan in an earlier study . As 

has been noted, detailed energetic predictions obtained using the 

exper imen tall y inconsistent sugar modeling technique and incomplete 

semi-empirical energy force field (lacking, in particular, a gauche 

term) of the previous study do not agree with observation
14

• However, it 

will be shown (for the energy of pseudorotation) tha t the overall 

fea t ures of the energy profile are determined by the van der Waals 

interactions, which should be grossly similar in the previous two 

studies. Thus it is not suprising that the general qualitative 

appearances of the averaged P-x maps from the two calculations are quite 

similar. The relative energies represented in the maps differ, though, 

and unl ike those of the prev ious study, ours are consistent wi th 

experimental data, as discussed later. 

Experimentally Observed Conformations Agree Well wi th Predicted 

Energetics 

Also indicated in the average plots of figure III-4 are the 

17 exper imental nucleoside and nucleotide data , represented by filled 

circles (ribose structures) and filled squares (deoxyribose structures). 

The energy surfaces described by the maps are quite compatible with the 

experimental data. Only one point in the pyrimidine map does not fall 
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within the contours at -+5 kcal/mole from the global minimum, and only 

three points (2 in the purine map, 1 in the pyrimidine map) do not fall 

within 2.4 kcal/mole of the global minimum. The data distributions in 

the vicinities of A (C3'-endo. X anti=approximately between 0° and 80°) 

and 0 (C2'-endo, X syn-approximately between 200° and 280°) in figure 

111-4 are centered at or near the predicted minima. The centers of the 

distributions at B (C2'-endo, X anti) are somewhat offset, to higher X 

and slightly lower P, from the minima predicted. though the differences 

are not unreasonable. The consistency of these maps wi th available 

observations encourages their use in both the explaination and 

prediction of nucleoside behavior. 

x=Syn is Much More Favorable for Purines than for Pyrimidines 

It can clearly be seen that the conformational variability of the 

pyrimidines is much more limited than that of the purines. For both, the 

entire crystallographically unobserved region from P=2400 to P=3000 is 

energetically unfavorable. Likewise. the regions in these maps 

corresponding to the unobserved range in X, 280° to 330°. are for the 

most part energetically disallowed. As pointed out, obvious minima are 

seen for all nucleosides at the experimentally common C2'-endo and C3'

en do pseudorotation regions with X anti (A and B in the average plots). 

Interestingly, minima (0 and E) are also apparent at the syn 

conformation of X for both purines and pyrimidines. which is less common 

in the solid state 11. But while there is a syn minimum within 0.5 

kcal/mole of the global minimum for each purine nucleoside, the lowest 

syn minimum for each pyr imidine molecule is between 0.6 and 1.7 

kcal/mole higher than its global minimum. More importantly. there is no 
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-
reasonably low energy pathway for the anti-syn interconversion to follow 

for the pyrimidines, while there is for the purines. All of these 

predictions are consistent with crystallographic observations of X=syn 

conformations in purine, but not pyrimidine, nucleosides, and with NMR 

solution studies which indicate a much higher propensity for the syn 

state in purines than in pyrimidines34 • The C2'-endo x=syn conformation 

(D) is actually the global minimum in d-guanosine and is one of two 

global minima in r-guanosine (the other being C3' -endo anti). In all 

nucleosides, the C3'-endo x=syn conformation (E) is less favorable than 

the C2'-endo syn conformation. This agrees with the crystal data, where 

8 of the 10 nucleoside and nucleotide structures solved with x=syn are 

C2'-endo. The average local minima for the purine and pyrimidine bases, 

particularly at F, are somewhat different, as can be seen in table 111-

1. 

Distinct, Experimentally Uncommon Predicted Conformations 

Especially noteworthy is the appearance in each of the maps of a 

distinct local minimum centered on approximately p=160o (pyrimidines) or 

pa1800 (purines) and x·135° (high-anti) (C in the average plots). This 

12 minimum was also observed in the earlier P-X maps . Only one 

experimental nucleic acid constituent structure35 has so far been 

observed with a conformation close to this. This minimum is predicted to 

be relatively high in energy, however (+1.7 and 3.5 kcal/mole from the 

global minimum for purines and pyrimidines, respecti vely), so few 

experimental observations in this region would be expected. 

Conformations similar to that of this minimum have more frequently been 

observed in certain refinements of tRNA7,8. This is quite possibly the 
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Table III-1 

Average Local Minima Predicted for Purine and Pyrimidine Nucleosidesa,b 

PURINE PYRIMIDINE 
MINIMUMc P X Y P X Y 

A,: C3'-endo, anti 4 12 183 16 24 180 
B: C2'-endo, anti 194 20 180 184 22 180 
C: C2'-endo, high-anti 178 138 186 159 135 60 
D: C2'-endo, syn 167 232 180 159 231 180 
E: C3'-endo, syn 25 222 186 53 236 186 
F: C2'-exo/C3'-endo, high-anti 335 127 60 30 84 60 

Angles are in degrees. For most of these, the corresponding conformation 
with Y ~ 60 0 is also a minimum and is only slightly higher in energy 
(see text). 

a From the energy maps calculated in this study. 

bDifferences in the locations of these minima between ribose and 
deoxyribose structures are negligible. 

cThe letter designations given for the minima refer to the averaged 
maps in figure III-2. 
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result of a reasonable modification of the local P-X energy profile for 

some residues in this structure to a form where there is a broad minimum 

valley connecting the C2'-endo anti and high-anti local minima seen here 

for a single nucleoside. The 02'-exo/C3'-endo. X=high-anti minima (F in 

the average plots). also observationally rare. are much less distinct. 

In fact. it is probable that. even in nucleosides, under experimental 

conditions these regions become part of the valley belonging to minimum 

A (C3'-endo, X anti). 

The x=syn minima at both C3' and C2'-endo are lower in energy 

relative to the global minimum for deoxyguanosine than for 

deoxyadenosine. This may partially explain why the CG polynucleotide 

sequence is that most frequently found in the z-form36 • Normally, in z-

form. the purine base rotates to the unusual syn conformation from anti 

1 and its attached sugar converts to C3' -endo from C2' -endo . As was 

mentioned above. the syn conformation in pyrimidines is not completely 

prohibited. but there is no low energy pathway to it, and it lies at a 

much higher energy relati ve to the global minimum than does the 

equi valent conformation for purines. Certain NMR results have been 

interpreted as indicating the presence of this syn conformation for 

pyrimidines in SOluticn34.37.38. 

Linear Relationships Between P and X for Isolated Nucleosides Only for 

Limited Ranges of P 

These maps suggest possible localized linear relationships between 

P and X for small regions of pseudorotational space. namely -30 o<P<20o 

and 170 o<P<240o. with X in the anti conformation. These relationships 

are more clearly presented in figure III-8. for d-guanos ine and d-
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cyt i dine, where curves representing the minimum energy conformation 

val ues of X and '( are plot ted as a function of P. A similar linear 

correlation was noted for C2'-endo deoxyribose fragments in a 

compilation of experimental data39 . We do not see any clear basis in 

these maps for the linear relationship of P to X between C3'-endo and 

C2'-endo that has been proposed on the basis of several single crystal 

40 oligonucleotide structures The low value of a(E)/a(p,X) observed in 

the general linear region joining these conformations makes it 

plausible, however. that the energy surface could be modified to support 

such a correlation by structural elements. such as base stacking, not 

contributing to the nucleoside unit. Results presented in chapter five 

support this hypothesis. 

Ribose Versus Deoxyribose P-X Contour Maps: Few Specific Differences 

For the deoxyribose structures. the clear global minimum occurs in 

the C2'-endo region. while for the ribose structures (except uridine). 

the global minimum is in the C3'-endo region. and is energetically near 

the C2'-endo minima. This is consistent with crystal data17 which show 

that the C2'-endo conformation is favored for deoxyribose structures, 

but that the C3' and C2'~endo conformations are approximately equally 

favored in ribose structures (see below). There are few other major 

differences observed between the maps for the ribose and deoxyribose 

nucleosides. and none which rule out the possibility of z-form RNA. 

Apparently. if this conformation is much less favored by RNA than by 

DNA. it is for reasons not peculiar to the nucleoside unit (chapter V). 
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Figure III~8: The values of angles Y (dashed) and X (solid) which 

minimi ze the energies of the nucleosides at gi ven val ues 0 f P, as 

calculated in this study. Angles are in degrees and are defined in the 

text. a) Deoxyguanosine; b) Deoxycytidine 
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P Versus Y 

One result of the present calculations in apparent conflict with 

diffraction data is the prediction of the t (-180°) conformation about 

y to be the most stable for the local minima (table 1II-1). 

Experimentally, the g+ (-60°) rotomer is most prevalent. However, the 

energy differences between these two minima are onl y slight (0.1 -0.4 

kcal/mole). Additionally, as can be seen in figure 111-8, the g+ rotomer 

is favored here for much of the pseudorotational space between C3' and 

C2'-endo, though not at the local minima which occur near the extremes 

of this region. Thus, this observed difference may be due to a slight 

deficiency in the parameters for our energy function and/or to forces 

imposed by the environment of the nucleoside in the crystal. Similar 

ar guments apply to the observed preference of purine nucleosides for 

X .. syn between approximately P=200 and P=175° in these figures. 

Energy Differences Between Staggered Y Rotomers are Small 

Figure 111-9 shows contour maps of energy in the plane of P and Y 

for guanosine and cytidine. The remaining plots (not shown) are similar. 

Each paint of these plots is calculated wi th X rotated to the value 

resulting in the lowest energy for that point. Figure 111-10 displays an 

energy profile for rotation about Y while minimizing the remaining two 

degrees of freedom for guanosine and deoxyguanosine. The corresponding 

figures are similar for all nucleosides. As expected, the three rotomers 

generally favored for torsion angles on the basis of steric repulsion, 

g-, t and g+ are found to be lowest in energy here. The small 

differences in the t and g+ minima are clearly seen. Suprisingly, even 
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Figure III-9: Energy contours in the p ... y plane for two nucleosides. 

Angles are in degrees and are defined in the text. Each point in the 

maps is calculated with X rotated to the angle giving the minimum energy 

at that pOint. Each map is contoured to 5.2 kcal/mole from its global 

minimum in increments of 0.4 kcal/mole. In each map, major local minima 

are labeled with Roman numerals from lowest to highest. a) Guanosine; E-

E i for I(P .. O,Y .. 180)-0.0 kcal/mole; II(167,180)=0.0; III(4,54)=0.2j m n 

IV(167,294)-0.4; V(175,60)-0.4; VI(O,300)=0.5; b) Cytidine; 

I(16,180)"0.0; 11(183,180),,0.2; III(20,54)=0.3; IV(171,60)=O.4; 

V(12,294)aO.5; VI(183,300)-0.8 
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Figure 111-10: The energy profiles for rotation about torsion angle Y 

(in degrees) in guanosine (solid) and deoxyguanosine (dashed). The 

energy for each value of Y is calculated setting P and X to the values 

that result in the minimum energy for the given Y. Three minima are seen 

in both curves at the classical staggered positions: g+j tj g-. Note: 

The absolute energies reported here for different nucleosides are not 

relative to the same OJ to compare energies between nucleosides, energy 

differences, relative to the respective global minima for the 

nucleosides, should be considered (see text). 
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the relatively rare ~=g- conformation is apparently attainable, with the 

local minima corresponding to this value of Y within 1 kcal/mole of the 

global minimum t conformation. However, the energies of structures with 

Y~g- are found never to be the lowest for any value of P falling in the 

range of those observed experimentally (figure III~8). From these maps, 

it seems likely that changes in ~, at least in the nucleoside, occur at 

a constant value of P, probably around 0°, though a change in Y at 

P-1800 appears possible but hindered for purines. Interestingly, these 

maps indicate a transition g+ --) g- --) t for Y may be more facile than 

the more direct transition g+ ~-) t. 

1. 

The Syn-Anti Conversion Barrier is Low for Purines, High for Pyrimidines 

Figure 111-11 shows the energy profiles for rotation about X while 

minimizing the remaining two degrees of freedom. For the pyrimidines, 

the peak at around xa 300 0 is between 55 and 105 kcal/mole high (table 

III~2) and has been cropped in these figures to allow emphasis of more 

important features. Keep in mind that these energies represent 

summations of only those terms in the potential energy functions which 

are dependent on the structural elements which were varied in this 

study. Thus, the curve for each nucleoside is calculated using energies 

which are relative to a zero pOint specific to that nucleoside. The high 

barrier to anti-syn interconversion for pyrimidines, approximately 10~'6 

kcal/mole, is clearly seen, as is a third more shallow minimum at 

X .. , 35 0
• This minimum is negligible in purines because the anti-syn 

interconverslon barrier is much smaller « 2 kcal/mole). This low purine 



82 

Figure 111-11: The energy profiles for rotation about the glycosyl 

torsion angle X (in degrees) for the eight common nucleosides, as 

indicated in the figures. The energy for each value of X is calculated 

setting P and Y to the values that result in the minimum energy for the 

given x. The maxima at around P-300 o in (b) have been cropped in order 

to accentuate other features of the curves. These maxima are between 55 

and 105 kcal/mole. a) Purine bases; b) Pyrimidine bases. See note in 

legend to figure 111-10. 
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.. 
Table III-2 

Barriers to Interconversion along Various Pathways for Nucleosidesa 

BARRIER A G C U dA dG de dT 

n=e=s 3.6 3.2 3.5 3.2 2.9 2.9 2.9 2.9 
s-w=n 12.3 11.7 22.3 22.2 8.0 7.4 20.0 , 9.5 
anti=syn (through x=180 0

) 2.4 2.0 15.9 11.2 2.3 2.3 , 4.7 '0.7 
anti=syn (through x=300 0

) 6.9 8.9 81.4 55.9 8.8 11.5 , 04.4 71.5 

Values are In kcal/mole. 

a As calculated in this study. 
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barrier leads us- to the conclusion that anti-syn interconversion should 

occur rather freely for purine nucleosides at room temperature. The 

energy gradient with respect to X for pyrimidine ribonucleosides is 

smaller than that for the deoxyribonucleosides in the high anti region. 

This could lead to a greater conformational flexibility for X in 

pyrimidine ri bose structures. compared to deoxyr i bos e struct ures, 

especially for larger values of x. Lack of sufficient x-ray data in this 

region for nucleosides prevents definitive experimental confirmation at 

this time. The low barrier to syn-anti interconversion in purines is 

qualitatively in agreement with solution relaxation studies, as is the 

41 increased barrier to interconversion in C compared to U • 

The Pathway of Interconversion for X 

It seems unlikely, based on the results here, that glycosyl 

interconversion occurs through the range of X centered on about 300° 

(though for the purines, where the height of this barrier is 7-12 

kcal/mole, occasional intermediates in this region are not entirely 

precluded). Figure III-12a presents an alternative representation of the 

E versus X data for deoxyadenosine which emphasizes this finding. The 

uppermost position on the circle is defined as X=oo. The value of X (see 

figure III-3) corresponding to any other point on the circle is then 

defined as the angle between the radial vector to X=oo and the radial 

vector to the point in question, measured in a clockwise sense. At any 

position on the circle, the length of the spike directed outward from 

the circle is proportional to the energy at this value of x. Thus, an 

arc which is cocentric with the circle represents a path of constant 

energy. As is shown. a system with a sufficient total energy (2.4 
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Figure 111.-12: Conformational circles for X and P. The uppermost 

position on each circle is defined as 0°. The value corresponding to any 

other point on the circle is then defined as the angle (in degrees) 

between the radial vector to 0° and the radial vector to the point in 

question, measured in a clockwise sense. At any position on a circle, 

the length of the spike directed outward from the circle is proportional 

to the energy at this value of the circle variable (energies are 

calculated as described in the legends to figures 111-11 and I11~13). 

Thus, an arc which is cocentric with the circle represents a path of 

cons tant ener gy. Inwardly directed tick marks indicate the maj or 

calculated energy minima. a) X for deoxyadenosine. The three 

conformational ranges for this angle, defined in the text, are 

indicated. An iso-energy curve, at +2.4 kcal/mole from the global 

minimum, is drawn. As can be seen, anti-syn interconversion occurs along 

the pathway anti ~w) high-anti --) syn, rather than the more physically 

direct pathway anti --) syn; b) Phase angle of pseudorotation P for 

deoxyguanosine. An iso-energy curve, at +3.0 kcal/mole from the global 

minimum, is drawn. 1nterconversion between the common C3'-endo and C2'

endo conformations occurs through the e, rather than w, quadrant. 
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(a) 

(b) 
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kcal/mole) can proceed x=anti --) X=high-anti --) X=syn, but is 

energetically blocked from taking the more physically direct route 

Xaanti --) X=syn. 

Pseudorotational Energies 

Figure 111-13 presents plots of the conformational energies of the 

ribo- and deoxyribo- guanosine and cytidine nucleosides as a function of 

P. Each point on the curves is calculated using the values of X and Y 

gi ving the lowest energy for this value of P, and once agai n the 

reported energies for each nucleoside are relative to a zero pOint 

specific to that nucleoside. The curves for uridine and adenosine are 

similar to those for cytidine and guanosine, respectively. Also plotted 

are the individual contributions to the total energy as a function of P. 

The natural division of pseudorotational space into four equally sized 

regions, the relatively common n (north: -45°:ilP(45°; C3'-endo) and s 

(south: 135°:ilP(225°; C2'-endo) quadrants separated by the rare e (east: 

45°:ilP(135°) and w (west: 225°:ilP(315°) quadrants (figure 111-2)~ is noted 

at the top of each plot. 

Guanosine and Deoxyguanosine: 

1nterconversion Between C3'-Endo and C2'-Endo Takes Place Through the e 

Quadrant 

As can be seen, the total energy curves for guanosine and 

deoxyguanosine are very similar. The barriers to pseudorotation for the 

n --) e ... -) s pathway are 3.2 and 2.9 kcal/rnole, respectively (table 

1II-2). Pseudorotation through the high energy w region of P space 
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Figure 1II-13: The energy profiles for pseudorotation, as tracked by 

phase angle P (in degrees), for four common nucleosides. The energy for 

each value of P is calculated setting Y and X to the values that result 

in the minimum energy for the given P. For each plot, the curves 

representing the individual contributions to the total energy, as 

defined in the text, are also gi ven. At the top of each graph, the 

experimental data are represented by an upside-down histogram. The four 

quadrants of pseudorotational space n. s, e and ware noted for graph. 

a) Guanosine; b) Deoxyguanosine; c) Cytidine; d) Deoxycytidine. See note 

in legend to figure 111-10. 
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(barriers = 11.7~ 7~5 kcal/mole) seems, at least at a constant amplitude 

of puckering, rather unlikely but not impossible. This is shown in 

figure III-12b by a conformational circle, analagous to the circle drawn 

and described above for x. The actual conformational variations in the 

sugar corresponding to changes in P along the circle can be directly 

discerned by reference to figure III~2. The major difference between the 

guanosine and deoxyguanosine E versus P plots is a lowering, by an 

average of about 1 kcal/mole, of the energy of the s quadrant (and parts 

of e and w) relative to the n quadrant for the deoxyribose structure. 

Thi sis due almost entirely to the difference in the gauche energies 

(equation 1) between the two structures. As pOinted out 15 , the primary 

source of this difference is the lack of an 02' atom in the deoxyribose 

structures. 

The Nonbonded Contributions to Etotal 

The major determinant of the shape of the total energy profile, for 

each nucleosides, is the van der Waals non-bonded energy contribution. 

As previously observed'5, this energy is maximized at P=90o and P=270o. 

This results from a maximization of repulsi ve energy between the 

ecl i psed groups off C2' and C3' at both of these values of P, and 

additionally, at Pm 270o, close contacts between the base at C1' and the 

CH 20H group at C4' (figure III-2). The ribonucleosides have hydroxyl 

groups off both C2' and C3', and correspondingly the P=90o peak is 

higher for these than for the deoxyribose structures where the C3' 

hydroxyl is eclipsed by a C2' hydrogen at this maximum. This difference 

also exists at P=270o but is negUgi ble compared to the peak height. 

Interestingly, for the guanosine nucleosides, the C3'-endo minimum in 
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the van der Waals curve is slightly offset, by about 20° in P, from that 

for the total energy. The odd near-discontinui ties in this curve at 

P=200 and p=1800, which are also somewhat reflected in the total energy 

curve, are the result of abrupt changes in the preferred conformational 

range for the X torsion angle from anti to syn and from syn back to 

anti, respectively. The remaining abrupt changes observed for the energy 

profiles in these plots can similarly be related to large changes in 

either X or Y by comparison with figure 111-8. The appearance of these 

curves could be smoothed by increasing the sampling frequency of the 

independent variables. Consistent with previous observations 15 ,42, the 

coulombic non-bonded energy contribution is nearly constant, varying by 

less than about 0.3 kcal/mole throughout pseudorotation. 

The Bond Angle and Torsional Contributions to Etotal 

The bond, angle and torsion energies are mostly (with the exception 

of some Y and X dependence for Et i ) functions of the five membered ors on 

ring, which varies in an identical fashion with pseudorotation for all 

nucleosides here. Thus the Eangle and Ebond contributions are the same, 

and the E contributions are similar, for all eight nucleosides. torsion 

The endocyclic angle energy prefers the e and w puckering domains, owing 

to the fact that the endocyclic angles as a whole are closer to their 

ideal tetrahedral values at P-900 and 270° than at p=oo or 180°. 

Conversely, the endocyclic bond lengths are closer to their ideal values 

in the nand s domains. Thus the bond and angle energies, which are both 

essentially analytic functions of P here, almost completely cancel one 

another out. The torsion energy is greatest in the e and w domains, 

where the C-C bonds of the sugar, whose barriers to rotation are greater 
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than those of the C-O bonds, are maximally eclipsed overall. The 

additional large peak in the e region is a result of changes in the 

preferred value of the Y torsion angle from nearly pureg+ or trans to 

high g- (figure 111-8). 

Cytidine and Deoxycytidine: 

The Major Differences from Guanosine Curves are in Peak Heights 

The overall energy profiles for the cytidine molecules are similar 

to those for guanosine. The largest differences are in the peaks 

centered in the wand e regions, which are much higher here than for 

guanosine. The barriers to pseudorotation along the probable n --) e --) 

s pathway for the ribose and deoxyribose structures are 3.5 and 2.9 

kcal/mole, respectively, much lower than those along the s ~-> w --) n 

route (22.3 and 20.0 kcal/mole, respectively) (table III-2). The 

E h' Et i ,E I and Eb d curves are all very similar to the gauc e ors on ang e on 

corresponding curves for the guanosine nucleosides. The perturbations in 

these curves resulting from abrupt changes in the preferred 

conformational regions for X and Y appear at different values of P, in 

some cases, and the w sector peak in Et i ,due to deviations of Y ors on 

from pure g-, is larger. The van der Waals energy profile is somewhat 

smoother in the nand s regions for cytidine than for guanosine, and the 

C2' and C3' -endo minima in the total energy curves correspond here, 

unlike what was seen for guanosine, to the same values of P as these 

minima in the van der Waals curves. Again, the coulombic energy shows 

little variation with P, and is in fact almost completely flat 

throughout the n, e, and s quadrants for deoxycytidine. 
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Experimentally Comparable Quantities 

The above analysis shows that the nucleoside energetics presented 

here are in qualitative agreement with experiment. The most salient 

features of this agreement are: 1) The prediction of energy minima at 

the X=syn conformation for all eight nucleosides, with an apparently 

much greater chance of assuming this conformation in purine nucleosides; 

2) The prediction that the energies of the C2' -endo minima are lower 

relati ve to the C3' -endo minima in deoxyribose nucl eosi des than in 

ribose structures; 3) The prediction of three energy minima at the 

classical staggered values for the y torsion angle, with the 

experimentally rare g- conformation only preferred in the energetically 

unfavorable and experimentally unobserved w sector of pseudorotational 

space; and 4) The prediction that the barrier heights to interconversion 

(table II1-2) between the anti and syn orientations of X and between the , 

nand s domains of pseudorotation are large enough to effect hindered 

interconversion and suppress most intermediates between these 

conformations, but are small enough that such interconversion can occur 

on a rapid time scale. The pseudorotation barrier heights for the purine 

ribonucleosides are in reasonable agreement with the interpretive value 

of 4.7±O.5 obtained by Roder ~ al from 13C NMR relaxation studies20 . 

The w sector of pseudorotational space is essentially excluded by a very 

high energy barrier, consistent with the experimental lack of sugar 

conformations in this region. 

Calculation of Boltzmann Population Factors 

More quantitative comparisons are possible using statistical weight 
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analysis, as previously applied to this problem by Olson and 

14 15 Sussman ' • We may closely approximate the Boltzmann population 

factors, 0, for the four quadrants q of pseudorotational space (figure 

1II-2) and the three conformational ranges in X (anti.-40o~X<80o; high-

t-1200~Y<2400; g- .. 240o~Y<3600) by a summation over a finite set of. 

intervals in P, X and Y 

° (q, X range - I exp(-E(P,x,Y)/RT) 1 I exp(-E(P,x,Y)/RT) . (2) 
Y range) 

q OO~P<360o 

X range OO~x<360o 

Y range OO~Y<360o 

The population parameters calculated in this way can be compared to 

parameters determined by the distr i but ion of experimental crystal 

data 17 • Table 1II-3 lists the theoretical and experimental population 

factors. Explicit analysis of the various ranges in Y is not included 

here for clarity of presentation. Y-t is in general favored by a factor 

of 1 1/2 to 2 over g+ and by a factor of 2 to 3 1/2 over g~ for given 

ranges of P and x. 

Ribonucleoside Population Factors: Theory Versus Experiment 

As can be seen, agreement between the values is good, especially 

considering the relatively limited pool of experimental data (102 ribose 

structures, 23 deoxyribose structures). For the ribonucleosides, overall 

population factors reasonably approximate experimental observation, with 

equal populations of nand s quadrant structures predicted (on' 

0s·0.48). Broken into factors for purines and pyrimidines, we see that 

the theoretical values predict the observed increased favorableness of 
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Table III-3 

Population Factors for Nucleosidesa 

CALCULATEDb X-RAYc 

Nd 
° °e Os ° on °e Os ° n w w 

RIBO-PURINES 0.50 0.03 0.47 0.01 0.56 0.00 0.44 0.00 511 
X • ANTI 0.35 0.01 0.33 0.00 0.54 0.00 0.30 0.00 
X • HIGH-ANTI 0.12 0.00 0.05 0.01 0.00 0.00 0.02 0.00 
X • SYN 0.03 0.01 0.09 0.00 0.02 0.00 o. , 3 0.00 

RIBO-PYRIMIDINES 0.47 0.05 0.48 0.00 0.52 0.00 0.48 0.00 48 
X • ANTI 0.46 0.03 0.45 0.00 0.50 0.00 0.48 0.00 
X • HIGH-ANTI 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
X • SYN 0.00 0.01 0.03 0.00 0.02 0.00 0.00 0.00 

DEOXYRIBO-PURINES 0.15 0.06 0.79 0.00 0.14 0.14 0.71 0.00 7 
X • ANTI 0.11 0.04 0.59 0.00 0.00 0.14 0.43 0.00 
X • HIGH-ANTI 0.02 0.00 0.06 0.00 0.14 0.00 0.14 0.00 
X • SYN 0.01 0.02 0.14 0.00 0.00 0.00 0.14 0.00 

DEOXYRIBO-PYRIMIDINES 0.09 0.07 0.83 0.00 0.19 0.00 0.81 0.00 16 
X • ANTI 0.09 0.07 0.82 0.00 0.19 0.00 0.81 0.00 
X • HIGH-ANTI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
X • SYN 0.00 0.01 0.02 0.00 0.00 0.00 0.00 0.00 

ALL RIBO- 0.48 0.04 0.48 0.00 0.54 0.00 0.46 0.00 102 
X • ANTI 0.40 0.02 0.39 0.00 0.52 0.00 0.38 0.00 
X • HIGH-ANTI 0.07 0.00 0.03 0.00 0.00 0.00 0.01 0.00 
X • SYN 0.01 0.02 0.06 0.00 0.02 0.00 0.07 0.00 

ALL DEOXYRIBO- 0.12 0.07 0.81 0.00 0.17 0.04 0.77 0.00 23 
X • ANTI 0.10 0.06 0.71 0.00 0.13 0.04 0.70 0.00 
X • HIGH-ANTI 0.01 0.00 0.03 0.00 0.04 0.00 0.04 0.00 
X • SYN 0.01 0.01 0.07 0.00 0.00 0.00 0.04 0.00 

Sl1ght apparent inconsistencies among these values are due to rounding. 

a Various subdivisions of pseudorotation and X are defined in the text. 

b Based on the energy analysis here assuming a Boltzmann distribution. 

c Calculated from the data compIlation in [17]. 

d N equals the number of structures contributing to a particular set of 
x-ray values. 
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the s quadrant relative to the n quadrant in pyrimidines compared to 

purines. The contribution of X=syn conformers is predicted to be much 

larger in the s quadrant than the n quadrant, and much larger for 

purines than pyrimidines, in agreement with the experimental data. Of 

course, the experimental sample set, even for ribose structures, is 

small, and the values extracted from it. and hence any conclusions based 

on comparisons wi th them, are highly tentative. In this respect, the 

overall ribose population factor comparison is probably most meaningful, 

as it uses the factors extracted from the most data. 

Deoxyribonucleoside Population Factors: Theory Versus Experiment 

The small number of deoxyribose structures in the database make 

compar i sons of deoxypur ine and deoxypyr imidine population factors 

separately, or comparisons of factors divided up by X value, even less 

meaningful than the equivalent comparisons for the ribose molecules. 

Nevertheless, the overall population factor predictions for deoxyribose 

nucleosides are consistent with experiment. The s quadrant is heavily 

favored over the n quadrant in both the calculations here and in the 

experimental data base. Calculations and experiment also agree on the e 

sector, for which both yield a small but significant population factor 

(of 0.07, 0.04, respectively). This experimental population represents 

only one structure, however, and thus should be taken primarily to be 

indicative of the small experimental accessibility of this range. At any 

rate, in this respect our results (0 m 0.12, 0 • 0.07) agree better with 
n e 

experiment than those from the hi therto superior calculations of 

15 Olson • who predicted approximately equal populations in the nand e 

quadrants. This is likely a result of the fact that in those 
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calculations the base was modeled by NH2 and the CH20H group by CH
3

: 

Overall our calculations produce population factors which agree better 

with experimental populations, considering both deoxyribose and ribose 

. 14 15 structures, than any previous calculatIon ' • 

Boltzmann Averaged Endocyclic Bond Lengths: Consistent with Experiment 

We can also predict the average endocyclic bond lengths in the 

nucleosides, based on the Boltzmann weighting scheme. These can then be 

17 compared to the average x-ray endocyclic bond lengths • The average 

length of bond Li is approximately given by 

OO~P<3600 

OO~x<360o 
OO~Y<360o 

OO~P<3600 

OO~x<360o 
OO~Y<360o 

A standard deviation for bond Li can correspondingly be given by 

OOSP<360 0 
OO~x<360o 
OO~Y<360o 

L exp(-E(P,X,Y)/RT» 

OO~P<3600 

OO~x<360o 
OO~Y<360o 

( 4) 

Li (P) is calculated using the analytic functions presented in the 

1 1 previous chapter • The lengths and deviations so obtained are listed in 

table III-4. The parameters do not vary significantly with base or sugar 

type, so only one set, averaged over all eight nucleosides of this 

study, is reported. Especiall y considerin g the lar gel y geometr i ca 1 

method used to der i ve the length funct ion parameters used here, 

agreement between model and experiment is quite good. The largest 



Table III ... 4 

Average Bond Lengths in the Furanose Ring 

i BOND <Li> CALCULATEOa 
<Li> OBSERVEO b 

1 04'-C1 ' 1.414(0.010) 1.411(0.011) 
2 C1 '-C2' 1.524(0.003) 1.529(0.012) 
3 C2''-C3' 1.530(0.003) 1.527(0.012) 
4 C3'..,C4' 1.526(0.005) 1.526(0.011 ) 
5 C4'-04' 1. 438( O. 007) 1.449(0.010) 

Standard deviations are 1n parentheses. Lengths are in Angstroms. 

aBased on Boltzmann weighting of the analytically calculated lengths 
L1(P); see [11]. 

bCrystallograPhic average from [17]. 

99 
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disparity between the two sets of values is for the C4'-04' bond length, 

where the difference is only 0.011 A, comparable to its experimental 

standard deviation of 0.010 A. The remaining lengths differ by no more 

than 0.005 A between theory and experiment, each difference less than 

half of the associated experimental standard deviation for the bond. The 

well known difference in length between the 04'-Cl' and C4'-04' bonds, 

with the 04'-Cl' bond significantly shorter (0.2-0.3 A) 17, is reproduced 

here. 

Summary and Discussion 

The quick, one parameter, experimentally consistent model ing of 

sugar conformation made possi ble by the method presented in the 

11 preceeding chapter makes it feasible to examine the energetics of the 

entire conformational space available to any nucleoside, subj ec t to 

additional reasonable and relatively minor assumptions. Such examination 

has prov i ded a complete set of energy maps character i zi n g the 

conformations of the eight common nucleosides. These maps are quite 

consistent with experimental data, and provide rationalizations for the 

observed 5yn and anti conformational behavior of X, and C3' and C2'-endo 

conformational behavior of the sugar, in nucleosides. These maps also 

indicate the accessibility of several nucleoside conformers seldom 

observed in the solid state17 • such as those with x·135° or Y=g-, and 

may be of use with experimental solution data, where interpretation is 

often based on a model of available interconversion pathways and the 

relative favorableness of minima. 

We have also calculated several quantitative parameters from these 
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maps. The barrier to pseudorotation between C3'-endo and C2'-endo is, on 

the average, 3.4 kcal/mole in r ibonucleosides and 2.9 kcalimole in 

deoxyribonucleosides. Here, then, the barrier for the deoxyri bose 

structures is fairly close to the ribose value. Consequently, these 

14 calculations do not seem to support the hypothesis that the relative 

stiffnesses of the sugars is the major factor behind the differences in 

flexibility between DNA and RNA. Rather, they are consistent with the 

proposa1 16 that the low variability allowed for 0 (C5'-C4'-C3'-03') in 

the C3'-endo range (a range more favorable for ribose than for 

deoxyr i bose sugars) compared to that allowed in the C2' -endo region 

accounts for the differing flexibilities. These barriers are large 

enough to suppress intermediate conformations between C3'-endo and C2'-

endo, but still low enough to permit fairly rapid interconversion. This 

17-22 is consistent with experimental data , but it is contradictory to 

the work of Levitt and 42 Warshel , who predicted nearly free 

pseudorotation between these minima. The source of this difference 

probably lies with the potential function used by these authors, which 

leads to geometries inconsistent with experiment upon minimization14 ,15. 

An analysis of the populations of the n, e, s, and w quadrants of 

pseudorotational space and anti, high-anti and syn conformational ranges 

of X using the Boltzmann function, and comparison of these results to 

values based on diffraction data, supports the validity of the modeling 

method proposed here. The similar populations of nand s quadrant 

conformers observed in the sol i d state for ribose structures is 

predicted by the present calculations. Likewise, the high population of 

the s sector relati ve to the n sector observed for deoxyri bose 

nucleosides is reproduced by these calculations. Also consistent with 
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experiment, purine nucleosides are seen in this work to have a much 

hi gher propensity for X .. syn conformations than pyrimidines, and these 

are expected to occur primarily in the s quadrant. Other base 

dependenc i es for these population frequencies are proposed by the 

theoretical calculations but scarcity of experimental data prevents 

their validation. Probably owing to the greater complexity of the 

current model, the populations predicted here for deoxyr i bose 

nucleosides are in better agreement with experiment than those from the 

calculations of Olson 15, which are themselves fairly good. The 

predictions of other calculations, some with significantly different 

force fields, 1 4 are worse in this respect . In particular, the 

predictions of calculations with the force fields and inappropriate 

sugar modeling methods used in earlier examinations12 ,43 of the 

energetic relationship between P and X do not agree well with 

experiment. Using the Boltzmann factors as weights, we also calculated 

the predicted average endocyclic bond length for the sugars, which are 

in good agreement with experiment. Because these lengths are similar at 

both the C2' -endo and C3' ,...endo minima, we expect their observed 

variability, though not their variability with pseudorotation, to be 

very small. 

The correspondence of theory with observations for these 

calculations supports use of the sugar modeling technique central to 

11 this study and presented in the previous chapter • Also supported are 

the overall predicti ve qual! ties of this study, allowing reasona bI y 

confident use of its results in the interpretation and prediction of 

general experimental phenomena. In chapter fi ve, we report on the 

conformational energy mapping of larger nucleic acid fragments 
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CHAPTER IV 

Empirical Multiple Correlation Functions 

for Nucleic Acid Torsion Angles 

Synopsis 

107 

There are seven significantly variable torsion angles in each 

monomer unit of a polynucleotide. Because of this, it is computationally 

infeasible to consider the energetics of all conformations available to 

a nucleic acid without the use of simplifications. In this chapter, we 

develop functions suggested by and regression fit to crystallographic 

data which allow three of these torsion angles, a (03'-P-05'-C5'), 0 

(C5'-C~'-C3'-03') and E (C~'-C3'-03'-p), to be calculated as dependent 

variables of those remaining. Using these functions, the seven 

independent torsions are reduced to four, a reduction in complexi ty 

sufficient to allow an examination of the global conforma t i onal 

energetics of a nucleic acid for the remaining independent torsion 

angles. These functions are the first to quantitatively relate a 

dependent nucleic acid torsion angle to several different independent 

angles. In all three cases the data are fit reasonably well, and in one 

case, at the fit is exceptionally good, lending support for the 

suitability of the functions in conformational searches. 
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Introduction 

Still relatively little is known about the factors which determine 

the conformational behavior of nucleic acids. Although certain 

conformational preferences are empirically observed for these 

molecules', firm understandings of the forces behind these preferences 

and the pathways by which various forms interconvert have yet to be 

developed. To obtain this information, ideally we would like to examine 

the energy associated with every possible distinct nucleic acid 

conformation, Le. with every distinct set of possible values for the 

Significantly variable torsion angles. 

Such an undertaking is analagous to the well-known <p-1jJ torsion 

angle conformational survey for proteins2 , first reported in '963 by 

Ramachandran et al. 3 . Ramachandran and coworkers predicted the allowed 

and disallowed regions of protein conformational space by assuming that 

only two torsion angles in the protein backbone, denoted <p and 1jJ, had 

significant rotational freedom, and that all bond distances and angles 

remained approximately constant. The two torsion angles were allowed to 

vary independently, and a Simple steric repulsion factor was calculated 

for each combination, giving rise to a two-dimensional map outlining 

protein conformational freedom. Later these calculations were repeated 

using more sensitive and accurate energetic measures of the 

accessibilities of various conformations. These have been reviewed2 ,4,5. 

The success of these calculations in predicting and explaining 

experimental observations subsequently led researchers to attempt 

6-11 conformational mappings for nucleic acids . 

As for proteins, the structural complexity of nucleic acids 
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dictates that, to study their overall conformational energetics, we 

assume for them structures which are regular i.e. which are made up of 

relatively small and reasonable repeating structural units, each with a 

limi ted number of conformational variables. Unfortunately, while the 

conformation of a protein may be approximated by two backbone torsion 

angles, six torsion angles (el (03'-P-05'-C5'), 8 (P-05'-C5'-C4'), Y 

(05'-C5'-C4'-C3'), ( (C4'-C3'-03'-P), ~ (C3'-03'-P-05') and X (04'-C1'-

N9/N1-C8/C2» plus the geometry of a furanose sugar are necessary to 

reasonably specify the conformation of a nucleotide, the smallest 

possible repeating unit for a nucleic acid strand (figure IV-l). Using 

. 18 19 the method descibed and tested in the preceedlng two chaptes ' , the 

sugar conformation corresponding to any value of backbone torsion angle 

o (C5'-C4'-C3'-03') can be determined. Thus a total of seven independent 

variables are necessary to define one of these repeating units. If we 

allowed each of these variables to vary independently over the entire 

conformational range 0-360 0 in increments as large as 30 0 (except the 0 

torsion which is geometrically constrained to the approximate range 

700~o~1600), we would have to sample 127"108 distinct conformations, 

well beyond the computational capabilities now available. In contrast, a 

2 meager 12 -144 sample points are necessary for the equivalent protein 

map. And even greater numbers of sampling points are necessary if, as is 

indicated by z-form DNA molecules, we need to consider a dimer or higher 

20 order repeating unit . For these reasons of complexity, conformational 

survey studies of nucleic acids have been carried out by fixing most of 

the torsion angles at "preferred" conformations and then varying those 

6-17 remaining , though obviously this approach is not ideal. 

It is clear that further simplifications are necessary if we are to 
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Figure IV-1: Schematic view of a polynucleotide. The simplest repeating 

molecular uni t of the molecule--a nucleotide ... - i s outl ined, and the 

tors i on angl es whi ch determine the conformation are indicated. The 

adenine base, important to the work of chapter V, is also shown. The 

main chain torsion angles are defined as 

03' --- p 
a -,-,- 05' B -,-- C5' C4' 6 P'I-- C3' e: --- 03' -~- p ~,-- 05' . 

The glycosyl torsion angle X is defined as 04'-C1 '-N9~C4 for the adenine 

(purine) base. Angles are relative to 0° at the fully eclipsed 

conformation except X, which is relative to 0° at the trans 

conformation. A positive torsion angle indicates a clockwise rotation of 

the more distant bond. 
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attempt a comprehensive examination of the conformational energetics of 

nucleic acids. If empirical correlations can be elucidated between the 

conformation determining torsion angles in the oligonucleotide 

structures which have been solved, such simplification can be achieved I 
through a reduction in the number of independent variables. Our purpose 

in this study, then, is to develop such correlations, to be subsequently 

used in full space conformational energetic searches for nucleic acid 

fragments. 

The Approach 

The idea of correlations between the various flexible torsion 

21 . 22-28 
angles of a nucleic acid is not a new one • Earlier studles have 

noted empirical linear correlations t?etween certain pairs of torsion 

26 28-31 
angles. In A-form DNA' , angle pairs (ai' \), (1;i' a i + 1 ), (E i , 

Xi)' (ai' E: i)' and (0 i' Xi) are linearly related with correlation 

28 coefficients between 0.70 and 0.85 • For a less variant B-form DNA 

database23 , 24,28,32 , 1 inear correlation coefficients between 0.72 and 

0.87 are observed for angle pairs (1;i,E i ), (1;i' 8i + 1 ), (oi' Xi)' (E i , 

28 
8 i +,) and (oi' 1;i) • Qualitative linear correlations for angle pairs 

22 
(ai' Yi ), (1;i' 8i + 1), (\, Ei ) and (oi' Xi) have also been noted for 

the conformationally diverse torsion angles in yeast phenylalanine 

tRNA33. Unfortunately, considering the limited diversities of the 

databases from which they are derived, the DNA correlations ar e of 

questionable use in reducing the net number of torsional parameters. The 

RNA correlations are only crude to begin with, and are certainly suspect 

for such use (f igure IV-2). If we consider all the torsional data 
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together, including z-form DNA34- 37 (figure IV~2), it can be seen that 

there is no good overall linear correlation between any of these pairs 

of angles. 

Surely the data can be better fit by multiple, and not necessarily 

linear, correlation funct ions. Li t tIe effort has been appli ed to 

improving the fits through multiple correlations, though, because 

previous authors have in general sought physical significance for the 

empirically derived relationships between angles. For example, the (ai' 

Y i) and (6 i' r; i) correIa tions may be explained by the so-called 

"crankshaft" effect 22,38. whereby two torsion angles separated by an 

angle which is approximately trans can rotate in opposi te senses to 

maintain various structural properties, such as base stacking. Physical 

explainations have also been given for the other 

I ti 24,25,27,28,38 R IF' i d k 24 dId corre a ons • ecent y, ratln an co-wor ers eve ope 

an improved function relating 6 to X which did involve multiple 

correlation. The additional independent variables in their function, 

however, are artificial parameters such as base roll and sugar ring tilt 

relative to the helix axis, which are in some cases difficult to define 

and, at any rate, do not easily lend themselves to a conformational 

search of the type described above. Further, the function is still 

deri ved from only a small subset (B-form DNA) of the available 

crystallographic data, and so would be of questionable value in a 

general conformational search. 

Our approach to this problem differs from those of previous 

authors. Since the purpose of developing correlations in this case is to 

reduce computational complexity rather than for providing insight into 

structural behavior--insight that will be provided instead by the energy 
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Figure IV-2: Experimental data distribution plots for various pairs of 

torsion angles. Angles are in degrees. A linear correlation between each 

of these pairs of angles has been noted for some subset(s) of the data 

(see text). Circles and triangles represent data from DNA 

23 24 26 28 31 34-37 39 40 oligonucleotides ' , , " , and from tRNA , respecti vely. 

a) Yi versus a i ; b) a i + 1 versus 1;i; c) Xi versus £i; d) £i versus a i ; e) 

Xi versus 0i; f) £i versus 1;i; g) 8i +1 versus 1;i; h) 81+ 1 versus £1; i) 

1;i versus 0i; j) £i versus \ 
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searchs incorporating these correlations--we are not concerned at the 

outset with the direct physical meanings of our derived correlations. 

Hence, we have freely considered multiple correlations of one torsion 

angle with several others, the physical significance of which, if such 

an attribute were to be sought, could be extremely difficult to discern. 

Additionally, we have allowed non-linear functional forms in these 

correlations. Although they are useful for fitting experimental data, 

many of these forms do not readily lend themsel ves to physical 

interpretation. 

As noted, earlier correlation studies have reached their 

conclusions based on small subsets of the total oligonucleotide database 

available. This may have validity for simple structural analysis 

studies. However, we feel that, allowing for multiple correlations, most 

of the torsion angle data should be consistent with some general 

function. For example, it is expected tha t the general mul t i pI e 

correlations which accurately describe RNA are the same as those for 

DNA. The only atomic difference between DNA and RNA is the addition of a 

hydroxyl group at C2' in RNA (figure IV-1). The probable result of this 

sterically small difference is not to greatly alter the conformational 

var i abUi ties allowed to these structures, but rather to alter their 

conformational preferences, resulting in what appear to be different 

correlations when simple but incomplete single variable correlations are 

examined. Similarly, it seems likely that the different apparent single 

variable correlations for differing forms of DNA are in fact all 

manifestations of the same, more general but less apparent, multiple 

correlations. For this reason, we derived our correlations from a 

database consisting of the 
I 28 crystal structures of A-form (CCGG ; 
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CGTATACC and its 5-bromouracil containing analogue26 ; GGCCGGCC at both 

-8 and -18 degrees31 ), B-form (CGCGAATTCGCG23 and its 5-bromocytosine 

analOgues24 ,34), Z-form (CGCG34 ,35; CGCGCG crystalized with spermine and 

with spermidinej6 ,37) and non-helical (ATAT39 ) DNA oligonucleotides and 

phe 40 . of tRNA . To avoid end effects, torsion angles WhlCh were a part of 

the end residues in each structure were not included in the database. 

This left us with torsional data on 122 DNA and 74 RNA residues. 

To find the functional forms of the correla t ions, regress ion 

analysis was carried out on the database using the IMSL program package 

module RLEAP41. which uses a leaps and bounds algorithm42 to determine 

the form of the best regression relationshi p from alar ge set of 

specified possibilities. Our criterion for goodness of fit was the 

correlation coefficient R. Although we were not particularly concerned 

with deci pher ing the physical significance of our correlations, we 

wished to avoid the use of particularly contrived functional forms in 

them (ex, for example). This helped insure that although no physical 

explaination might easily be derived for these correlations, some such 

significance could exist. Thus, the forms we allowed were 6, sine 6), 

sin(26), sin(36), 6
1/2

, 62 , 63 , 64 , 161 and compounded sequences of 

these, i. e. (sin( 6))2, etc. Here 6 .. ( the independent torsion angle-¢). 

where ¢ is an optional translation factor. Specification of the 

translation factor is necessary because a best model search such as this 

varies only the linear coefficients relating the dependent and 

independent variables; if y-A f(x,B) + C f(x,D), coefficients A and C 

are varied while coefficients Band D will remain as input. We tried ¢ 

in 45° increments from 0° to 360° in our regression search, which 

reasonably insured that if a translation factor were necessary, we would 
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have tried one close to the actual value required. For dependent torsion 

angle 9i , torsion angles from the preceeding, same, and following 

residues were tested as independent variables. 

Because the storage and time requirements of program RLEAP for the 

number of independent variable combinations we wished to test far 

exceeded those available on our VAX 11/780 computer 43 , we were forced to 

consider various subsets of the independent variables separately. For 

each independent variable, a large number of such subsets were tested 

until a satisfactory correlation was obtained, or until we were 

sufficiently convinced that no such correlation would be found. To keep 

the observations to fit-coefficients ratio reasonably large, we limited 

the number of independent torsional terms in our correlations to four. 

In no case did we find a fifth term to appreciably improve a 

correlation. Once the forms of the best multiple correlation functions 

were found, these functions were fit to the experimental data using an 

44 efficient multi ple linear regression algorithm which, addi tionally, 

aided us in determining the best values for the translation factors ~, 

where appropriate. 

The procedure outlined eventually yielded three reasonably good 

correlations. In choosing these correlations we insured that they were 

we only used the better of these two correlations. Otherwise, in this 

case, the gain from making x3 a dependent variable in the former would 

be negated by the use of x3 as an independent variable in the latter. 

The three correlations 

( 1 ) 

I 
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(2) 

and 

( 3) 

are discussed below. 

The Correlations 

a 

By far the best correlation found was that which yielded a, This 

correlation is in fact suprisingly good. Regression analysis, carried 

out as described above, yielded a correlation of the form 

The coefficients and necessary definitions are gi ven in table IV-l. 

Table IV-1 also lists the partial F-test values F for each variable in 
X 

this expression. Essentially, F for a particular term measures the 
X 

\( calc_ obS) 2 for increase in the sum of squared residuals, L y i Y i 

regression fi t wi th a function if tha t term is removed from the 

function
44

. Thus, the largeness of this parameter is indicative of the 

relative importance of the associated term. The a-Y linear correlation 

22 24 26 28 has been noted before ' , , • and is in fact the most significant 

term in this expression. as measured by F . Less predictable are the 
X 

28 sinusoidal dependencies on r,; and E. In a study of only A-form DNA, 

1 inear correlations were observed between a and both of these torsion 



Table IV-1 

Empirical Multiple Regressions for Nucleic Acid Torsion Anglesa 

a 
Primary Correlation: 

a i - A sin(~i_1) + B Si + C Yi + 0 COS(E i ) + E 

Secondary Correlation: 

same as primary correlation with C • -0.47. E - 278. 

either -360<YSO or OSY<360c 

Primary Correlation: 

Secondary Correlation: 

0i - 0i (as for primary correlation) + 0.51 ~i -148. 

E 

Primary Correlation: 

E - A cos(~i'+138) + B (~'-200)2 + C (X'-108)2 + 0 Is' -116/ + E iiI 1+1 

If OSx1<180 then xi-Xi' ~i-~I' Si+1-'1+1 

If -180Sx1<0 then xi-mod(x1+179.360). ~i-mod(~1+251.360). 

Si+1-mod(SI+1+272.360) 

Secondary Correlation: 

c El - El (as for prImary correlation) ± mOd(2.86x i +37 4 .• 180) 

Independent Ab B C 0 
Angle F F F F 

X X X X 
a -49.(2) -0.86(4) -1.03(2) -29.(3) 

688 426 2133 93 

6 0.34(3) -24.(2) 44.(2) 0.39(4) 
158 222 542 119 

£ -137.(6) -0.0132(6) 0.0051 (3) -0.65(5) 
448 473 220 150 

122 

E 
F 

X 

433.(8) 

22. (7) 

360. (7) 
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Table IV-1 (Continued) 

All angles are in degrees. Standard errors for the coefficients are in 
parentheses. 

aThe main chain torsion angles are defined as 

03' --- P -~- 05' ~~- C5' -!- C4' -~- C3' 03' -~- P --- 05' . 

The glycosyl torsion angle X is defined as 04'-C1 '-N1-C2 for 
pyrimidines and 04'~C1 '~N9-C4 for purines. See figure 1. Angles are 
relative to 0° at the fully eclipsed conformation except X. which is 
relative to 00 at the trans conformation. A positive torsion angle 
indicates a clockwise rotation of the more distant bond. All angles 
except X are to be converted to the range 00~angle<3600 unless 
otherwise noted. X should be converted to the range -1800~x<1800. 

bF • the partial F-test value. reflects the decrease in the sum of 
r~siduals for a regression fit upon introduction of the term in 
question into the fitting function [44J. A larger value indicates a 
greater relative importance for a term in a function. 

cThere is a two-fold indeterminancy associated with this secondary 
correlation. See text. 
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angles. This is not as suprising, however, when one considers that the 

sinusoidal functions are nearly linear over certain limited ranges, and 

that the relatively small database from which the linear correlations 

were obtained was itself limited in range. As can be seen in figure IV-

2, though, neither of the sinusoidal functions is as predictable as the 

linear relationship between a and Y. The linear dependency of a on B is 

consistent with the small correlation between these angles observed in 

the A-form DNA analysis. 

Interestingly, when a plot of all t d versus a b d was made ca cu a e 0 serve 

using this function, it was obvious that certain residues did not fit 

the correlation (figure IV-3a). Moreover, it appeared that these 

residues systematically differed (in a sort of N shaped pattern) from 

the optimal 1:1 line. Upon further examination, it was discovered that 

these "odd" residues, all of which belong to tRNA (primarily the loop 

regions), could be fit by an alternative correlation function which 

differed from the primary function only in the coefficients of the Y and 

constant terms, C and E (table IV-1). No additional terms are needed. 

Unfortunately there is a two-fold indeterminacy in this alternati ve 

correlation; in some cases Y in the range -360o<y~oo must be used, and 

in some cases Y in the range OO~Y<360o is used. An analysis of such 

information as base type, base stacking, other torsion angles, etc. for 

these residues did not yield a systematic difference between residues 

requiring Y values in the different ranges. 

In all, 23 tRNA residues are more closely fi t by the secondary 

correlation. Importantly, all but one of these are residues which are 

unstacked with the preceeding and/or following base in the chain45 . 

Final coefficients for the primary correlation were subsequently re-
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Figure IV-3: The value of torsion angle a calculated using the functions 

derived in this paper plotted against the observed values of this angle 

23 24 26 28 31 34-for a database of DNA oligonucleotides and tRNA • • • • • 

37,39,40 Angles are in degrees. See text for further details. The 

greater the accuracy of the functions, the closer the points will fall 

to the a 1 I t d-a b d lines included in these plots. a) Using ca cu a e 0 serve 

only the primary correlation function (table IV-l). Circles represent 

DNA. Triangles represent tRNA residues which are base stacked both above 

45 and below . Squares represent tRNA residues unstacked wi th the 

preceeding and/or following base in the chain. b) Using the secondary 

correlation function (table IV~l) on those tRNA residues for which the 

fit of all t d to a b d is improved. Circles represent DNA. ca cu a e 0 serve 

Triangles represent tRNA residues for which the primary correlation is 

used. Squares represent tRNA residues for which the secondary 

correlation is used. 
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derived for a database from which these 23 residues were removed. Table 

IV-2 lists rms residuals and table IV-3 the correlation coefficients for 

various sets of data fit by the a correlation. The overall correlation 

coefficient for the 173 residues best fit by the primary correlation is 

0.985 and the rms deviation between observed and calculated values using 

this correlation is a very low 12.0°, less than the probable error in 

much of the experimental data. The corresponding values for the 21 

residues fit by the secondary correlation (i.e. excluding residues 17 to 

47; see below) are 0.977 and 19.5°. As the fit is so good in this case, 

it seems that the secondary correlation observed here may indeed have a 

physical basis, though the nature of this basis is necessarily clouded 

by the complexity of the correlation. Thus, for each of the remaining 

correlation determinations, we removed these 23 bases from the database 

until a correlation had been found. 

Figure IV-3b shows all t d versus a b d for all the data, ca cu a e 0 serve 

using the alternative correlation on those tRNA residues whose fit it 

improves. Perhaps the most exciting observation related to this plot is 

that only two residues are not well fit by either the primary or 

secondary correlation: tRNA residues 17 and 47. It is now believed that 

cleavage of the backbone may have occurred between the phosphate and 

ribose at residue 17 in the tRNA molecule whose structure was solved, 

resulting in a discontinuity at this pOint 33 . This being the case, it 

would be expected that if the correlations derived here have some true 

predictive value, and are not just fortuitous fits to the limited 

experimental data, the torsion angles near the cleavage would likely not 

fit them. This is what is seen. While there is no clear reason for the 

lack of correlation at residue 47, the thermal parameters for the ribose 
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Table IV-2 

RMS Residuals for Angle Functions 

RNA(1o)a RNA(2o)a DNAb OVERALL(1o)a 

(l 10.6 32.0(19.5)c 12.5 12.0 
51 23 (21 ) 122 173 

6 6.6 10.4 8.4 7.9 
101 38 35 139 

6e 10.5 8.9 8.4 9.2 

e: 

a 

58 15 101 159 

14.6 29.5(19.8)d 9.6 11.6 
53 20 (18 ) 101 154 

Values are in degrees. For each angle, the first line gives the rms 
residuals, the second line gives the number of values contributing to a 
particular entry. The total number of values for 0 and e: differ 
from those for (l due to the dependencies of 0i and e:. on torsion angles 
in the following residue. Except where noted, the se60ndary correlation 
function is used for all tRNA angles for which it lowers the residual. 
Calculated for a database-or-DNA oligonucleotides and tRNA [23,24,26, 
28,31,34-37,39,40J. 

1° and 2° denote the primary and secondary correlation functions 
for a particular angle, as given in table IV-1 and described in text. 

bAlternative correlations not used for DNA data. 

c Values in parentheses are calculated without poorly fit (l17 and (l47' 
See text. 

d 
Values in parentheses are calculated without poorly fit £16 and £60' 
See text. 

eUsing the secondary correlation only for those angles where its use 
improves the fit 6=16 1 -6 b 1 by more than 40%, i.e. ca cos 

100[(6(1 °)-6(2°) ]/6(P»40. 
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Table IV-3 

Correlation Coefficients for Angle Functions 

RNA(lo)a RNA(2o)a DNAb OVERALL(lo)a 

a 0.990 0.931(0.917)c 0.982 0.985 
51 23 (21 ) 122 113 

0 0.959 0.91 1 0.946 0.952 
101 38 35 139 

oe 0._925 0.931 0.946 0.931 

a 

b 

c 

d 

58 15 101 159 

0.811 0.614(0.184)d 0.946 0.925 
53 20 ( 1 8 ) 101 154 

For each angle, the first line gives the correlation coefficients, the 
second line gives the number of values contributing to a particular 
entry. The total number of values for 0 and £ differ from those for a 
due to the dependencies of o. and £i on torsion angles in the following 
residue. Except where noted,lthe secondary correlation function is used 
for all tRNA angles for which it lowers the residual. Calculated for 
a database-Qf DNA oligonucleotides and tRNA [23,24,26,28,31,34-31,39, 
40J. 

1° and 2° denote the primary and secondary correlation functions 
for a particular angle, as given in table IV-1 and described in text. 

Alternative correlations not used for DNA data. 

Values in parentheses are calculated without poorly fit a11 and a47 • 
See text. 

Values in parentheses are calculated without poorly fit £16 and £60. 
See text. 

eUsing the secondary correlation only for those angles where its use 
improves the fit 6=10 1 -0 b 1 by more than 40%, i.e. ca cos 

100[ (6( 1 °)-6(2°) ]/6( 1 0»40. 
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and base atoms of this residue in the tRNA crystal structl)re 

determination are much higher than those for the other residues in this 

part of the molecule33 • This is indicative of poorly defined electron 

density and thus, perhaps, poorly defined torsional parameters for this 

residue. 

Though not as good as the a torsion function, the 0 function fits 

the data reasonably well. Regression analysis indicated the form 

(table IV-1). Considering A-form DNA, B-form DNA and tRNA structures 

separately, previous authors have observed a significant linear 

correlation between 0i and x
i
22 ,24,26,28. As seen (figure IV-2e), such 

correlation is even suggested when the entire database used here is 

considered, although the overall correlation is only fair and some of 

the data, notably from Z-form DNA, fall far from the line. Thus, it is 

suprising that the term relating 0i to Xi obtained in this study is 

sinusoidal, a form certainly ~ indicated by the o-X plot. The 

correlation between 0 and X, though of different functional form, is 

however the most significant, based on partial F-test values. Likewise, 

although linear correlation between 0i and ~i has been noted for B-form 

DNA (attributable to a "crankshaft" effect through the predominantly 

24 trans E torsion) , a sinusoidal dependence is obtained for the function 

here. The significance of the remaining terms is unclear. Li ttle 

correlation between 6 either E or B has been noted in previous studies. 

Once again, an alternate correlation was indicated for some tRNA 
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residues~ Figure IV~4a is a plot of Qca1cu1ated versus 00bserved using 

the primary correlation. As can be seen, all of the RNA residues which 

fall significantly away from 0ca1cu1ated=oobserved line are unstacked 

wi th the preceeding and/or following residue 45. Further analysis 

revealed that these "odd" bases could be fit with a function differing 

from the primary correlation by the addi tion of a term (F~.) and a 
1 

modification of the constant term E (table IV-1 and figure IV-4b). 

As table IV-2 shows, for the 15 correlation there are a significant 

number of torsion angles which are only slightly better fi t by the 

secondary correlation. When only the 15 residues where this difference 

is greater than 40% are fit by the secondary correlation, the overall 

rms val ue for the primary correlation is still only 9.2°. The rms 

residual for the 15 residues fit by the secondary correlation is a low 

8.9°. Table IV-3 gi ves various correlation coefficients for these 

functions. While not quite as high as those for the a correlations, the 

coefficients here (r .. O.937 for both the primary and secondary 

correlations, using the 40% criterion) are still fairly good. 

e: 

The e: correlation function was the most difficult to elucidate. It 

turned out that the translation factors ~ essentially depended on the 

gross orientation of the base, as measured by the glycosyl torsion angle 

x. Specifically, 

+ E ( 6) 
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Figure IV-4: The value of torsion angle 0 calculated using the functions 

derived in this paper plotted against the observed values of this angle. 

See legend to figure IV-3. For (a), a square at (129°, 214°) is not 

shown in order to emphasize the important details of the plot. 
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1;'=1; 
i i 

61+,"'6 i +1 

and if -1800~Xi<00 then 

xi-mod(Xi+179°,3600) 

l;i-mod(l;i+251 °,360°) 

6i+1=mod(6 i +1+272°,3600). 

'34 

(6a) 

(6b) 

(6c) 

(6d) 

(6e) 

( 6f) 

The coefficients for this function are gi ven in table IV-l and 

Ecalculated 

consi dera bl e 

versus 

work, 

E b d is plotted in figure IV-5. o serve After 

we observed that the experimental data were 

reasonably well fit by equation 6 when 00~x<1800, but not when 

-1800~x<00. We reasoned that, to a first crude approximation, the base 

can be considered as a featureless plane with a two-fold rotational axis 

of symmetry about the glycosyl bond. This being the case, X=6 and 

X-6+1800 could, for the same correlation, lead to approximately the same 

value of the dependent angle, here E. This led to the idea of using the 

modulus functions for negative X values. More experimentation eventually 

led us to modulus functions for I; and B as well, and thus to the final 

functional representation presented here. 

The quadratic and sinusoidal dependencies of E. on 1;. seen here 
1 1 

differ from the the previously noted linear dependence for B-form DNA 

24 28 oligonucleotides' • The quadratic form, however, is reasonably 

predictable from the total database E versus I; plot (figure IV-2f). A 

linear correlation between E and X shows up in the analysis of A-form 

DNA 28 . The quadratic form obtained here is suggested by the total 

database E-X distribution (figure IV-2c), though an alternative visual 
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Figure IV~5: The value of torsion angle £ calculated using the functions 

derived in this paper plotted against the observed values of this angle. 

See legend to figure IV-3. 
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interpretation of the data might lead to two lines at about ±45° to the 

£ axis intersecting at the point (£=160°, X=45°). Clearly, the modulus 

functions act to shift the points at X",-100 o to X=800, where they would 

fall approximately along the upper half of the parabola if it wer e 

plotted. The linear dependence of £ on B is observed for A and B-form 

24 28 DNA and for the total database (figure IV-2h) , ,though when all data 

is considered the scatter of pOints from" this line is considerable. 

Interestingly, partial F-test values indicate the 1; terms to be most 

significant, while the £-X and £-B correlations are more plainly 

indicated by plots of the data. 

Just as for the previous two correlations, an alternative 

functional form was necessary to fit certain partially (or completely) 

unstacked tRNA residues 45 (figure IV-5a). Here the correction factor is 

of the form ±mod(Fxi+374°,1800). As for the a correlation, there are two 

possible choices for this correction factor (+ or -), and which one to 

use in a particular case is not clearly related to variables such as 

base type, base stacking, or other torsion angles. The rms residual 

values for this correlation (table IV-2) are fairly low. The residual 

equals 11.6° for the primary correlation, and 19.8° for the secondary 

correlation excluding poorly fit residues 16 and 60, values comparable 

to those for the a correlation. Because the observed experimental 

variation of this angle is smaller, however, the correlation 

coefficients here, while reasonable, are not as good as those for a: 

0.925 and 0.784 for the primary and secondary correlation, respectively 

(table IV-3). 

In figure IV-5b e: I ltd vesus £ b d is plotted, where the ca cu a e 0 serve 

al ternate correlation has been used at those tRNA residues where it 
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improves the fit. Only two torsion angles do not reasonably fit either 

correlation. Curiously, one of these belongs to residue 16. If, as 

previously discussed, a break in the backbone occurs between the 

phosphate group and ribose of residue 17, it is probable that this 

torsion would fail to be well fit by the correlation, since it is 

calculated using angle 617 • 

Summary/Conclusions 

The purpose of this study was to elucidate good, empirically fit, 

independent functions correlating the torsion angles of nucleic acids. 

Such functions were found for a, 0 and E. Since these correlations are 

to be used to reduce the complexity of conformational sampling studies 

and not to directly explain structural behavior, we were not concerned 

with constructing functions with easily interpretable physical 

significance. As a result, these functions are sufficiently complicated 

to dissuade such analysis and indeed contain terms, such as quadratics, 

whi ch woul d 1 i kely be simply approximations to the exact (probabl y 

complex multi-term) correlation functions, if such functions coul d be 

obtained. 

On the other hand, one of these correlations, that for a, is 

strikingly good. With just five fitted coefficients, the primary a 

correlation function predicts the values of all the DNA torsion angles 

and all but 23 of the (primarily loop region) tRNA torsion angles in the 

database with a root mean square error of only 12.0°, on the order of 

the experimental error in these torsion values. An alternate correlation 

clearly exists for the torsion angles of 21 of these 23 remaining (at 
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least partially unstacked45 ) residues, which merely requires that two of 

the coefficients in the correlation function be modified. Oddly, though, 

there is some ambiguity for this secondary correlation in that for some 

residues Y in the range OO~Y<360o must be used while for the rest Y in 

the range -360o<y~oo is used. There is no clear a priori method for 

determining which Y range should be used for a residue where the 

alternative correlation is followed. Most interestingly, one of the two 

(out of 196) torsion angles not fit by either correlation belongs to 

tRNA residue 17, which is a proposed sight of chain breakage 33 and so, 

if this is correct, would not be expected to follow these correlations. 

The other torsion angle belongs to tRNA residue 47, which in 

crystallographic refinement has by far the highest ribose and base 

thermal parameters, and hence possibly the most ill-defined torsion 

angles, of any residue in this region of the mOlecule33 . 

Similarly, in the cases of dependent variables 0 and £, alternate 

correlations are necessary for the torsion angles of certain tRNA 

residues. As for a, those angles which are fit significantly better by 

the al ternati ve correlations belong to residues with bases which are 

unstacked below and/or above 44. This is important for two reasons. 

First, it indicates the general validity of our initial assumption that 

the various forms of DNA and RNA follow the same general correlations, 

though ~ of those residues which have little helical character follow 

somewhat different but distinct correlations. Second, since only those 

residues which are not base stacked with the residues above and below 

them in the RNA sequence make up the set whose torsion angles are not 

reasonably fit by the primary correlations, these primary correlations 

can confidently be used in any study which attempts to examine the 
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conformations of polynucleotides. This is because those residues which 

are not fit by these primary correlations--which nearly all belong to 

the tRNA loop regions--are not expected to generate sterically sound 

polynucleotides if repeated. But, as originally pOinted out, we must 

assume regular repeating structures in conformational studies for 

practical reasons. This is not to say that these correlations do not 

predict non-repeating conformations. They do explain some of the loop 

region residue conformations and probably will predict other such, as 

yet unobserved, conformations as well. It just means that for studies 

which emphasize regular conformation, the secondary correlations are of 

minor importance. Some of the most intriging questions about nucleic 

acid conformation, such as how the various known forms of DNA (all of 

which are consistent with these primary correlations) interconvert and 

what other regular conformations are possible, may be addressed by such 

studies. 

In the next 46 chapter we report on full space conformational 

energetic studies of regular nuclei c acid tetramers wi th monomer 

repeating units, utilizing the correlation functions developed here. The 

results of these studies provide support for the computational validity 

of the correlations. 
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CHAPTER V 

The Conformational Energetics of Oligonucleotides: 

d(ApApApA) and ApApApA 

Synopsis 

.145 

Utilizing the new method for modeling furanose pseudorotation and 

the empirical multiple correlations between nucleic acid torsion angles 

derived in chapters two and four. we have made a thorough examination of 

the conformational spaces available to two nucleic acid 

oligonucleotides: d(ApApApA) and ApApApA. This is the first time such 

complete examinations of the conformational energetics of nucleic acids 

have been performed. The energies are calculated using a semi-empirical 

potential function. From the resulting body of data. energy contour map 

pairs (one for the DNA molecule. one for the RNA structure) have been 

created for each of the 21 possible torsion angle pairs in a nucleotide 

repeating unit. No nucleic acid maps have ever before been reported for 

15 of these 21 pairs. These contour plots are different from those made 

earlier in that for each pOint in a particular angle-angle plot, the 

remaining variable torsion angles are rotated to the values which give a 

minimum energy at this pOint. The contour maps are overall quite 

consistent wi th the exper imental distr i but ion of oligonucleotide da ta 

and in some cases explain this data exceptionally well. A number of 

these maps are of particular interest: 6 (C5'-C4'-C3'-03')""'x (04'-Cl'

N9-C4), where for the first tim~ the energetic basis for a linear 6-X 
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correlation can be seen; I; (C3'~03'~P~05')-O, in which the 

experimentally observed linear correlation between I; and 0 in RNA is 

clearly predicted; I;-e; (C4' -C3' -03' -P), which shows that e: increases 

with decreasing 1;<260°; a (03'-P-05'''''C5')-'Y (05'-C5'''''C4'-C3') where a 

clear linear correlation between these angles is also apparent, 

consistent with experiment; and several others. Where earlier maps exist 

for comparison, ours generally appear to describe more accurately and 

precisely the experimental distribution of data. For the DNA molecule 

studied here, the sugar torsion 0 is predicted to be the most flexible, 

while for the RNA molecule, the greatest flexi bili ty is expected to 

reside in a and 'Y. Both the DNA and RNA molecules are predicted to be 

highly polymorphic. Complete energy minimization has been performed on 

each of the minima found in the energy searches and the results further 

support this prediction. Possi ble pathways for B-form to A-form DNA 

interconversion suggested by the results of this study are discussed. 

The success of these calculations supports use of the new sugar modeling 

technique and torsion angle correlations in future conformational 

studies of nucleic acids. 
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Introduction 

Nucleic acid conformation is believed to have important 

consequences for gene regulation, drug action and other cell 

1 2 processes ' • In the past few years the crystal structures of a number 

3-11 of oligonucleotides have been solved at atomic resolution , and these 

structures clearly demonstrate the large conformational flexibility 

available to nucleic acids. This flexibility is primarily exhibited by 

certain torsion angles of these molecules. The forces which dictate the 

conformational behaviors of nucleic acids are still not well understood, 

however, despite considerable effort to elucidate these forces using 

both classical 12- 30 and quantum mechanica131~37 techniques. As described 

in the previous chapter38 , the major obstacle to obtaining such insight 

is the structural complexity of a nucleic acid, which has precluded a 

thorough examination of the conformational space available to any of 

these molecules. For this reason, earlier studies have without exception 

chosen to examine the energetic dependencies of various pairs of nucleic 

acid backbone torsion angles (generally using angle-angle energy contour 

maps) while keeping the remaining torsion angles fixed at arbitrarily 

chosen values. It has been noted that the maps so derived are crucially 

dependent on the values chosen for the fixed angles 23 •26 ,27,39. Since 

3-11 some of these angles are in fact observed to vary considerably , no 

one map accurately presents the form of an angle-angle dependency for 

all possible nucleic acid conformations. 

The purpose of the first section of this thesis (chapters two 

through five) is to develop and implement techniques which allow us to 
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completely examine the conformational spaces available to nucleic acids 

and their constituents. In chapter two40 • we described a fast, simple, 

·and experimentally consistent technique for varying the conformation of 

the furanose ring. We subsequently utilized this technique to thoroughly 

41 examine the conformational energetics of nucleosides ,molecules small 

enough that all important degrees of conformational freedom can be 

independently varied. In the preceeding chapter38 we then developed 

multiple correlations, from experimental data, which reduce the number 

of independent torsion angles necessary to specify the conformation of a 

nucleotide from seven to four. As noted there, these correlations make 

feas i ble a comprehens i ve exami na t ion of the conformational spaces 

available to larger and more complex nucleic acid molecules. Here such 

analysis will be carried out for some tetranucleoside triphosphates. The 

results of this work--the first thorough examination of conformational 

energetics for nucleic acids~-are very promising, and appear to be an 

important step towards understanding the conformational behavior s of 

these molecules. 

Methods 

A schematic view of a nucleic acid, with the nomenclature used in 

this study, is shown in figure IV-l of the last chapter. All torsion 

angles are positive for clockwise rotation of the more distant bond, and 

all are taken to be 0° at the fully eclipsed position except X, which is 

0° in the trans (fully extended) position. Two single-stranded 

tetranucleoside triphosphates, d(ApApApA) (or dA 4) and ApApApA (or rA 4), 

are examined. These structures have been chosen as the smallest 
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oligonucleotides which: 1) Include all nonbonded interact ions (i. e. 

bases which are stacked both above and below); and 2) Are long enough to 

differentiate between conformations which can be extended to more 

resi dues, without s ter i c clashes, and conformations resulting in 

structures which will Simply fold back on themselves if extended. For 

computational simplicity, here we consider only regular structures (all 

repeating units having the same conformation) with the repeating unit 

being a mononucleotide. For the same reason, the hydrogen atoms 

belonging to hydroxyl groups are treated implicitly by a modification of 

the charge parameters of the attached oxygen atoms, as discussed 

earlier26 ,41. All other atoms, including hydrogen atoms, are included 

explici tly. 

Making the standard and reasonable assumption that all bond lengths 

and angles not dependent on the sugar conformation are fixed, we may 

then specify the conformation of each nucleic acid structure by six 

torsion angles, a (03'-P-05'''C5'), B (P-05''''C5'-C4'), Y (05'-C5'-C4'-

C3'), e: (C4'-C3'-03'-P), I; (C3'.-03'-P"'05') and X (04'-C1'-N9-C4), and 

the sugar conformation. The sugar conformation is in fact directly 

related to torsion angle 0 (C5'-C4'-C3'-03,)42, so that a total of seven 

torsion angles may be used to specify the structure. In the previous 

chapter 38 , we derived correlations which allow three of these torsion 

angles (a, 0 and e:) to be calculated from the other four (l;, B, Y and 

X). Thus, using these correlations, only the four independent torsion 

angles need to be specified in order to determine the conformation of a 

regular nucleic acid. In this work each of these angles is varied 

independently in increments of 15° from 0° to 360°, resulting in 

4 5 . 24 ,,3.3·10 structures which must be examined. The calculatlons are 
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carried out using program BUMP specially written for this purpose. 

To determine the sugar conformation corresponding to any value of 

0, we have constructed a list of sugar coordinates, indexed by 0, using 

~O the procedure detailed in chapter two . Due to tetrahedral constraints 

on the substituents of sp3 carbons C3' and C4', the 0 torsion is related 

to endocyclic torsion angle '3 (C2'-C3'-C~I-O~') of the sugar by 0='3+C' 

where C can vary slightly but remains around 1200~2. Therefore, since 

'3 is proportional to the cos(P) (see figure II-5 and equation 1 of 

~O chapter two ), for any value of 0 there are two possible values of the 

phase angle of pseudorotation P, i.e. two possible sugar 

conformations~l. Based on a comparison of their respective energies for 

nucleosides, we have chosen, for each value of 0, the sugar whose P is 

in one of the ranges -30 0(P(36° or 1000(P(212°. In conjunction with the 

aforementioned tetrahedral constraints on C3' and C~', constraints 

imposed by the closed ring geometry of the sugar ~2 confine possi ble 

values of 0 to the range 72°~0~157° in our table. When a value outside 

of this range is calculated by the 0 correlation function, the sugar in 

the table corresponding to the lowest or highest value of 0 (depending 

on the calculated value of 0) is used. 

The relative favorableness of each of the conformations tested is 

evaluated using a semi-empirical classical potential energy function 

(SEP). The form of the SEP used for the search is identical to that 

~1 discussed in chapter three , with 

E - E + E + E + E total bond angle torsion gauche 

+E +E (1) 
van der Waals coulomb 
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The parameters used to evaluate this function are presented in table V-

1. Bond stretching and angle bending parameters (needed only for the 

sugars) are taken from Kollman ~ ~.43. Torsional and gauche barriers 

to rotation for the dihedral angles centered on C-O and C~C bonds are 

44 from Olson ,while those for angles centered on O-P and C-N bonds are 

43 from Kollman et al. • E is summed over the primary torsion torsion 

angles (a, B, Y, etc.) while EgauChe is summed over all applicable 

44 torsion angles • 

Coefficients used to calculate the van der Waals nonbonded energies 

are determi ned, 45 using the Slater-Kirkwood equation , from standard 

values of the atomic polarizabilities and effective numbers of electrons 

46 as presented by Millner and Andersen , and van der Waals radii from 

43 44 Kollman ~ al. (where given) or Olson • Partial charges used to 

cal culate Ecoulomb are from Nuss and Kollman 47 and are used with a 

dielectric constant of 4 to model solvent effects. Non~bonded energies 

are only computed between atoms separated by three or more bonds. In 

addition, for this study (to save on computing time) contributions to 

the total energy are only calculated between atoms whose interatomic 

distance can change with at least one of the seven varied torsion angles 

(or associated sugar). For example, no non-bonded terms are calculated 

between atoms wi thin the same base. The bond lengths, angl es, and 

torsion angles considered constant in this study are taken from 

A tt48,49 rno . 

Once our conformational search is complete, we determine all the 

local minima in the four-dimensional space defined by the four 

independent torsion angles. Each of these local minima is then subjected 

to energy minimization using the modified conjugate gradient 
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Table V-1 

Coefficients and Constants Used to Calculate Conformational Energiesa,b 

E i 
bond 

Bond Type K c r 0 (A) r 

C-C 300.0 1 .525 
c-o 300.0 1.435 

E angle 
j: 

Angle Type K c 
9 

90 (Deg.) 

C-O-C 40.0 109.43 
C-C-C 30.0 109.43 
C-C""O 34.0 109.43 
O-C-N 34.0 109.43 
C-C-N 30.0 109.43 

E +E k,m 
torsion gauche 

Torsion Type d V 12c V 12
c 

3 2 

O-C-C-O 1. 40 0.50 
O-C--C-C 1. 40 0.10 
C-C-C-C 1. 40 0.00 
x-c-o-x 0.90 0.00 
O-p-O"'C~ 0.25 0.75 
X-C-N-XJ 0.00 0.075 
N-C-C-O 0.00 0.10 

E e,l 
van der Waals 

Atom Type f 
Neff 

g h (A) a r VDW 

C (aliphatic)i 0.93 5.2 1.80 
C (aromatic) 1.22 5.2 1. 80 
0 (ester) 0.64 7.0 1 .60 
0 (pendant) 1.00 7.0 1.60 
0 (carbonyl) 0.84 7.0 1. 60 
N (in base ring) 1.03 6. 1 1. 65 
N (in NH

2
) 0.87 6. 1 1. 65 

p 3.0 14.3 1. 90 
H 0.42 0.9 1. 30 



Table V~1 (continued) 

aThe potential energy function is defined in chapter III, equation 1. 

bpartial charges used to compute E 1 b are given in table VII-7 cou om 

(set I). 

c ln kcal/mole. 
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d Where an X appears, the given parameters are valid for angles with any 

type of atom in this position. 

eThe coefficients Aij and Bij used in equation calculating Evan der Waals 

(equation 111-1) are determined from the constants given here using the 

Stater-Kirkwood equation [45]: 

[ 1/2] [ 1/2 112 ] BijD (3/2)e(h/2mne )aiaj 1 (ai/N i ) +(aj/Nj ) 

Aij=(1/2)Bij(rij) 
6 

where e is the electronic charge; h is Planck's constant; m is the 
e 

electronic mass; a i and aj are the atomic polarizabilities of atoms i 

and j; Ni and Nj are the effective numbers of valence shell electrons 

for atoms i and j; and r ij is the sum of the van der Waals radii for 

atoms i and j. 

fa .. atomic polarizability. 

effective number of valence shell electrons. 

the van der Waals radius. 

i From Olson [~4]. 

jFrom Kollman et ale [43]. 

kFrom Olson [44], except where noted. 

1 a and Neff are from Millner and Andersen [46]. r VDW are from Kollman 

et ale [43], except where noted. 

mEtorsion is summed over only primary torsion angles, i.e only one 

torsion angle centered on a particular bond contributes to this term [44]. 



154 

minimization package AMBER50 , allowing each atomic position to vary. The 

form of the function minimized is the same as that above wi th the 

addition of a 10 ... 12 hydrogen bonding potentia151 • For these 

minimizations all atoms are included explicitly except hydrogens bonded 

to carbons. These hydrogens are represented by appropriate modifications 

of the van der Waals and charge parameters of the attached carbons, i.e. 

using a uni ted atom approximation. The parameters used in the AMBER 

minimization potential are from Kollman and coworkers52 , and are quite 

similar to those recently pUblished51 • A dielectric constant of 4R .. 
lJ 

(where R .. is the distance between non~bonded atoms i and j) is used and 
lJ 

non-bonded.interactions between atoms separated by only three bonds are 

scaled down by a factor of 0.5
51

• All minimizations are carried out 

until either the rms gradient of energy with respect to position is less 

than 0.1 kcal/mole-A, or until there is no significant movement in 

ei ther the energy or coordinate vectors in consecut i ve cycl es of 

minimization. 

Results 

The Energy Contour Maps: Background 

Generation of the Figures 

The most convenient way to examine the data generated in the 

conformational searches is through angle-angle energy contour maps. 

Figures V-1 a-h presents such maps for d(ApApApA) and ApApApA side by 

side. Of the 21 possible map pairs, eight of the most interesting are 
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Figure V-1: Conformational energy maps for various nucleic acid torsion 

angle pairs in d(ApApApA) (left) and ApApApA (right). Angles are in 

degrees. Isoenergy contours are plotted from 0.5 to 9.5 kcal/mole-

residue, in increments of 1.0 kcal/mole-residue, with contours :::4.5 

kcal/mole-residue dashed for emphasis. Energies are relati ve to the 

global minimum. The energy at any point in a map is calculated with all 

variable torsion angles except those defining the map rotated to the 

val ues which gi ve the minimum energy at that point (see text). The 

conformations of individual residues of crystallographically determined 

oligonucleotides are indicated in the d(ApApApA) plots by circles (A

form 3 ,4,5, S-form 6 ,7,53 and non-helica1 10 DNA) and triangles (Z

form8 ;9,53,54 DNA). In the ApApApA plots tRNA11 crystallographic data is 

represented by circles (one or both angles belong to helical regions) 

and squares (both angles belong to non-helical regions). a) o-X; b) ~-o; 

c) o-e:; d) 6-'Y; e) 6-0; f) ~i-e:; g) a'""'Y; h) ~-a 
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presented here. Most of these maps have never before been reported for 

nucleic acids. The remainder are presented in appendix C. 

These maps are generated in the following manner. Each map is 

calculated using a grid spacing of 15 0 in both directions. For each 

point (x.y) in a map. the total set of conformations examined is first 

searched for conformations where both of the relevent torsion angles are 

within 7.5 0 of their values at the map pOint. i.e. all conformations for 

which (x.y) is the closest grid point in the map. The lowest energy 

conformation in this reduced set is then determined. and its energy is 

assigned to map point (x.y). Thus. in essence. the energy at any point 

in a particular map represents the energy for the pair of torsion angles 

defining that map with all other variable torsion angles rotated to the 

values which give the minimum energy at that point. 

For each map. contours are plot ted in increments of 1 kcal/mole

residue starting at 0.5 kcal/mole-residue from the global minimum and 

stopping at 9.5 kcal/moler-lresidue. For emphasis. contours ~ 4.5 

kcal/mole-residue of the global minimum are dashed. The relatively high 

ending contour level used in these maps is a result of several factors. 

In particular. we wish to examine not only those minima which are 

expected to be fairly stable. but also the possible pathways for 

conversion between them. Addi tionally. these calculations assume 

regular ity (1. e. all nucleotide units are conformationally identical) 

for the structures. While this is a reasonable constraint for a model. 

oligonucleotide crystal structures have made it clear that in fact 

nucleic acids exhibit significant local conformational fluctuations. It 

is concei vable that some of the higher energy regions in these maps 

could become favorable if the constraint of absolute regularity were 
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relaxed. 

Indicated in each map are the conformations of the indi vidual 

residues of the crystallographically determined oligonucleotides. In the 

d(ApApApA) maps, circles represent the A-form3,4,5, S-form6,7,53, and 

non-hel ical' 0 DNA structures and triangles represent residues of Z

form8 ,9,53,54 DNA. These are differentiated because it is expected that, 

since the repeating unit of Z-form DNA is a dimer unit while a monomer 

repeating unit was used in this study, these data will tend not to be 

adequately explained by the maps shown here. The Z-form data are 

included because in some cases they do fall into contoured minima. In 

. 1 1 
the ApApApA maps circles represent yeast phenylalanine tRNA angle 

pairs in which one or both of the angles belong to helical regions while 

squares represent those angle pairs in which both of the angles are a 

part of non-helical (i.e. loop) regions. The fact that the low energy 

conformations determined in this study must allow a sterically 

reasonable tetramer probably precludes the adoption of many non-

repeating conformations available for non-helical bends and turns in 

tRNA. The angle pairs represented by squares are thus expected, as a 

whole, to be less successfully explained by the contour plots. 

Information Relevent to Map Interpretation 

A number of facts should be kept in mind when examining the plots 

presented here. First, as noted, these contour diagrams are calculated 

for regularized tetramers. This means that only those unusual 

conformations which can be successfully propagated along the en ti r e 

molecule will be predicted, i.e. no local deformations are allowed. We 

know from crystallographic studies of helical OligOnUcleotides3- 11 that 
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this is not rigidly true for real systems although deviations from 

regulari ty are usually ignored to a first approximation (thus the 

standard designations A-form. 8-form. etc. 55 •56 ). 

Also. the grid spacing in producing these plots is not entirely 

negligible. If all seven torsion angles were considered to be 

independent. the spacing of 15° used would mean that any independent 

angle would be at most 7.5 0 from its ideal (lowest energy) value. 

However. here three of the torsion angles are dependent variables 

calculated using the correlation functions. Thus 7.5 0 differences in the 

independent angles may map into larger differences in the dependent 

angles. depending on the form of the correlation. There is also some 

amount of inherent inaccuracy in the correlation functions. though in 

the previous stUdy38 we showed that it is (at least for the currently 

available data base) relatively small. 

The fact that we are computing contour maps for single stranded 

nucleic acids will certainly affect the maps produced57 • although it is 

possi ble that a second strand could adopt itself to many of the low 

energy conformations allowed here. In addition. while indications are 

that it is appropriate41.43.44. the function used to calculate energies 

may still harbor small inaccuracies which could cause distortions in the 

maps. We expect that these distortions. if they occur. are minor. 

Finally. if there is significant base specificity to preferred nucleic 

acid conformations. the maps here might not be completely 

representitive. Work on a different base sequence58 indicates that the 

primary effect of base substitution is to alter the relative depths of 

conformational minima; the shapes of the primary minima, and thus the 

angle~angle dependencies, remain similar. 
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One pOint of possible concern is that since these maps are created 

using correlation functions derived from experimental data, the energy 

contour maps produced using them will necessarily explain the data. 

There are two good arguments against this. First, the correlation 

functions were derived empirically; energies were not in any way taken 

into consideration when deri ving the functions 38 • In other words, the 

correlation functions were derived "blind" to the energy aspects of 

these molecules. And,- in fact, many of the angle-angle dependencies 

suggested by the contour plots are different than those used in the 

correlation functions~-the sinusoidal dependencies of 6 on X and on ~ in 

the 6 correlation function, versus the linear (6-X) and (6-~) 

dependencies observed in the contour plots (figures V~1a and V-1b), for 

example. 

Second, the identical correlation functions were used in the case 

of DNA and RNA. Yet the appearances of the respective maps for these 

molecules are clearly different and, most importantly, the differ ing 

experimental distributions of torsional data for DNA and RNA are 

accurately predicted in these maps. So, for instance, principally C3'

endo sugar puckers are predicted for rA 4 while for dA4 a spectrum of 

conformations between C3'-endo and C2'~endo are predicted. Likewise, in 

the g- (300°) region (; is predicted to generally increase with 

decreasing ~ for the RNA structure while little such dependence is 

predicted for DNA molecules (figure V-1f), as is observed. Many more 

examples can be seen 1n the maps. 

In the following discussion of the energy maps and profiles, we 

use the generic designations DNA and RNA when referring to d(ApApApA) 

and ApApApA, respecti vely. The designations g+, t and g- are used to 
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refer to the torsion angles ranges centered on 60°, 180° and 300°. The 

sugar pucker is sometimes described as either C2'-endo (0=135°-150°) or 

C3' -endo (0=80°-95°; see figure 1II-2), and for base orientation the 

descriptions anti 

(-40°:$X<800), high-anti (80°:$x<2000) and syn (200°;Sx<3200; see figure 

111-3) are occasionally used. 

The Energy Contour Maps: Comparison With Previous Calculations 

Using significantly different techniques, a number of 

12 13 15 16 18 19 21 .... 27 31-37 . researchers ' , , , " , have prevlously produced energy 

contour maps for four of the 21 important torsion angle pairs in nucleic 

id a'-S; d S Y B th 1 . 112 ,13,15,16,18,19,21-27 and ac s: £~~; ~-a; an ~. 0 c aSSlca 

31'"'37 quantum mechanical techniques have been used to evaluate the 

conformational energies. Attention has generally been focused on these 

pairs because they are consecutive in the nucleic acid backbone. Thus, 

these pairs are expected to be less sensitive than the non~consecutive 

pairs to the conformations adopted by the remaining torsion angles, 

which (for a particular angle pair) are held fixed in all these studies. 

25 17 Oligonucleotide maps for a~Y and y.-X have also been reported, but 

for a large majority of the possible pairs (15 out of 21), including 

several of particular interest, no maps for nucleic acids have 

heretofore been published. Unfortunately, onl y a few of the st udi es 

which have been done have explicitly considered the bases; for the most 

part, only the nucleic acid backbone and sugars have been included. 

Several conclusions may be reached on the basis of these earlier 

reports. First, and most importantly, even the consecutive angle pairs 
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are critically dependent of the values adopted by the remaining torsion 

angles 23 ,26,27,29. Although it is observed experimentally that there are 

certain preferred ranges for each torsion angle, the angles are not 

rigidly fixed to these values3,..11,59. Thus no map produced using the 

previous methods, where all but the two torsion angles being considered 

are held fixed, will be totally representitive of nucleic acid behavior. 

For example, maps produced for nuclei c aci ds wi th C2' -endo sugars are 

often strikingly different than those for nucleic acids with C3'-endo 

sugars. In the oligonucleotide crystal structures we see that both DNA 

and RNA may adopt ei ther of these sugar conformations. Secondly, 

although the best of these earlier calculations pick minima consistent 

wi th the distribution of experimental data, they tend not to be very 

discriminating in picking allowed conformational regions. These regions 

tend to be rather broad, and do not clearly suggest interconversion 

pathways between the minima. Finally, while the predictions of earl y 

cal cuI at ions using classical potential functions (CPF) were in poor 

agreement with experiment relative to those of studies utilizing quantum 

mechanical methods 39 , the quality of predictions from recent 

calculations using a more refined CPF is comparable to that from the 

quant um mechani cal studies23 , 27. We use a refined CPF here because 

quantum mechanical evaluation of the energy for large numbers of 

conformations is time prohibitive. 

In a general sense, our maps are consistent wi th those from the 

best earlier studies. When these maps are evaluated for more specific 

detail, however, ours appear superior. Unlike the earlier maps, they 

give clear indications of the shapes of the various minima, the accuracy 

of which are borne out by the distributions of experimental data. The 
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maps presented here also gi ve better ideas of the pathways of 

interconversion between these various minima. The amount of accessible 

conformational space in them is generally smaller than that in earlier 

maps, Le. the specificity of our maps is higher. Perhaps most 

importantly, unlike many previous maps, ours do not in general predict 

low energy minima for unlikely torsion angle combinations 39 . The 

apparent improvement offered over previous attempts is not suprising; 

not only do the maps presented here represent overall pairwise 

conformational energetics rather than those for particular fixed states 

of the angles not explicitly being considered, but also (in many cases) 

the systems they describe are significantly more realistic than those 

previously reported, e.g. explicit bases are included. 

The Energy Contour Maps: Selected Results 

Perhaps the most interesting of all the contour plots are those for 

X versus 0 (figure V-1a). Here, for the first time, we can clearly see 

the energetic basis for a linear correlation between 0 and X in DNA. 

Such a correlation was earlier proposed on the basis of experimental 

oligonucleotide data3,1,60 and theoretical studies 61 . The experimental 

data distribution follows closely the low energy valley predicted in the 

map. Also of interest is the prediction that high and very high anti 

values of X are only accessible for 6 in the C2'-endo range, suggesting 

that syn-anti interconversion of the base conformation takes place in 

this range. Since Z~DNA residues with syn conformation of the base are 
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f d t h C3' d f t · f th 56. d· t· oun 0 ave a -en 0 con orma Ion or e sugar , In lca Ions are 

that for these residues (in a B-form to Z~form transition) X rotates 

from anti to syn first, followed by a change from C2'~endo to C3'~endo 

sugar pucker. Preliminary studies using a dinucleoside phosphate as the 

repeating unit, a situation more conducive to revealing the B-form to Z~ 

form DNA interconversion pathway, confirm this hypothesis58 . For the 

plot presented here, the Z-form DNA data pOints do not fall along the 

linear o~X valley, but do fall within or near higher energy contours. 

The o-X plot for RNA reveals what is observed experimentally for 

RNA: a significant preference for C3'-endo sugar pucker (0=90°) coupled 

with limited variability in X (from about -20 0 to 35 0
). The vast 

majority of the data are seen to fall perfectly within the predicted 

minimum region. As for DNA, larger values of X are seen to be allowed 

only for C2'-endo sugar puckering. In fact, plotted contours are seen 

exclusively for C2'-endo sugars when X is as low as 60 0
• This is 

completely consistent with the experimental data, for which all residues 

with x>30 0 are found to be C2'-endo. 

The predictions of the ~~o maps (figure V-1b) for DNA and RNA are 

quite different and both are consistent with the experimental data. For 

DNA, a strong linear correlation between 0 and ~ for ~ between 220 0 and 

280 0 is predicted and observed. This relationship is attributable28 ,29 

to a "crankshaft" motion, whereby two torsion angles separated by a 

torsion angle which is approximately trans (here e:) can linearly 

compensate one another to retai n such hel i cal properti es as base 

60 62 stacking , • For ~ less than about 220 0 , 0 is almost exclusively in 
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the C2'-endo range (1300~1600), while for ~ greater than 280 0, 6 is in 

the C3'-endo range (75°-95°). The range 2200<~<3200 is predicted to be 

the most energetically favorable, with the global minimum at (~=255°, 

6=135°), and in fact most observed values occur in this range. A high 

ener gy minimum near (1;=30°, 0 .. 75°) occurs, close to the conformation 

observed for a few Z-DNA residues. 

In contrast to DNA, all the most favorable RNA conformations are 

predicted to have C3'-endo sugar (0,.,90°). Experimentally, only one 

helical RNA residue does not have this sugar pucker. The global minimum 

is at (1;-285°, 0=90°), and for 1;>260° the C3'-endo conformation is 

strongly preferred. For 2400<~<2600, 0 is weakly negatively correlated 

to 1;. As for DNA, for 100°<1;<220°, 0 is in the C2'-endo range (130°-

160 0) (al though a very small high energy minimum at (1;=150°, 0=75 0) is 

seen and adopted by one non-helical residue in tRNA). For ~<1000 C3'~ 

endo puckering is again preferred. 

0-£ 

The 0-£ contour plots (figure V-1c) clearly show the preferred 

values of £ to depend on o. In DNA, for C3'~endo sugars (0=90°), a small 

range of £ centered on 195° is energetically feasible. On the other 

hand, for C2' "endo sugars (0-135°), there are two minima: the global 

minimum at (0-135°, £-180°), and a minimum at (0=150°, £=285°; t.E=6.2 

kcal/mole-residue). This prediction is reasonable in light of the 

observation that all non Z-form DNA residues with £ greater than about 

230° have C2'~endo puckered sugars. There also seems to be some tendency 

for residues of Z-form DNA to adopt C2'~endo sugar puckers concurrently 

with large values of £, although a few Z-form residues with intermediate 
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values of su~ar pucker/o are also observed to adopt large values of E. 

The low energy contours in the DNA map extend to slightly higher values 

of E in the C3'-endo region than in the C2'-endo region, as do the 

experimental data points. 

The corresponding plot for RNA indicates a greater flexibility for 

E in the C3'~endo range as compared to DNA; values of E between 170° and 

250° are energetically feasible in this range. As seen in earlier piots, 

the lowest lying minima for RNA all lie in the C3'-endo region. In the 

C2'-endo region, a minimum at (0=150°, E=285°; ~E=4.8 kcal/mole-residue) 

is observed, indicating that, as for DNA, the largest values of E are 

energetically accessible only for residues with C2'~endo sugar puckers. 

Unlike the situation for DNA, no minimum exists for RNA in the (C2'

endo, E=1800) range. The tRNA experimental data are quite consistent 

with the predictions here. Most of the data fall directly in the center 

of the ravine at 0-90°, seven points fall near the (C2'.-endo, E=285°) 

minimum, and a couple of other points fall near a moderately high energy 

minimum at (0 .. 150°, E-2100; ~E=6.1 kcallmole-residue). Only three non

helical tRNA residues are unexplained by the drawn contours. 

It is interesting to note that a couple of earlier s tudi es on 

nucl eot ides 63 ,64 produced maps of fer i ng many of the same general 

predictions regarding the dependence of E on 0, i.e. that the allowed 

val ues of E depend on the sugar pucker and that sugar pucker 

interconversion for DNA is relatively easy, while for RNA 

interconversion is rather restricted. The preferred values of E in these 

studies, 180°-200° and 270°, depending on the species and the sugar 

puckering, are similar to those predicted here. 
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S-"Y 

Energeti cs for the S"-"Y angle combination have been mapped in 

12 13 15 16 23 27 31-33 . previous studies ' , , , " • The overall predlctions here--

three minima in I' near the classical staggered values of g+, t and g-, 

each with S approximately trans--are not unexpected, and are similar to 

those of earl ier studies (f igure V-1 d). However, here the "Y=g- minima 

are much higher in energy than those with either "Y=g+ or t, consistent 

with the lack (with the exception of a few non-helical tRNA residues) of 

experimental data in this region. In earlier studies, the "Y=g- minimum 

has had energies similar to those of "Y=g+ and t. Additionally, here a 

passably low energy pathway is shown for interconversion between "Y=g+ 

and "Y~t, while earlier studies have not indicated such a pathway. It is 

suggested by the experimental data distributions that such 

interconversion takes place relatively easily for RNA, with a number of 

structures having I' values intermediate to g+ and t observed in tRNA. 

For both DNA and RNA, a minor minima around (S=2400, 1'=85°) is predicted 

to protrude off to the right of the principal (Szt,"Y=g+) minimum. This 

minimum, not clearly indicated in any previous study, is apparently 

significant; several tRNA and pyrimidine Z ... DNA residues are seen to 

adopt it. Interestingly, the (S=195°, 1'=180°; t,t) minima predicted for 

DNA is precisely the conformation observed for several purine Z-DNA 

residues. 

The contour plots for 6 versus S (figure V-1e) show interesting 

features not apparent from but consistent with the experimental data. 
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For DNA, the form of the contour map suggests an "S"-shaped correlation 

between 0 and 6. For C3'-endo and C2'~endo sugars (0 near 75° and 150°, 

respectively), lower values of 6, nearing 100°, are possible; for 

intermediate values of 0, larger values of 6 are generally adopted, and 

6 and 0 show a negati ve I inear correlation. There is a small hi gher 

energy minimum around (6=225°, 0=135°) which corresponds to the 

conformation of Z~DNA residues. 

In agreement wi th the overwhelming experimental preference of RNA 

for 0~900, similar correlation is not observed for RNA. Nearly all the 

helical data fall in the low energy valley extending from about 6=210° 

to 6=125°, with 0 centered on 90°. For 0 at the other extreme (0=150°; 

C2'~endo), the energies are significantly higher, and the available 

range of 6 is restricted to larger values. At intermediate values of 0, 

the available range in 6 is fairly small, approximately 170±300. 

These maps (figure V"lf) predict that e: is distinctly correlated 

with 1;. For DNA, e: increases gradually from about 180° to 270° as I; 

decreases from 260 0 to 120°. This is exactly what is observed 

experimentally. The global minimum is at (1;-255°, e:=1800), close to what 

would be predicted from experiment. In contrast, for RNA a steep rise in 

the value of e: from 180° to 260° is predicted for a decrease in I; from 

320° to 270°, much like what is observed. For 160 0(1;(270°, e: may either 

be in the 180° or 270° range, though experimental data suggest a 

preference for the higher e: values. For 90°(1;(160°, principally the 

270° range of e: is preferred, while for lower values of 1;, e:=1800 is 

again most favorable, an extension of the low energy region at 1;>300°. 
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The global minimum for RNA occurs at (~~285°, E=195°), which agrees with 

the experimental data distribution. 

The l;-E map has been considered in several earlier 

studies 12 ,15,16,23,27,31,32 . While a number of these have predicted 

global minima similar to those indicated in this work, none of these 

previous maps exhibit the experimentally consistent selectivity of those 

here. For example, in none of these earlier maps is the available 

conformational space in the region 120o<~<260o narrowed enough to see 

the correlation between z; and e:, a correlation so apparent here. In 

addi tion, these studies consistently predict low lying energy minima 

outside of the experimentally supported regions. 

a-Y 

A strong correlation between a and Y has been noted for the 

experimental data 3 ,60, and has been described as a "crankshaft" 

. 60 62 motlon ' about the nearly trans B torsion angle. The a-Y plots here 

(figure V-1g) show that this effect has a strong energetic basis. The 

plots for DNA and for RNA are quite similar in general appearance. The 

primary difference between the two is that while for DNA the minimum at 

(a-300°, Y .. 600) is clearly the lowest and is separated from the 

secondary minimum (a=150o, Y.1800) by a moderately high energy region, 

for RNA the two minima (a=150o, Y=1800) and (a=285°, Y=75°) are nearly 

energetically equivalent and are separated by an relatively low energy 

barrier. The experimental data, which are much more spread out along the 

low energy revine for RNA than DNA, support this difference. 

Interestingly, two additional minima not falling upon the linear 

correlation line are predicted in these maps around (a=165°, Y=600) and 
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(a~60°, Y=180o). Both of these conformational combinations are common in 

Z~form DNA (for pyrimidine and purine residues, respectively), as seen 

in the DNA plot. An earlier investigation25 of the energetic 

relationship between a and Y in DNA produced maps which predicted the 

linear correlation between these angles, but picked a==180o to be most 

s table and did not indicate the minimum at (a==60o, Y==1800). A semi"" 

1 inear correlation between a and Y has also been predi cted in maps 

calculated using only base stacking as a measure of the relati ve 

favorablenesses of various conformations28 • This supports the hypothesis 

that this correlation is an example of the crankshaft effect. 

Undoubtedly, the most widely studied nucleic acid torsion angle 

dependence is that between the two P-O backbone torsions ~ (C3'-03'''''P-

05') and a (03'~P-05'-C5') 15,16,18,19,21~27,31~37. This is a consequence 

of the belief that much of the conformational flexibility of nucleic 

59 651-67 acids stems from variation in this pair of angles' • The maps 

produced in this study are shown in figure V,..lh. For DNA the global 

minimum in our map occurs at (~=255°, a=300o; g-, ~), in reasonable 

agreement with the experimental data. Nearly all previous studies of the 

conformational energetics of this angle pair have predicted a low lying 

minimum in this region. In the RNA map, two nearly energetically 

equivalent minima occur at (~a285°, a=150o; g-,t), the global minimum, 

and (~·300o, aa285°; g-.g-; ~E=O.5 kcal/mole-residue). Here too the 

experimental data support the correctness of the (g-,~) minimum. 

The favorableness of the RNA (g-.t) minimum is not as well 

corroborated by experiment, although some data in this region is 
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observed. This minimum is also observed for DNA, though at a higher 

energy (~E=2.3 kcal/mole-residue from the global minimum). This minimum 

has, in fact, been observed in several earlier studies. The (g.-,t) 

conformation corresponds to the original Watson..-Crick model of double 

helical Studies which have attempted to match experimentally 

measured polymeric properties of nucleic acids to multi~state models of 

these molecules have concluded that nucleic acids frequently adopt this 

conformation in SOlution69 ,70, as have solvent accessibility studies71 . 

The (g-, t) conformation is also observed for two of the fi ve uni que 

phosphodiester pairs in the recently determined DNA-Triostin A crystal 

72 structure • 

The experimentally observed moderate decrease of 0 with increasing 

~ from about 255 0 is predicted in the DNA map. For RNA a much steeper 

change in 0 with ~ in this range is both predicted and observed. For 

DNA, a fairly high energy (~E27.2/kcal/mole~residue) minimum occurs at 

(~-900, 0=45 0; g+,g+), a conformation important in Z..-DNA structures. An 

equi valent minima also occurs for RNA. Notably, no important mi nima 

occur near the (~=1800, a-180 0; t,t) region for either DNA or RNA. 

Earlier studies have often attributed a relatively low energy to this 

conformation, in disagreement with experiment. 

The Energy Contour Maps: Comparison With Ma ps for Nucl eosi des 

A large amount of effort has been spent in the past on elucidating 

the conformational energetics of various nucleic acid constituents, such 

as nucleosides and nucleotides 41 ,44,63,64,73,74. Such studies have been 

carried out in the belief that the conformational behaviors of 



175 

polynucleotides are similar to those of their subuni ts. Because they 

focus on relati vely simple systems, these consti tuent studies can be 

carried out under a minimum number of simplifying assumptions and thus 

are expected to yield energy estimates more precise than those obtained 

here. However, while these studies are important for the greater 

accuracy t hey allow in cal cuI ated quanti ties, they are ultimately 

inferior in predicting the conformational behaviors of larger n ucl ei c 

acid systems. 

For example, whereas in this study we found a 1 inear correlation 

between sugar pucker and X for the tetramer d(ApApApA), our study of the 

deoxyadenosine nucleoside provided little evidence for such a 

41 
correlation • This can be seen by comparing the o-X plot for the 

deoxyadenosine nucleoside (figure V~2) with that for d(ApApApA) (figure 

V-1a). That some o-X correlation exists for oligonucleotides is obvious 

from the experimental data distribution. In terms of the calculated 

ener gies. the most important difference between the tetramer and the 

nucleoside is probably the absence of base stacking effects in the 

latter. NMR studies have shown that the average torsional parameters of 

base stacked polynucleotides are Significantly different from those of 

nucleotides 75. It is clear, then. that base-base interactions play a 

significant role in determining the favored pathways of conformational 

variation for nucleic acids and should be included in calculations which 

aim to uncover these pathways. This has frequently not been the case in 

earlier calculations. 
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Figure V-2: Energy contours in the 6-X plane for the deoxyadenosine 

nucleoside, calculated from the P-x energy map data presented in chapter 

III. Each point in the map is calculated with r rotated to the angle 

gi ving the minimum energy at that pOint. The map is contoured to 4.0 

kcal/mol e from its global minimum in increments of 0.4 kcal/mole. 

Contours $2.0 kcal/mole are dashed. 
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Energy Contour Maps for Nucleosides are Primarily Dependent on the Type 

of Base; Those for Oligonucleotides are Primarily Dependent on the Type 

of Sugar 

It is interesting that the predicted molecular energetics of 

nucleosides and oligonucleotides show differing dependencies on base 

type and sugar type (ribose or deoxyribose). In chapter three we saw 

that. for nucleosides. the overall appearances of the angle-angle energy 

contour plots are fairly independent of the sugar type--ribose and 

deoxyri bose maps for the same base are almos t i denti cal. For the 

oligonucleotides examined here. on the other hand. the ribose and 

deoxyri bose maps appear qui te different. Addi tionally. the nucleosi de 

maps were seen to be hi ghly dependent on the base type (purine versus 

pyrimidine). In contrast. comparison of the results of preliminary work 

in t hi slab on the pyr imi dine tetramer d (CpCpCpC) with the resul ts for 

the purine tetramer d(ApApApA) presented in this chapter indicate that. 

for oligonucleotides. the overall appearances of the energy contour maps 

are only mildly dependent on base type. 

Energy Versus Angle Plots 

Energy contour plots are a useful way of visual i zi n g the 

interrelationships between angles. as predicted by the energy search. 

For some purposes. however. such as examining the flexibilities of 

various torsion angles. it is more convenient to view the energy data in 

one dimension. i.e. the energy for any value of a particular an gl e • 

rotating all other free torsions to the pOSitions that give the minimum 
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energy at that value of the angle being considered. This approach is 

different from that of all previous studies, where such plots have been 

generated fixing most of the remaining torsion angles at preselected 

values. A set of these plots for the seven conformation .... determining 

torsion angles are presented in figure V'-3 a"'"g. The plots are dr awn 

sampling the energies for the independent torsion every 15°. Once again, 

it should be noted that the energies presented are for regular tetramers 

wi th a nucleotide repeating unit. The energetics describing localized 

variations in any of these torsion angles (i.e. variations occurring 

only in one residue of an oligonucleotide) are probably different 29 . 

The Energetics of Rotation About the Two Phosphodiester Bonds are Quite 

Different 

A number· of interesting findings are emphasi zed by these plots. For 

example, although both ~ and a refer to phosphate ester torsions, their 

energetics of rotation are quite different (figures V~3a and V-3b). ~ is 

fairly hindered, with high energies for all but a limited range of 

values about 255° (DNA) or 300 0 (RNA). A minor minimum occurs at 120° 

for both DNA and RNA, but is 5~6 kcal/mole<""residue higher than the 

global minimum. Little or no minimum is apparent for either structure at 

the classical staggered values of 60 0 (g+) or 180 0 (t). a, on the other 

hand, shows Significant minima at all three of the classical staggered 

posi tions. For DNA, the minimum at 300 0 (g-) is clearly the most 

favored, with the minima at t and g+ 2 and 5 kcal/mole-residue less 

stable, respectively. The barrier to rotation between g- and t is 7 

kcal/mole-residue. For RNA, the t and g- minima are approximately 

equally stable wi th the g+ minimum 5 kcal/mole-residue less so. The 
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Figure V-3: Energy profiles for rotation about the variable torsion 

angles in d(ApApApA) (solid curves) and ApApApA (dashed curves). Angles 

are in degrees. Energies for each curve are relative to the global 

minimum and are in kcal/mole-residue. The energy for any value of a 

particular angle is calculated rotating all other free torsions to the 

positions that yield the minimum energy at that value of ' the angle being 

considered. Energies for the independent angle are sampled every 15°. 

For cS only the angle range 40°;$cS:i2000 is plotted because cS is 

42 geometrically constrained to within this range • All other angles are 

plotted over the entire range 0° .... 360°. Energies are for regular 

tetramers with a monomer repeating unit. a) ~; b) a: c) Y; d) B: e) £: 

f) x: g) cS 
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barrier to inter conversion between g- and t for RNA is only 3 kcal/mole

residue. The overall conclusion from these maps is that a should be more 

variable in a nucleic acid than ~. 

Y=g+ to y=t Interconversion is More Facile in RNA than in DNA 

In terms of the positions of the minima, the energy prof 11 e for 

torsion angle Y (f igure V"'3C) is much 1 ike that for a. Three minima 

occur at the three classical staggered positions (g+, t, g ... ). Here the 

global mi nima occurs at g+ for DNA while nearly equi valent minima occur 

at g+ and t for RNA. For both DNA and RNA g- is highly disfavored. 

Interconversion between g+ and t requires 1 kcal/mole ... residue for DNA, 

but only 3 kcal/mole~residue for RNA. 

£ is More Variable in RNA than in DNA but is Constrained to a Limited 

Range for Both 

Energy profiles for the remaining torsion angles are significantly 

different from those for ~, a and Y. The profile for S (figure V-3d) has 

only one notable minimum, centered on 110 0 (DNA) or 180 0 (RNA), and the 

energy for this angle rises fairly sharply away from the minimum. For £: 

(figure V-3e), a steep minimum occurs at around 180 0 for DNA, while for 

RNA this minimum is rather broad and extends to about 240 0
• For both DNA 

and RNA, a higher energy minimum occurs for £=285 0
• The barriers to 

rotation between the two minima in £ are fairly high, 8 and 6 kcal/mole

residue for DNA and RNA, respectively. 
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X Tends to Larger Values in DNA than in RNA 

For X, the DNA energy profile shows four notable minima (figure V-

3f). The lowes t occurs at 60 ° and a minimum at 30° 1 ies only 2 

kcal/mole-residue hi gher. The remaining two minima lie at much hi gher 

ener gi es and occur at X=1800 and X=2400. The latter of these, the so-

called syn conformation, is adopted in left-handed Z ... form DNA. 

Strikingly, the energy profile for RNA is almost identical to that for 

DNA in every important respect except one: it shows no minimum at X=600. 

Instead, the minimum at x'"'300 is the global minimum. This is consistent 

with the experimental observation that residues of DNA molecules tend to 

adopt larger values of X than those of RNA molecules. 

C3'-Endo is Considerably More Favorable than C2'~endo for RNA 

In the past a great amount of attention has been paid to the energy 

of interconversion between the C2',..endo (6=135°-150°) and C3'-endo 

30 41 44 73 74 
(6'"'75°~900) conformations ' , , , • For reasons of simpl ici ty, mos t 

of this work has focused on the nucleoside unit41 ,44,73.74. though 

estimates have been presented for nucleic acids 30 . A maj or reason for 

the large degree of interest in this interconversion is that the three 

major distinct conformational classes of nucleic acids which have been 

observed have differing patterns of sugar puckering56 : in A,...form. the 

sugars tend towards C3'-endo puckering; in B..-form C2'Mendo puckering is 

preferred; and in Z,...form alternating C3'-endo, C2',...endo puckering is 

observed. The 6 torsion energy profiles for this study are shown in 

figure V-3g. For RNA the profile shows a deep minimum around 80° (C3'-

endo) and a much hi gher ener gy minimum at 150° (C2' -endo). Since 
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. 76-78. 
helical RNA polynucleotides have only been observed in A-form , l.e. 

have not been observed with C2'-endo sugars, this is not particularly 

suprising. An interconversion barrier of 7.4 kcal/mole-residue exists 

between the two minima, a much higher barrier than that of 3.6 kcal/mole 

41 found for the adenosine nucleoside • This barrier can be considered an 

estimate of the barrier to an A,...form to B-form interconversion for a 

single .... stranded RNA (assuming the interconversion proceeds via a 

monomeric subunit), and indicates that this transition will not occur 

rapidly. 

For DNA C2'-Endo is Preferred Over C3'-endo but Much Local Fluctuation 

is Possible 

In contrast to that for RNA, the DNA curve is somewhat unexpected. 

Although a minimum occurs in the C2'-endo region (at about 135 0
), the 

energy curve is nearly flat in the C3'~endo region. Only an extremely 

shallow minimum occurs at 90 0
• The meaning of this is not clear, but it 

should be recalled that the structure on which these calculations were 

carried out is d(ApApApA). It is well known that polymeric d(A) 'd(T) 
n n 

does not undergo a B-form to A-form transi tion under condi tions where 

mos t other sequences will, but ins tead r emai ns B -form (C2' ""'endo 

79 80 sugars) , • Conceivably, the lack of an appreciable minima in the C3'-

endo region for the d(A)n strand accounts for this. If this is so, we 

would expect to see sequence dependence in the 0 energy curves. Work on 

the sequence d(CpCpCpC)58 indicates such dependence. At any rate, for 

the structure here, the interconversion barrier between C2' -endo and 

C3'-endo is only 2.5 kcal/mole .... residue, and so considerable local 

fluctuations in the sugar conformation are expected. This 



186 

interconversion barrier is si milar to the val ue of 2.9 kcal/mole 

41 
obtained for the deoxyadenosine nucleoside ,and the same as the value 

of 2.5 kcal/mole-residue obtained for DNA in a molecular mechani cs 

calculation30 • 

A Survey of Favored Structures After Complete Energy Minimization 

Although the minima predicted in the energy search are expected to 

be reasonably close to the "true" minima, and a comparison of the 

experimental data with the predictions here bears this out, small 

changes in each of these minima will likely lead to somewhat lower 

ener gy structures. This is a consequence of the non-negl igi ble grid 

spacing in the independent torsion angles (15°), of some inherent error 

in the correlation functions, and (to a much smaller extent) of holding 

bond distances and angles fixed. We have thus subjected each predicted 

minimum energy conformation in our initial search to energy 

mi nimi zation, allowing the cartesian coordinates of each a tom to vary 

independently. The procedure and parameters used in these minimizations 

were described above, under "Methods". 192 structures for dA4 and 111 

for rA4 were subjected to minimization. 

Before considering the results of the minimizations, it should be 

noted that these minimizations have relieved the constraint of 

regulari ty on these structures. If, however, the starting structures are 

sufficiently close to the true minima, it is expected that the fully 

minimized structures will still be fairly regular. Judging from studies 

81-83 on dimers and trimers ,there are 1 ikely many fairly low energy, 

non ... regular and non,...extendable conformations available to a single--
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-
stranded nucleic acid tetramer. Since they are not the focus of this 

study, we do not report here the small number of non-regular structures 

which are obtained upon minimization, except where the deviations from 

regularity are minor. In a few cases, the minimized structure is fairly 

regular except for one of the terminal residues. For these, the torsion 

angle values reported are averaged over the remaining three residues. 

For all other reported structures, the given torsion angles are averaged 

over all four residues. 

Tables V-2 and V-3 list all the regular distinct minimized 

conformations found with energies wi thin 6 kcal/mole-resi d ue of the 

global minima for dA4 and rA4 , respectively. As can be seen, the rms 

deviations of the final minimized structures from those input are not 

large in most cases, indicating that the original search was successful 

in picking minima. There· are 21 different dA4 and 17 different rA4 

structures reported. Stereo representations of the minima are presented 

in appendices D and E. 

The two lowest energy dA4 structures listed in table V-2 correspond 

to B-form and A-form DNA, respect! vely. These are the two commonl y 

observed classes of DNA wi th a mononucleot i de repeating uni t 56 

Interestingly, upon comparing the remaining reported minima to those in 

the oligonucleotide crystal structure data base, we find that two of 

these, 5 and 14, have conformations similar to that observed for purine 

residues of Z-form DNA9. We also find (minimum number 9) the original 

Watson-Crick model for DNA68 in this list. 

For rA 4 (table V-3), the lowest energy predicted structure 

corresponds to A-form RNA, while minimum number 3 represents the B-form 

56 class of molecules . The lower predicted energy for the A-form agrees 
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Table V-2 

Local Minima For d(ApApApA)a 

r; a B y <5 E X 6E
b 

RMSc 

1 270 295 174 60 133 180 60 0.00 0.46 
2 297 291 176 55 79 200 18 2.15 0.22 
3 301 293 169 60 78 197 226 3.29 0.45 
4 53 69 183 185 79 194 35 4.10 1. 46 
5 49 73 196 189 78 191 244 4.15 0.82 
6 178 57 202 176 158 288 347 4.18 0.39 
7 279 291 175 48 88 182 126 4.55 0.45 
8 269 177 174 175 129 174 50 4.58 0.33 
9 289 166 194 172 85 190 13 4.69 0.06 

10 71 284 182 295 156 192 34 4.79 0.81 
11 50 193 74 163 85 184 356 5.19 0.33 
12 277 288 155 59 117 258 233 5.29 0.22 
1 3 177 56 250 183 106 188 242 5.36 0.34 
1 4 31 74 194 187 89 178 226 5.40 0.52 
15 66 188 163 71 77 61 248 5.45 0.64 
1 6 285 275 70 179 83 207 36 5.52 0.58 
1 7 174 57 194 180 155 279 17 5.74 0.48 
18 297 70 170 293 81 226 222 5.74 0.99 
19 83 287 182 295 160 189 208 5.78 0.51 
20 278 89 187 193 151 281 239 5.83 0.25 
21 278 285 59 186 74 168 2 5.90 1. 01 

aAfter energy minimizations allowing all atomic positions to vary, 
starting with the local minima found in the conformational energetics 
calculation (see text). Angle values are in degrees. Minimized 
structures with energies within 6 kcal/mole~residue of the global 
minimum are presented. Only those structures which were fairly regular 
after minimization are listed. In a small number of cases, the 
minimized structure was regular except for one of the terminal residues. 
For these, reported angle values are averaged over the remaining three 
residues. Angle values for all other structures are averaged over all 
four residues. 

b Energy relative to the global minimum energy structure found in 
kcal/mole~residue. 

c Root-mean-squared deviation of the initial structure (from the 
conformational search) and the AMBER [50J minimized structure. 
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Table V-3 

Local Minima For ApApApAa 

z; a B r 6 £ X 6E
b RMSc 

1 300 287 172 61 81 201 18 0.00 0.21 
2 30 79 186 180 86 173 338 0.62 1. 17 
3 246 299 166 59 137 189 71 1. 92 0.35 
4 304 283 166 73 76 197 231 2.89 0.36 
5 292 172 192 168 83 189 15 3.39 O. 1 1 
6 29 215 77 178 79 188 174 4.35 0.61 
7 32 199 78 177 79 176 233 4.37 0.55 
8 50 78 184 186 79 184 234 4.44 0.82 
9 279 87 189 191 152 281 244 4.93 0.44 

10 101 64 174 174 153 276 1 18 5.23 0.16 
11 39 180 86 169 90 179 357 5.32 0.22 
12 275 288 155 59 110 258 229 5.35 0.17 
1 3 294 67 174 290 80 226 237 5.76 0.53 
1 4 308 171 174 175 77 228 218 5.76 0.20 
1 5 177 43 254 183 97 204 239 5.79 0.31 
16 150 321 293 1 91 77 166 273 5.80 0.55 
1 7 281 290 176 64 78 195 293 5.81 0.43 

aAfter energy minimizations allowing all atomic positions to vary, 
starting with the local minima found in the conformational energetics 
calculation (see text). Angle values are in degrees. Minimized 
structures with energies within 6 kcal/mole-residue of the global 
minimum are presented. Only those structures which were fairly regular 
after minimization are listed. In a small number of cases, the 
minimized structure was regular except for one of the terminal residues. 
For these, reported angle values are averaged over the remaining three 
residues. Angle values for all other structures are averaged over all 
four residues. 

b Energy relative to the global minimum energy structure found in 
kcal/mole-residue. 

c Root-mean-squared deviation of the initial structure (from the 
conformational search) and the AMBER [50] minimized structure. 
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with experiment, where A-form is found to be the preferred conformation 

for RNA60,76~7B. None of the remaining predicted minima in the list is 

particularly close to any of the non""helical tRNA residues 11. This could 

be expected, since most of these are loop region residues which induce 

large turns in the RNA backbone and hence, if they are used as the 

repeating unit of a tetrameric molecule, cause large steric clashes in 

the tetramer. Interestingly, minimum number B (like minima 5 and 14 in 

the dA4 list) is similar to the purine residue conformation found in Z .... 

form DNA9 , suggesting the possibility that RNA molecules may also adopt 

this form. Recent optical studies have reached the same conclusion
B4

• 

The Watson-Crick model conformation is also a minimum for thi s RNA 

molecule (minimum 5). 

Taken as a whole, the minima lists for dA4 and rA 4 show these 

molecules to fairly polymorphic, with the predicted low energy 

conformations spread throughout much of conformational space. An amount 

of conformational diversity comparable to that observed in these local 

mi nima I ists has been proposed to account for the random coil form of 

poly (rA)B5. One fairly suprising observation is that for rA 4 , only five 

of the predicted minima have X=anti conformations. Most of the remaining 

minima have syn ... range values of X, a conformation as yet unobserved for 

RNA ol1gonucll:!otides. Four of the five lowest energy predicted minima 

are of the x-anti class, though, which may explain the experimental 

preponderance of this conformation. For dA 4 , a much more balanced mix of 

x-anti and x=syn conformations is seen. As expected, based on 

experimental data distributions 3",,11, the minima list for the DNA 

molecule shows no clear preference for either C2'''''endo (0=135°-165°) or 

C2' -endo (0-BOO-900) sugars, while for the RNA molecule all but four of 
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the minima are C3 '-endo. In the minima lists, a number of conformations 

appear which differ greatly only in the value of one torsion angle, 

often 0 or X, from another minimum. In the dA4 list, for example, 

minimum 3 resembles the A.-form minimum with the base in the syn 

conformation, minimum 4 resembles minimum 5 with the base in the anti 

conformation, minimum 8 resembles minimum 9 (the Watson-Crick 

conformation) with a C2'~endo sugar, etc. 

Two minima for dA4 not listed in table V-2 are worthy of note. 

These minima are found not to be regular at the monomer level, but 

rather at the dimer level, even though the starting structures for 

minimization were regular with monomer repeating units. The 

conformations of these minima (/;1-278°. a, =279° , 8 =7P, , 'Y ='86°, , 
0,.,49°. €,.178°, x,·'44°. /;2-272 0

• a2 '"271 0, 82 =58 0
, 'Y ='74°. 2 o =156°, 2 

€2-209°, x2-·53 ° , t.E=,.61 kcal/mole-residue for the first; /; =293°, 1 

a, .. 189°, 8, .79°. 'Y, .176°. 0,.155 0 
, €, -1 95 ° , X, .. 266°, /;2=288 0

, a =264°, 2 

82 '"59 0
, 'Y 2 -1 82 ° • O2-153°. €2-,86°, X -2'0°. 2 ' 

t.E=4.28 kcal/mole-residue 

for the second) are unusual in that all the 8 torsions in both 

structures are in the experimentally rare g+ region. The importance of 

ei ther of these conformations for DNA polynucleotides is uncertain, 

despite the very low calculated energy for the first of them (at t.E=1.61 

kcal/m~le~residue only one conformation. ~form, is calculated to have a 

lower ener gy for dA 4). The reason for this can be seen when these 

conformations are plotted (figure V~4). Neither seems particularly well 

sui ted for unhindered polynucleotide chain extension, nor is base 

stacking between dimer uni ts promoted in either case. It is possi ble 

that either conformation, in small stretches, could be used to introduce 

bends into a nucleic acid chain. 
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Figure V-4: Stereo diagrams of the two local minimum structures wi th 

dimer repeating uni ts found in the global conformational search for 

d (ApApApA) descri bed in the text. a) r;,.2180, Q, =219°, 8, =1' 0, Y, ='86°, 

15,.'49 0, e:,-'18°, x,-'440, r;2-212°, Q2-21'o, 82"'580 , Y2 ='14°, 152='56 0, 

e: 2-209°, x2-53°; b) r;,-293°, Q,-,89°, 8,-190, Y,.'160, 6,='55 0, e:,='95°, 

x,-2660, r;2-288 0, Q2-264 0, 82 -59 0, Y2 ,",82°, 152 ='53 0, (2 .. ,86°, X2=2100. 
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(a) 

(b) 
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The B-form to A~form Transition 

Transitions from B,..form to A~form for a double stranded DNA 

molecule can be induced in a number of ways, most commonly by changing 

the hydration or salt level in the DNA's environment 86 • Above we 

calculated the energy for interconversion between these forms of a 

single stranded DNA (with mononucleotide repeating unit) to be 

approximately 2.5 kcal/mole~residue (7.4 kcal/mole,-residue for RNA). How 

the B-,..>A transition occurs is not yet known, but the information 

obtained by this study provides some insight into the pathway for this 

change. 

The primary difference between B-form and A-form helices 1 ies in 

their sugar puckers, C2'~endo (6-135°-150°) and C3'-endo (6=75°,..90°), 

r especti vely56. Thus. a possi ble i nterconver ion pathway between these 

forms can be deduced by monitoring the most favorable conformational 

changes accompanying changes in sugar pucker. Referring to the ener gy 

contour maps, we can predi ct the behaviors of certai n torsion angles 

during interconversion by following the variations of these angles with 

sugar pucker (given by the 6 torsion) along the lowest energy contours. 

In particular, the variations of ~, S, E and X with 6 can be discerned 

from these plots: ~ increases linearly with a decrease in 6 (figure V-

1b); S increases slightly with decreasing 6 to about 90°, then decreases 

to about its C2''''endo value for lower values of 6 (figure V,..1e); the 

value of E increases about 15°, following an arc of large radius, as the 

val ue of 6 decreases (f igure V,.. 1 c); and the val ue of X decreases almost 
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linearly with 0 (figure V~la)~ The variations of a and Y with 0 are less 

apparent. In both of the corresponding plots (figures C'-le and C-1j in 

a ppendi xC), the minima corresponding to B-form and A.-form DNA (both of 

which correspond to aag-, Yag+) are separated by moderately high energy 

barriers, and the preferred pathway through the barrier is not clear. 

Two possi,bil ities present themselves in these cases. The first is simply 

that these angles vary approximately along a straight line joining the 

B.-form and A~form minima. This is the choice that the experimental data 

distribution suggests. 

The second choice is suggested by the fact that in these maps, the 

lowest energy conformation at 0~900 has a-Y~1800. In this possibility, 

as 0 decreased to a little over 90 0 , a and Y would undergo a minimal 

amount of variation, as predicted in the maps for the B-form mi nima. 

Then, at around 0" 90 0 , both a and Y would quickly snap into the 

al ternate conformation a c Y-l80 0• The pathway for the a:-Y transi tion 

woul d be linear, as clearly shown in the a-Y energy plot (f igure Vr-1 g). 

The ability to undergo such a drastic conformational change in these two 

torsion angles without disrupting the entire helix is an example of the 

60 62 "crankshaft" effect' about the nearly trans B torsion. Then as 0 

decreased even more a and Y would snap back into the common (g-, g+) 

conformation associated with A-form. This second possibility, although 

suggested by the locations of the minima in these maps for 0 in the 

range of 90 0, seems less likely, especially in light of the 7 kcal/mole-

residue barrier to the (~,g+)r".->(t,t) interconversion (figures V~3b and 

V"'3d). It is interesting to note, however, that a proposed model for the 

pol y (rU) coil in agreement wi th exper imental observations 70 predi cts 

that 20% of the chain is described by the (a,Yat,t) arrangement. 
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Discussion 

In this chapter we have presented the results of the first study to 

attempt complete energetic searchs of conformational space for 

01 igonucleoti des. The results of this study, as illustrated in the 

angl~angle energy contour maps, are overall quite consistent wi th the 

experimental distri bution of 01 igonucleotide data and in some cases, 

such as the 6~~ and 6~X plots, the predicted energetics explain the data 

stri kingly well. Most of the angle-angle contour maps presented here, 

including the particularly interesting maps between the sugar pucker (6) 

and other angles, have not been reported before. 

The goodness of fit between our predictions and experiment support 

the assumptions and approximations used in this study. These include the 

use of both the sugar modeling method and correlation functions derived 

i n P i cha pt er S 38, 40 • I t i ul t h t . 1· rev ous n par car, e con our maps I nvo VI ng 

sugar pucker (6) provide evidence that the sugar modeling method is 

reasonably accurate, while the obvious and experimentally consistent 

differences between corresponding maps for DNA and RNA structures, maps 

generated using the exact same correlation functions, attest to the 

suitability of the correlation functions in this conformational search. 

Another assumption used in our energetic search of particular 

import is that of regularity, with a monomeric repeating unit. for the 

structures considered. Although nucleic acids are often described in 

this fashion, the high accuracy crystal structure determinations which 

have been performed for nucleic acids indicate a non~negligible amount 
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of local variation actually occurs in these structures 3- 11
• That the 

maps produced under the regularity assumption fi t the data as well as 

they do suggests that the energetics which govern the angle-angle 

correlations of real non""regular structures are similar to those 

presented here. Similarly, the fact that these maps are produced for 

single stranded nucleic acids while most of the experimental data are 

for double stranded structures indicates that base pairing does not play 

a major role in shaping angle"'angle interdependencies. It is expected, 

though, that a good portion of the difference between the predictions 

obtained in this study and experimental observation is due to the 

regularity and single strandedness of our model system. 

It is also interesting to note that the maps presented here seem to 

fit all the relevent experimental data (all but the Z~form DNA and loop 

region tRNA data) equally well. A dependence of conformation on base 

sequence has been postulated 81 , based on 01 igonucleotide crystal 

structures. Apparently, if such dependence exists, it is manifes t mor e 

in changes in the depths of the various minima and subtle changes in the 

shapes of these minima than in gross changes in the angle-angle 

dependencies portrayed in the maps. This hypothesis is supported by our 

work on a sequence different than that considered in this stUdy58. 

The results here indicate that for single stranded regular 

polynucleotides, certain conformational ranges are preferred for each 

torsion angle, and that within these ranges the torsion angles are in 

most cases fairly free to vary. An examination of the energy profiles in 

figure V-3 shows that a, 'Y, 6 and £: are able to adopt several 

significantly different minima under normal conditions, while for 1;, X 

and especially B one region is very much preferred. It is noteworthy 
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that torsion angle 1; is predicted to be less flexible than several 

others. It has been proposed that polynucleotide conformational 

flexibility arises predominantly from the two torsions centered on the 

59 65-67 phosphate, 1; and ~' • The present calculations, on the other hand, 

point to 0 as the most flexible parameter for DNA, and ~~y as the most 

flexi ble parameters for RNA. Of course, the barriers to rotation for 

these torsion angles may be somewhat different when local variations are 

allowed29 ,30. 

At any rate, the overall message is clear: nucleic acids are fairly 

pliant, and it is likely that we not yet fully observed experimentally 

the extent of their polymorphism. This conclusion is supported by the 

lar ge number of distinct moderatel y low energy conformations found in 

our minimi zation search and by the unexpectedly high conformational 

diversity observed in high accuracy crystal structures for 

oligonucleotides bound by other molecules72 ,88. 

In summary, from this set of calculations we have presented the 

first detailed view of the interrelations between all the various 

degrees of conformational freedom in a nuclei c acid. Corr es ponden ce 

between theory and experiment is very good, both allowing us to have 

some faith in the predictions of this study, and validating the new 

methods used in making such a study possible. In light of the success of 

these calculations, further work using the same techniques to elucidate 

base sequence effects, the conformational preferences of nucleic acids 

with more complex repeating units, etc. is indicated, and is currently 

be i ng carr i ed 0 ut. We hope that the results obtained will help to 

increase our still shallow understanding of the forces which control the 

conformational behaviors of nucleic acids. 

, 

I 
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CHAPTER VI 

Molecular Models for DNA Damaged by Photoreaction 

Synopsis 

From a combination of X-ray crystallographic results, molecular 

model building, and energy minimization, structural models for DNA 

damaged by UV radiation are proposed. Specifically, models have been 

constructed of a DNA molecule containing a psoralen photo-crosslink and 

of a DNA molecule containing a thymine photodimer. These exhibit 

significant kinking of the helical axes and unwinding at the damage 

sites. Such structural impairments may have long-range as well as local 

effects due to the changes they can induce in DNA supercoiling and 

overall architecture. They may also present good recognition sites for 

repair enzymes. 
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Introduction 

Living organisms are constantly exposed to radiation and chemicals 

that can cause alterations in the structure of DNA. To overcome the 

detrimental effects of this damage, cells have developed mechanisms by 

1 which DNA is repaired. In the absence of such repair, a variety of 

2 disease states and even cell death can result • 

The most widely studied radiation-induced DNA modification is the 

formation of pyrimidine dimers by ultraviolet light. For example, two 

adjacent thymine bases on a strand of DNA may be fused by the formation 

of a cyclobutane ring between the bases 3• If these dimers are not 

repaired before replication, they create blocks to normal DNA synthesis 

and a high mutation rate. Xeroderma pigmentosum, which is characterized 

by extreme sensitivity to sunlight and a high incidence of skin cancer, 

has been linked to the absence of competent DNA repair systems for 

pyrimidine dimers2 

Another well-studied type of DNA lesion is caused by psoralen or 

its derivatives in conjunction with long wavelength ultraviolet 

radiation. Psoralens are a class of heterocyclic compounds (figure VI-

1a) which intercalate between two adjacent base pairs of duplex DNA, and 

which, upon UV irradiation, form covalent bonds to a pyrimidine base on 

4 each strand, thus generating a chemical crosslink. Psoralens have been 

used as photosensi ti zing agents for the trea tmen t of var i ous ski n 

pigmentation diseases, and show promise for cancer chemotherapy and for 

4 the production of inactivated viruses for vaccines. 

These photo-induced DNA lesions have been used to advantage as 
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Figure VI-1: a) A psoralen molecule with the crosslink sites (C3, C4, 

C12, and C13) labeled; b) A monoadduct of thymine with psoralen having 

the cis-syn configuration; c) A diadduct of thymine with psoralen having 

the cis-syn configuration at each 1 inkage. For our work, 8-

methoxypsoralen, where R1=H and R2=OCH
3

, was used. The thymine bases are 

attached to the furanose rings of the nucleic acid at R3 
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biochemical probes of nucleic acid secondary structure and of the 

interactions of nucleic acids with proteins. For example, the recently 

developed method of "Photofootprinting"5 uses ultraviolet irradiation of 

DNA to detect protein-DNA contacts as well as changes in structure of 

DNA induced by proteins either in vitro or in vivo. The basis of this 

method is the differential formation of pyrimidine dimers or psoralen 

crosslinks in the presence of proteins which bind to DNA. Psoralens have 

also been used as experimental probes of secondary structure in RNAs 6 by 

forming stable crosslinks in double helical regions which can be 

isolated and characterized. 

The s truct ural features of these damaged DNA molecules may be 

crucial for understanding the biological effects of such damage on cells 

and, in particular, how these sites are recognized by repair enzymes. 

However, at the present time, it is difficult to make a sufficient 

amount of a unique, homogeneous DNA fragment containing a specific site 

of photo-damage to allow physical studies of these structures by such 

methods as X-ray crystallography. Therefore, we have used the results of 

X~ray crystallographic studies on model compounds in combination wi th 

molecular model building and energy minimization techniques to deduce 

the structures of DNA segments containing modifications which can be 

caused by photoreaction. 

Strategy and Procedur~ 

The starting point in building our model of a psoralen crosslinked 

DNA was the crystal structure of a cis-syn monoadduct of psoralen and 

thymine (figure VI-1b) isolated from calf-thymus DNA7. Chemical and NMR 
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methods have established this conformer as the major monoadduct species 

formed in calf-thymus DNA8 ,9. 

To create a diadduct model (figure VI-1c), we fitted a second 

thymine (on the opposing DNA strand) to the psoralen, assuming the local 

structures around the cyclobutane rings for both thymines were the same. 

We then proceeded to incorporate the resulting thymine-psoralen-thymine 

complex into a DNA duplex as shown schematically in figure VI-2. The 

first step was to fit by least-squares a thymine base at the end of a 

10 canonical B-DNA double helical trimer to each of the two thymines of 

the diadduct. At this pOint, the two helices were not connected by 

phosphodiester bonds. Base pairing between the crosslinked thymines and 

the complementary adenines on the opposite strands was maintained for 
~ 

the starting model. This decision was based on our preliminary findings 

from imino proton NMR on the DNA sequence 

5' GAATTC 3' 

3' CTTAAG 5' 

which has been UV crosslinked with psoralen at the central base pair. 

Our results indicate that no base pairs are broken by formation of the 

crossl ink, al though the relati ve orientation of the base pairs has 

11 changed • 

Subsequent model manipulation was performed by minimization of the 

empirical energy function associated with the molecule using the atomic 

positions as variable parameters. The form of the potential energy 

12 function and the parameters used in it are from Weiner et ale and Rao 

13 et ale . No partial charges were included for the psoralen molecule, 

which was held tightly constrained to its crystallographic structure7. 
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Figure VI-2: Schematic diagram of the procedure used to build a double

stranded nucleic acid fragment containing a psoralen crosslink. First, a 

thymine base at the end of a B-DNA double helical trimer was least

squares fit to each of the crosslinked thymines (left). Energy 

minimization techniques were then used to close the gaps in the helix 

backbones and to produce a stereochemi call y reasona bl e struct ur e 

(center). Finally, two additional base pairs were added to each end of 

the structure and energy minimization was repeated (right). The DNA 

sequences used are shown. 
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Minimization was carried out in vacuuo (no solvent atoms were included) 

1~ using the AMBER program system until there were no significant changes 

in either the atomic positions or the energy between two consecutive 

cycles. 

For the ini tial stage of minimization, emphasis was placed on 

closing the long gaps (see figure VI-2) in the two DNA strands while 

maintaining reasonable distance and angle geometry throughout the 

remainder of the molecule. This was done using a minimization cycle in 

which the torsion angles were essentially the only structural variables; 

distances and angles were tightly restrained to their ideal values, as 

given in the parameter set. Additionally, during initial refinement the 

thymine-psoralen-thymine crosslink complex was held to its starting 

geometry by internal constraints. The result of this minimization was a 

structure lacking the backbone phosphodiester gaps while maintaining 

reasonable geometry at all the atoms. 

The structure was then energy minimized in a series of steps in 

whi ch restraints on the angles and distances were gradually relaxed. 

This was done to allow strains which might have buil t up in the 

structure during the initial energy minimization to be smoothly 

dissipated into a more relaxed structure. Once the initial bond distance 

and angle restraints were relaxed, the constraints on the geometries of 

the crosslinks were also removed, and energy minimization continued. It 

was reassuring to observe that the significant changes which occurred 

with the removal of these crosslink constraints were primarily confined 

to the vicinity of the C3-C4 (for atom numbering, see figure VI-1a) bond 

of the psoralen, which was modeled by analogy with the 

crysta1lographica1ly observed geometry at C12-C13. The geometry around 
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the C12-C13 bond changed much less. 

At this point, two more base pairs of regular B-form DNA were best 

fit to each end of the psoralen crosslinked hexamer (figure VI-2) 

resulting in the decamer structure 

5' CGCAT-ATGCG 3' 
Lp, 

3' GCGTA-TACGC 5' 

The extra base pairs were added both to help differentiate real 

perturbations due to the psoralen from "end effects" and to help define 

the helical axes of the decamer, which are needed to calculate such 

parameters as the kink angle, unwinding angle, and displacement distance 

due to the psoralen crosslink. The resulting decamer structure was then 

energy minimized as described above. For comparison, a canonical B-DNA 

helix 10 of the same sequence was also energy minimized using the same 

methods. 

An analagous procedure was used to generate a DNA duplex containing 

a thymine photodimer. In this case, manual adjustment of the starting 

model was attempted using a vector graphic display system. This alone 

did not produce a stereochemically reasonable structure and subsequent 

energy minimization was required. The final DNA sequence incorporating 

the thymine photodimer was: 

5' CGCGT=TCGCG 3' 

3' GCGCA-AGCGC 5' 

This model is discussed in a later section. 
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The Psoralen-DNA Crosslink Model 

The resulting psoralen crosslinked structure (figure VI-3c) is 

severely distorted when compared to the energy minimized B-DNA structure 

(figure VI-3a). Simplified dra~ings of both are shown in figure VI-4. 

The distortion can be understood in detail by examination of the local 

deformation at and near the crosslink site and in general by examination 

of the structural parameters of the distorted helix. 

Local Deformation 

A comparison of torsion angles shows that the major changes in the 

psoral en struct ure rela ti ve to the energy mi nimi zed B- form are 

restricted to the crosslinked thymines and the subsequent two residues 

on the 3' side (table VI~1). This contrasts to the bidirectional (both 

3' and 5' ends of both strands) distribution of conformational changes 

observed in the model of a thymine dimer (discussed later). Large 

changes in backbone torsion angles for the psoralen-crossl inked DNA 

structure relative to the B-DNA model occur at residues 5. 6. and 7 on 

one strand and 15. 16. and 17 on the other. 

In our model. torsion angles a. Y and (to a lesser extent) ~. and 

the pseudorotation angle P (figure IV-1) appear to account for most of 

the conformational flexibility. Changes in a and Y in the residues on 

the 3' side of psoralen are negati vely correlated in a "crankshaft" 

15 linkage. a common mode of conformational change in nucleic acids . The 

glycosyl angles. X. adopt standard anti values. except at the 

crosslinked thymines. where they are high-anti. This could be in 
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Figure VI-3: Stereo diagrams of the final energy minimized structures 

considered in thi s work. a) B- form DNA; b) Double-stranded DN A 

containing a thymine dimer; c) Double-stranded DNA containing a psoralen 

crosslink. 
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Figure VI-4: Simplified ribbon drawings of the final energy minimized 

structures considered in this work. a) B-form DNA; b) Double-stranded 

DNA containing a thymine dimer; c) Double-stranded DNA containing a 

psoralen crosslink. 
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Table VI-l 

Torsion Angles for DNA Containing a Psoralen Crosslink 

RESIDUEa 
1; ex S y cS f; X P 

67 142 180 66 169 
67 144 183 72 1 71 

2 258 292 179 58 133 179 55 148 
268 288 173 59 131 184 64 144 

3 254 298 119 60 139 182 58 157 
232 299 114 62 143 184 56 167 

4 243 298 164 12 151 209 46 168 
261 288 179 57 1 31 182 58 144 

5 291 313 184 298 78 184 112 8 
258 293 171 59 140 190 63 148 

6 261 184 116 186 153 175 14 208 
225 291 174 56 144 185 60 178 

1 213 168 176 167 144 201 59 152 
267 289 176 56 142 191 68 148 

8 207 303 163 54 147 186 51 182 
208 299 166 55 149 184 55 180 

9 265 281 182 56 134 180 58 150 
261 286 184 58 146 187 68 165 

10 251 296 178 57 148 62 166 
235 293 114 58 151 62 111 

11 67 143 180 66 168 
61 144 183 72 1 71 

12 251 293 180 59 135 183 55 15' 
268 288 173 59 137 184 64 144 

1 3 253 295 116 60 127 115 57 140 
232 299 114 62 143 184 56 167 

1 4 260 295 158 83 151 211 43 163 
261 288 179 57 1 31 182 58 144 

15 295 318 114 304 84 188 135 38 
258 293 117 59 140 190 63 148 
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Table VI-1 (continued) 

1 6 293 177 188 178 85 172 49 69 
225 297 174 56 144 185 60 178 

17 286 159 194 178 78 180 26 45 
267 289 176 56 142 197 68 148 

18 286 303 176 62 144 184 55 170 
208 299 166 55 149 184 55 180 

1 9 257 291 183 56 139 181 59 159 
261 286 184 58 146 187 68 165 

20 250 296 177 57 148 61 166 
235 293 174 58 151 62 171 

Angles are in degrees. For each residue entry the first line gives the 
angles for DNA incorperating the psoralen crosslink, the second line 
gives the angles for a minimized B-DNA helix of the same sequence. For 
angle definitions see figure IV~l. 

a Residues are numbered from the 5' end of each strand. The sequence is 

1 10 
5' CGCAT-ATGCG 3' 

3' GCGTA-TACGC 5' 
20 11 
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response to· the attached sugars, which have C3' -endo conformations 

rather than the usual C2' -endo found in B-DNA. Crystal structures of 

01igOnucleotides16 also show a relationship between the glycosyl angle 

and sugar pucker, but in the opposite sense. In general, regions where 

the psoralen crosslinked model differs significantly from B-DNA include 

a sugar whose pucker has changed, as indicated by the pseudorotation 

angle. It is possible that when a major conformational change is 

necessary it is initiated by a change in sugar conformation, which 

induces supplementary changes in nearby torsions. 

It can be seen in figure VI-3c that a major result of introducing 

the psoralen is a distortion of the base pairing between the crosslinked 

thymines and their complementary adenines. This is most apparent in the 

bend angles of 10-19° between the planes of the two central base pairs 

of the psoralen-DNA structure compared to the nearly planar base pairs 

of the energy minimized B-form. 

Energetics 

As would be expected, the energy minimized psoralen-crosslinked DNA 

structure is higher in potential energy than the undamaged B-DNA 

structure of the same sequence. The respective energies are -741.6 and 

-910.0 kcal/mole. Nearly all of the energy difference between these 

structures is due to the four central base pairs as the base pairs away 

from the crosslink site are essentially in a B conformation. A 

comparison of the energetics associated with the central four base pairs 

of the psoralen-crosslinked structure with those of the B-form structure 

is schematically presented in figure V-5. 

A large portion of the energy difference between the crosslinked 
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Figure VI-5: Component analysis of the energetics of the central four 

base pairs of the psoralen crosslinked structure and the analagous 

sequence minimized B-form structure. For each plotted set of numbers, 

the first represents the energy for the psoralen-crosslinked molecule 

and the second the energy for the B-form molecule. Energies are in 

kcal/mole. The bases are denoted A4 , T5 , A6 , T7 , A'4' T'5' A'6' T'7' the 

sugars are marked S4' S5' etc. and the phosphate groups are indicated as 

P45' P
56

, etc. Intra-group energies are listed within the rectangles and 

circles, while inter-group energies are indicated by arrows. 
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and normal B form structures is concentrated in the psoralen diadduct, 

especially the strained cyclobutane rings. Much of the remaining energy 

differences are found in the sugar rings of the central four base pairs, 

which by altering their puckers have produced the major conformational 

change necessary to incorporate the psoralen crosslink. 

Overall Helix Deformations 

Individual torsion angles and energies are useful quantities for 

understanding structural details, but are not suitable for relating the 

overall features of the crosslinked DNA structure. These overall 

structural distortions can be described by three parameters: (1) kink 

angle between the two helices separated by the crosslink; (2) amount of 

unwinding or winding of the crosslinked heli x relati ve to the energy 

minimized B-form; and (3) translational displacement of the axes of the 

helices separated by the kink. The axes for the crosslink separated 

helices were determined from the last two base pairs on each side of the 

kink. The angle between the axes is defined as the kink angle. The 

winding/unwinding angle for two adjacent base pairs was calculated by 

projecting the vector between the two Cl' atoms of one base pair and the 

equivalent vector for the adjacent base pair into a plane perpendicular 

to their common helical axis, and then calculating the angle between 

these vectors. When two base pairs did not share a common helical axis, 

one base pair was first rotated to make the helical axes colinear. The 

helical displacement was calculated as the shortest (perpendicular) 

distance between the helical axes of the two segments separated by the 

kink. 

In table VI-2 we see that the psoralen crosslink causes very large 
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changes in the calculated overall structural parameters rela t i ve to 

those of the minimized B-form helix. The kink angle for the psoralen is 

46.5°, nearly the same as the angle between the two crosslinked thymine 

bases (44.4°). The direction of kinking is into the major groove of the 

DNA duplex. 

The psoralen crosslinked structure is unwound overall by 88.0° 

relative to energy minimized B-DNA. Most of this unwinding occurs at the 

crosslink site, where, due to the physical constraints of the thymine-

psoralen-thymine complex, this structure is wound by 13.4° in a left-

handed sense, versus a 45.1° right-handed step for the energy minimized 

B-DNA structure. The first base step on each side of the psoralen in the 

crosslinked structure is also unwound relative to B-DNA, but by a much 

smaller amount. 

The helical axes of the psoralen crosslinked structures are 

displaced by 3.5 A. This value is highly sensitive to the method used to 

calculated it (i.e. from what portions of the structure the helical axes 

are derived) and should be interpreted with this in mind. 

Surface Accessibility 

Our model makes the specific, testable prediction that due to 

alterations in structure induced by the psoralen crosslink, there should 

be differences in the accessibilities to solvent or chemical reagents of 

certain residues of the damaged ON A reI a t i ve to B-DN A. A strong 

correlation between calculated solvent accessibility and the extent of 

chemical modification by specific reagents has been demonstrated for 

transfer RNA 17 and may be expected for nucleic acids in general. 

Therefore, we have 1 1 d h f 'b'l' 18 f ca cu ate t e . sur ace access I I lty 0 our 
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Table VI,...2 

Structural Parameters of Photo-Damaged DNA 

Stepwise Unwinding Angle (0) 
a 

Psoralen-DNA Thymine Dimer:-DNA 

Cl G20 Cl G20 
-0.5 3.2 

G2 C19 G2 C19 
""3. 1 -0.7 

C3 G18 C3 G18 
... 4.6 ,-2.9 

A4 T17 G4 cn 
-7.5 4.8 

T5 A16 T5 A16 
-58.5 -12.4 

A6 T15 T6 A15 
'-9.4 8.0 

T7 A14 C7 G14 
-0.5 ;-9.2 

G8 C13 G8 C13 
-3.9 -5.3 

C9 G12 C9 G12 
0.3 1 .2 

Gl0 Cll Gl0 C 11 

SUM .. -81.1 SUM -19.7 

Overall Helical Parametersa 

Psoralen-DNA 

Total Unwinding (0) 

Helical Kink Angle (0) 

Helical Displacement (A) 

81.1 

46.5 

3.49 

Energy (Kcal/Mole) +168.4 

Thymine Dimer-DNA 

1 9. 7 

27.0 

2.66 

+58.6 

All values are relative to an energy-minimized DNA-B form structure 
of the same sequence. 
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psoralen-DNA model to probes of various radii, to examine the potential 

interaction of the damaged DNA with water and larger chemical reagents. 

As expected, the largest differences in accessibility when compared to 

energy minimized B-DNA are at the pOints of crosslink formation. The 

link with thymine at the C12 and C13 positions of psoralen results in a 

large decrease in accessible surface at this residue to both water and 

other larger probes. On the other strand, the C3-C4 link produces a 

relati vely small change in accessi bili ty of the thymine, but a large 

increase in the exposure for the adenosine residue on the 3' side of the 

crosslink. Specifically, this residue shows that the C8 exposure is much 

larger for this adenosine. 

The Thymine Photodimer-DNA Model 

Experimental studies in crystals and in SOlution 19 ,20 have 

established the structures of isolated pyrimidine dimers and dimer 

analogs. Based on these studies, Broyde et a1. 21 used energy 

minimization techniques to construct a single stranded DNA fragment 

incorporating the crystal structure found for a thymine dimer analog. 

However, this may not be an appropriate model for a DNA duplex 

containing a thymine dimer since the effects of the complementary strand 

are not taken into account. Rao ~ al. 1 3 recently used internal 

constraints in conjunction with energy minimization techniques to force 

the internal thymines of a DNA duplex into a conformation consistent 

wi th those observed for isolated thymine dimers. Since current 

macromolecular energy minimization procedures are not efficient at 

discovering minima far removed from the starting structure, it was not 
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surprising that their final model showed little overall distortion of 

the DNA double helix. 

In contrast, we have approached this problem in a manner analogous 

to our successful model building of a DNA crosslinked by psoralen. We 

fit ted two s epa rat e t h r e e bas epa i r he 1 i cal s e gm en t son to a 

crystallographically determined thymine dimer 20 , where the bases were 

kinked and unwound, and subsequently applied energy minimi zation to 

obtain reasonable stereochemistry. Our initial minimization was carried 

out on a DNA fragment of 6 base pairs; long enough to accommodate all 

significant local conformational changes due to DNA damage, while short 

enough that energy minimization could indeed propagate these changes. 

Only after this hexamer had reached an energy minimum, did we extend it 

to a decamer by adding dimers to both ends and continuing minimization. 

A detailed illustration of this model is shown in figure VI-3b and 

a simplified drawing is shown in figure VI~4b. A minimization in which 

the thymine dimer was constrained to i tscrystallographic structure was 

also carried out; the results are similar to those reported here. 

Local Deformations 

There are numerous changes in the torsion angles of the thymine 

dimer containing DNA structure as compared to an energy minimized B-DNA 

structure of the same sequence (table VI-3). The differences occur 

primarily at the central residues surrounding the dimer site in both 

strands. More conformational rearrangement has apparently occurred in 

the strand opposite the thymine dimer because the dimer bases opened at 

an angle to t hi s strand. Notabl e conformational rearrangement is 

observed out to the first base pair from the dimer on the 5' end and out 
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Table VI-3 

Torsion Angles for DNA Containing a Thymine Dimer 

RESIDUEa 
1; a B y <5 e: X P 

66 145 188 70 174 
66 144 183 74 172 

2 271 282 172 59 145 1 91 77 150 
269 288 170 62 126 177 57 132 

3 207 298 160 66 148 181 65 173 
248 298 179 63 142 184 58 165 

275 291 167 69 104 64 23 106 
268 286 176 57 145 192 71 150 

5 82 178 184 50 1 41 198 131 148 
207 301 168 58 1 41 184 65 169 

6 296 259 69 172 86 197 358 70 
270 284 168 60 78 183 30 49 

7 254 66 160 302 160 180 79 224 
285 298 173 65 151 1 91 70 173 

8 279 283 162 61 78 179 26 49 
232 289 181 56 148 185 56 177 

9 281 298 176 66 148 187 62 171 
262 284 183 58 146 189 70 162 

10 242 289 182 58 152 56 175 
230 293 172 58 1 51 62 171 

11 68 146 185 72 173 
66 145 184 70 1 71 

12 273 285 168 62 97 182 43 91 
267 285 175 59 1 41 186 66 149 

13 279 289 166 64 85 54 36 63 
230 296 174 62 144 185 61 167 

1 4 68 68 178 181 152 190 58 161 
270 284 177 55 140 194 74 145 

15 215 172 192 162 157 199 45 193 
207 299 164 59 146 184 59 178 
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Table VI""3 (continued) 

1 6 334 186 81 1 48 1 51 194 58 111 
259 289 180 51 129 184 53 140 

1 1 213 110 1 96 156 158 184 63 1 95 
261 289 116 62 148 198 12 159 

18 258 283 1 94 53 1 42 1 91 52 1 69 
205 296 166 55 150 184 55 182 

1 9 212 280 1 63 65 81 111 23 49 
261 285 184 59 146 1 86 68 165 

20 285 299 1 18 61 150 59 1 68 
231 292 116 58 1 51 62 111 

Angles are in degrees. For each residue entry the first line gives the 
angles for DNA containing the thymine dimer, the second line gives the 
angles for a minimized B,...DNA helix of the same sequence. For angle 
definitions see figure IV~l. 

a Residues are numbered from the 5' end of each strand. The sequence is 

1 10 
5' CGCGT-TCGCG 3' 

3' GCGCA-AGCGC 5' 
20 11 
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to the second base pair from the dimer on the 3' end. This. is in 

agreement with NMR data, which suggests greater distortion on the 3' end 

of the dimer19. 

Many of the changes between the dimer and non .... dimer structures 

occur in the pseudorotation parameters of the sugars. Indeed, all 

regions of major structural changes in the dimer complex relati ve to 

minimized B .... DNA include at least one al tered sugar. Thi s further 

supports the idea, discussed earl ier for the psoralen crosslink 

structure, that the sugar is a major source of conformational 

variability in DNA. 

As with the psoralen crosslinked DNA, thea, Y, and r; dihedral 

angles in general show the most variability, next to the sugar. In 

addi tion, the glycosyl angles of the dimerized thymine nucleotides 

themselves are quite altered from standard values. Specifically, the 

glycosyl torsion angle of the 5' residue is increased (high anti) and 

that of the 3' residue decreased (low anti) relative to energy minimized 

B~DNA. 

Interestingly, when we compare our torsion angles in the region of 

21 the dimer with those obtained by Broyde et ale for a single stranded 

DNA, we observe most of the same conformational features. The similarity 

of these results is noteworthy considering the difference in methods 

used to calculate the two sets and suggests that this backbone 

conformation lies at a significant minimum in energy space. 

Overall Helix Deformations 

As can be seen in table VI-2 and figure VI-4b, there is a kink of 

about 30 0 in the helix incorporating a thymine dimer. As was observed 
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for the psoralen crosslinked DNA model, the DNA is bent into the major 

groove. The prediction here of a significant kink contrasts strikingly 

wi th the model of Rao et ale 13 in which there is little overall 

conformational change upon introduction of a thymine dimer in a DNA 

helix (see below). 

Table VI-2 lists the local helical turn angles as well as the 

overall unwinding angle. The individual step turn angles indicate that 

the unwinding caused by the dimer at the central base step is largely 

compensated by overwinding at the adjacent base steps. Oddly, there is 

an unwinding of 9-10 0 at the second base step from the dimer on its 3' 

end, but only 3-6 0 at the 5' end. This may be a sequence specifiC 

effect22 due to the fact that the sequence is not symmetric. 

It can be seen in table VI-2 and figure VI-4 that the kink angle, 

unwinding angle, and displacement are all considerably smaller for the 

thymine dimer model than for the model of psoralen crosslinked DNA. The 

smaller distortions are reflected in the less unfa vora bl e energy 

parameters for the dimer containing model. 

Energeti cs 

The potential energy of the decamer duplex containing a thymine 

dimer is calculated to be -817.4 kcal/mole, a relatively small increase 

from the value of ~876.0 kcal/mole for an energy minimized B-DNA decamer 

of the same sequence. As for the psoralen crosslinked DNA, most of this 

energy difference can be accounted for by strain energies in the 

cyclobutane rings. A comparison of the energetics associated with the 

central four base pairs of the thymine dimer structure with those of the 

B-form structure is schematically presented in figure v~6. 
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Figure VI-6: Component analysis of the energetics of the central four 

base pairs of the thymine dimer structure and the analagous sequence 

minimized B-form structure. For each plotted set of numbers, the first 

represents the energy for the psoralen-crosslinked molecule and the 

second the energy for the B-form molecule. Energies are in kcal/mole. 

The bases are denoted G4 , T5 , T6 , C1 , G'4' A'5' A,6' C'1' the sugars are 

marked S4' S5' etc. and the phosphate groups are indicated as P45' P56 , 

etc. The crosslinked thymines are represented as a single entity denoted 

TT. Intra-group energies are listed within the rectangles and circles, 

while inter-group energies are indicated by arrows. 
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Surface Accessibility 

We have also calculated the surface accessibility of our model of 

DNA containing a thymine dimer to probes of various radii. In the strand 

containing the dimer there is a large reduction in accessible surface 

area for both the first thymine (in the 5' direction) and for the 

guanosine immediately preceeding it, primarily due to decreases in 

exposure of the sugars and joining phosphate. There is little alteration 

of the surface area, relative to B-DNA, of the second thymine forming 

the dimer. In the strand opposite the dimer there is an increase in 

accessible surface for the two adenosine residues across from the dimer 

induced by the angle between their base paired partners. In particular, 

the N6 exocyclic amino groups of these adenine bases show increased 

access i bili ties to probes of radii as large as 3.0 A. The increased 

availability of the adenine.exocyclic amino groups in our model is in 

good agreement with the enhanced reactivity of DNA with formaldehYde 23 . 

Discussion 

Our models indicate that the introduction of a psoralen crosslink 

in DNA brings about drastic conformational changes in the DNA helix, 

while formation of a thymine dimer requires similar, but less severe 

changes. The gross structural changes predicted by these models may be 

in part responsible for the harmful effects of these lesions in cells 

and at the same time may present obvious recognition sites for repair 

enzymes. 
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In addition to the deleterious effects on cells which local 

distortions in DNA can induce (for example by blockage of transcription 

and replication enzymes), our findings indicate that long range as well 

as short range effects may arise from kinking and displacement of the 

helix axis and unwinding of the duplex. Evidence that photodimer 

formation causes gross alterations in the structure of DNA is offered by 

studies which have noted changes in the sedimentation coefficient 24 , 

sensiti vity of damaged regions to nucleases both before and shortl y 

after repair 25 , 26 circular dichroism , sensitivity to chemical 

modification reagents 23 , and thermal denaturation27 of DNA upon 

introduction of such lesions. 

At the present time, there is no experimental method to directly 

verify the type and extent of structural distortion we have suggested 

here. Measurements of the band pattern shifts of supercoiled circular 

28 . 29 DNA due to formation of psoralen adducts and thymine dlmers indicate 

topological unwinding angles of -28 0 and -14 0 respectively. The physical 

interpretation of these results is ambiguous, however, because the 

calculated topological unwindings are due to a combination of actual 

duplex unwinding and negative supercoiling due to successive kinking of 

the DNA. Furthermore, in the case of psoralen, the measured topological 

unwinding arises from monoadducts as well as crosslinks. Nevertheless, 

these results clearly indicate that both thymine dimer formation and 

psoralen crosslinking induce significant topological unwinding in DNA. 

These results are consistent with our models, which predict topological 

unwinding, but inconsistent with the model of Rao et al. for thymine 

dimers 13 , which predicts no topological unwinding. 

We believe the structures we have derived will help in 
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understanding the consequences of pyrimidine dimerization and psoralen 

crosslinking in nucleic acids and provide a basis for future 

experimentation. 
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CHAPTER VII 

Determination of Atomic Partial Charges for A Nucleic Acid Constituent 

from X-ray Diffraction Data: 2'~Deoxycytidine 5'-Monophosphate. 

Synopsis 

The first experimentally derived set of partial charges for a 

nucleotide has been determined. A high resolution x-ray data set (5122 

independent observed reflections to sin(6)/)'=0.995 .8.-
1) has been 

collected at T=-150 °C for 2'-deoxycytidine 5'-monophosphate monohydrate 

in the zwitterionic form. Radial refinement was carried out on the data, 

a refinement method which allows variation of atomic valence sphere 

radii and populations and hence directly yields the partial charges of 

atoms in a structure (Coppens, P., Guru ROW, T. N., Leung, P., Stevens, 

E. D., Becker, P. J. & Yang, 1. W. Acta Cryst. A35, 63-72, 1979). The 

atomic partial charges thus determined are in general qualitative 

agreement with theoretical values, but Significant differences exist, 

indicating a reassessment of the applicability of the theoretical sets 

currently in use is necessary. The ab initio charges determined by Nuss 

and Kollman (J. Med. Chern. ~, 1517-1524, 1979) are closest to 

experiment in the sugar and base regions, while the Del Re charges of 

Renugopalakrishnan ~ al (Biopolymers lQ, 1159-1167, 1971) match best in 

the phosphate region~ 

The presence of an additional hydrogen on N3 appears to have a 

small effect on the charge densities of all base atoms, rather than a 
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large localized effect on adjacent atoms. Inspection of deformation 

densi ty maps for the hydrogen bonds in this crystal suggests possi ble 

differences between those bonds which include a nitrogen atom as part of 

the bond and those which do not. 
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Introduction 

The use of classical potential energy force fields (van der Waals 

contact term, monopole interaction term, bending, stretching and 

torsional terms) for theoretical nucleic acid structure prediction 

calculations is now widespread. Chapters three, fi ve and si x of this 

thesis present three examples of this type of calculation. Such 

calculations have also been used in the past to help explain the 

conformational preferences of A, B, and 1-3 Z'-type structures , to 

speculate as to the nature of nucleic acid interactions wi th other 

4 
mol ecul es , to probe the conformational variability of the furanose 

5 6 7-10 ring , , and to help understand other conformation phenomena . The 

overall simplicity of the empirical potential function makes it innately 

appealing and, indeed, this function forms the basis of the best 

currently feasible methods for study of large molecular fragments, where 

more rigorous wave function based treatments are prohibitive. Procedures 

using the classical force field suffer from the significant 

disadvantage, however, that the parameters on which the field depends 

are not all well defined 11.· Most uncertain are the atomic partial 

char ges used to calculate the electrostati c interaction energy. Un til 

now, values for these pOint charges have been derived exclusively from 

ab initio and semi-empirical calculations, and the values from one 

calculation, wi th a gi ven set of approxima t ions, have often been 

significantly different from those of another calculation with different 

. 12 assumptlons 

It seems logical that charge parameterization should be possi ble 

using the technique of crystallography which, as is well known, yields 



240 

the electron density distribution in a molecule as the fourier transform 

of the observed structure factors. In the past few years, a number of 

procedures have been developed which allow the extraction of a set of 

atomic partial charges for a molecule from high quality crystallographic 

d t 13-15 a a . Here one such procedure, the so called "Kappa" refinement 

scheme of Coppens 15, is used on a low temperature high resolution data 

set for zwitterionic 2'-deoxycytidine-5'-monophosphate monohydrate 

+ 
(CMP 'H20) in order to deduce a set of atomic partial charges for this 

molecule. In kappa refinement, both expansion and contraction of the 

atomi c valence shell and the occupancy of this shell, as well as 

traditional pOSitional and thermal parameters, are refined against the 

diffraction data. In the past, this method has been favorably tested on 

15 16 . a variety of small molecules ' • The results of the refInement are 

discussed below. 

The structure of the molecule considered here was previously solved 

in an independent investigation17 , and the reader is referred to that 

work for a geometric overview of this molecule. 

Experimental 

X-ray Data Collection and Reduction 

Crystals were grown from a 2 ml solution of 0.25ug 2'-deoxycytidine 

5'-monophosphate (CMP) in 0.25 M BaC1 2. The solution was allowed to 

slowly evaporate overnight from a closed container, and good chunky 

crystals were then observed in the mixture. The crystal chosen for study 

was well formed, ranging from 0.09 to 0.25 mm per edge. Data was 
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collected at -150°C on a CAD-4 diffractometer using Mo ka radiation 

(table VII-1). 11377 reflections were collected over two symmetry

related octants out to a maximum in sin(e)IA of 0.995 A- 1. Three 

standard reflections moni tored during data collection conf irmed the 

s tab i 1 i ty of the crys tal. The data wer e corrected for Lorent z 

polarization and absorption. The absorption correction applied was 

calculated using the analytic method of Tompa 18 , and was minor, with a 

maximum correction of 2.3%, consistent with the indications of the psi-

scans. The six strongest reflections were deleted as they appeared to 

suffer from significant extinction. After deduction that there were no 

significant extinction anisotropies in the remaining data, equivalent 

reflections were merged, the average disagreement factor between merged 

reflections being 1.8%. Only reflections for which F > 30 were 

considered observed, giving 5122 observed, independent reflections. 

For the calculation of electron densi ty maps and di pole moments, 

the accurate nuclear posi tions afforded by a high angle refinement were 

required. Only reflections for which sin(e)/A > 0.65 A~', above which 

point scattering from the diffuse valence electrons is estimated to be 

negligible for the atoms in the nucleotide, were used in this 

refinement. This reduced the number of relevant reflections to 3484. 

Refinement 

Initial positions for 17 of the 21 non-hydrogen atoms in the 

structure were found using the direct methods program package MULTAN'9. 

The 500 reflections with the largest E values were used in this 

determination, and the final R-factor, where R=L(F b -lkF 1 I)/LF b ' o s ca cos 

was 0.346. The remainder of the non-hydrogen atoms and the 16 hydrogens 
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Table VII ... 1 

Crystal Data for 2'-Deoxycytidine 5'-Monophosphate Monohydrate 

This Study Lin and Sundaralingam 17 

Space group P2 12121 a 6.7482 ± 0.0007 A 6.796 ± 0.002 A 
b 11 .3307 ± 0.0012 A 11.349 ± 0.003 A 
c 16.5692 ± 0.0018 A 16.763 ± 0.004 A 
z 4 4 
Volume 1266.9 10.3 1292.9 10.3 

Temp -150°C Room Temp 
A 0.71069 A (Mo) 1.5418 A (Cu) 
)J 2.09 cm- 1 23.54 em'" 1 

(sine/).) 0.99 A-I 0.58 10.,...1 
R 1 t .max 0.51 A 0.86 A eso u lon 
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were then initially located in a series of several cycles of full matrix 

least squares refinement on positions and isotropic temperature factors 

followed by examination of the resulting (F b -F 1) difference fourier 
o s ca c 

maps. The initial R-factor after all atoms were located was 0.064. 

Additional conventional refinement on I(F b -I kF 1 1)2, allowing o s ca c 

scale factor, positions and thermal parameters (anisotropi c for non-

hydrogens, isotropic for hydrogens) to vary lowered the R-factor to 

0.034. Subsequent refinement was accomplished using program RADIEL'5, a 

full matrix least squares refinement program which allows extinction and 

atomic electron density, as well as structural parameters, to vary. 

Conventional crystallographic refinement is based on the assumption 

that 

p (r) = P p (r) + P p (r) atom core core valence valence 
(1) 

where r= the radial distance from the center of the atom, and the P'S 

and p'S are electronic population factors and densi ty functions kept 

fixed at their free atom values. With the kappa refinement of RADIEL, 

P p (r) + P 1(3 p ( Kr ) 
core core valence valence 

( 2) 

where both P 1 and K are allowed to vary. The 1(3 term is necessary va ence 

for normalization15 • Hence K is an expansion/contraction factor relating 

the actual spherical valence density of an atom to its free atom value. 

In terms of scattering factors f, the relevant four ier transforms for 

refinement purposes of the above density expressions are 

f t (S) a om 

f t (S) a om 

P f (S) + P f (S) 
core core valence valence 

Pcore fcore(S) + Pvalence fvalence(S/K) ( 4 ) 
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where S=sinCe)/A. 

Core and valence scattering factors used were calculated from the 

International Tables 20
. During refinement, the data were corrected for 

21 isotropic type I extinction according to Coppens . The correction was 

small, the lowest refined transmission factor being 0.91 and only 22 

reflections having transmission factors less than 0.99. A comparison of 

the low angle F 's and obs F calc's using this and other types of 

extinction corrections, as well as no extinction correction, indicated 

that the above correction was appropriate. 

The R-factor before introduction of the valence occupancy and K 

parameters to refinement was 0.027, refined to minimize the residual 

factor ICF b -lkF I 1)2. The charge distribution parameters were then o s ca c 

allowed to vary and were refined simultaneously with the conventional 

variables discussed above. K was fixed at 1.4 for hydrogen atoms as has 

previously been discussed 15 , and the total charges on the CMP+ and water 

molecules were fixed at 0.0. In order to preserve the neutrality of both 

+ 
the CMP and water, the charge parameters of the water molecule were 

kept fixed at their free atom values during this stage of refinement. 

+ Later, the charge parameters of the CMP and water were al ternately 

freed and frozen in a mutually exclusi ve fashion during a series of 

refinement cycles until the average change of any charge parameter was 

much less than 1.0% of its associated error. CA refinement performed for 

+ 
comparison, in which only the total charge of CMP oH 20 was constrained 

to 0.0, gave similar results; the charge parameters changed by less than 

+ + 
0.50 rms for CMP , and only a small charge transfer of 0.20 e to CMP 

was observed.) Kappa refinement lowered the R-factor to 0.025. Finally, 

the data were refined to minimize the weighted residual factor Iw. (F b -
lOS 
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IkF 1 1)2, with w. based on counting statistics. In addition, we tried ca c 1 

a standard weighting scheme with cr2=cr(F2)2+(0.01F2)2; overall parameters 

were well wi thin one standard deviation of those reported. The final 

weighted R factor was 0.023. 

High angle parameters were obtained by several cycles of positional 

and temperature factor refinement using the data with sin(e)IA)0.65 .8.- 1. 
, 

Charge related parameters, scale factor, and extinction coefficient were 

kept fixed at the values obtained from the whole data set refinement. In 

the high angle refinement one of the hydrogen atoms on N4 (H41) 

repeatedly minimized to an apparently false minimum only 0.55 A from N4. 

A possible explaination for this anomaly is that a Significant portion 

of the electron density of H41 is being shared between it and its fairly 

close (1.770 A) hydrogen bond acceptor atom (figure VII-6d). This could 

leave too little density near the nuclear region of the hydrogen for an 

accurate high angle determination, the contribution of diffuse density 

to high angle reflection data being rather small. To alleviate the 

problem, the position and temperature factor of H41 were fixed at their 

whole data set values during this refinement. The resulting weighted R-

factor was 0.022. 

Table VII-2 lists relevant parameters for refinement. 

Resul ts 

Coordinates 

+ 
Figure VII~1 shows the numbering of the CMP -H

2
0 molecule and an 

ORTEp 22 plot of the refined structure with thermal ellipsoids 
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Table VII-2 

Refinement Data for 2'-Deoxycytidine 5'-Monophosphate Monohydrate 

Free Atom b Kappa c High AngleC LSa,c 

R (F) 0.027 0.026 0.030 
R (F) 0.029 0.023 0.022 0.023 
SW 0.3899 2.0316 1. 18 
NO 5122 5122 3484 1197 
NV 255 313 249 255 
sin(8)IA 
range (A- I) [0.O,O.99J [0.O,O.99J [0.65,O.99J [0.O,O.58J 

R=LI(F b -lkF 1 I)I/LF b R =(Lw.(F b -lkF 1 p21LF b 2)1/2 o s ca cos w lOS ca cos 
, 1 2 1/2 S=(Lw.(F b - kF 1 I) I(NO~NV)) ; 

1 0 S ca c 

NO=number of observations; NV=number of variables 

aThe earlier conventional refinement of Lin and Sundaralingam17 

bRefinement minimized '(F -lkF 1)2 Lobs calc 

cRefinement minimized 'w (F -lkF 1)2 
L i obs calc 
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Figure VII-l: a) Numbering in 2'-deoxycytidine 5'-monophosphate 

monohydrate zwitterion. b) Stereo ORTEP drawing of 2'-deoxycytidine 5'

monophosphate monohydrate wi th thermal ellipsoids representing the 

atoms. Ellipses for hydrogens are arbitrary. 
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(a) 

(b) 
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representing the atoms. The molecule was found to be a zwitterionic 

monohydrate, with protonation at the N3 position of the cytosine base. 

The non-hydrogen framework is essentially identical to that in the 

structure of Lin and Sundaralingam (LS) 17. Tables VII-3 a and b list the 

posi tional and thermal parameters obtained from the who 1 e da ta set 

refinement, from Lin and Sundaralingam, and from the high angle data set 

refinement. The thermal parameters are generally lower for the current 

whole data set refinement than for the LS refinement, as would be 

expected, since the previous work was done at room temperature. Standard 

errors for variables were also lower here, owing to the more extended 

nature of the current data set: 5122 reflections to 0.99 A- 1 in 

sin(8)/A here versus 1197 reflections to 0.58 A- 1 in sin(8)/A in the 

previous determination. The rms posi tional deviations between the two 

data sets are 0.037 A for the non-hydrogen atoms and 0.15 A for 

hydrogens. At least parts of these differences are attributable to the 

dependence of posi tional parameters on temperature. An elaborate 

discussion of geometrical parameters was included in the previous 

publication and only portions relevant to the discussion here will be 

repeated. 

Distribution of Electron Density 

It is possible to fruitfully examine the distribution of electron 

density for a highly refined extended data set such as the one here. To 

this end, we shall make use of the deformation density16: 

p (r)=p (r)-p (r). (5) 
deformation observed free-atom-approx 

Pd ft' represents the redistri button of electron densi ty upon e orma 10n 



Table VU'-3a 

Positional and Anisotropic Thermal Parameters of the Non-llydrogen Atoms 

DEL TA ATOH X Y Z U1I U22 U33 U12 U13 UZ3 POSIT10H db HI 3B1981 91 -21861 61 -7361 41 7981 281 1.8481 Z31 11891 231 -471 18 I 261 171 2991 181 399991 381 -29991 291 -7181 181 11101 60 I 4381 281 2181 181 -481 381 191 281 501 181 8.88838' 391811 8 I -21921 51 -7371 4 I 7701 151 18281 171 11721 171 -711 131 291 131 1801 14 I B .88078 C2 432051 l8'1 59141 61 -49151 41 8861 23 I 11061 241 18781 24 I -1881 211 -391 201 991 191 439981 481 49481 281 -4798'1 181 128'8'1 78'1 498'1 2" 1981 181 -1301 481 -301 28' I 191 181 '.BI517 01641 91 50341 61 -48181 41 7751 171 11241 191 11151 181 -1121 161 271 151 1661 15 I '.88361 "3 354711 91 15438'1 5 I -79191 41 8431 22 I 11631 23 I 13781 241 -951 19 I 291 181 2641 191 35378'1 38'1 153291 281 -79401 181 11381 681 4501 28' I 2301 l8'1 -481 30 I 01 20 I 681 181 '.B2348 354711 91 154271 61 -79241 41 7951 161 11551 191 1367( 191 -791 HI 39C HI 3041 151 8.BBS9S C4 15B08'1 III 181801 61 -78111 41 9551 241 11611 251 11511 251 -751 22 I -651 201 151 211 158581 401 180791 20 I -79B01 181 12881 781 498'1 2" 2081 l8'1 -201 481 -591 20 I -291 181 8',83928 158181 181 191931 61 -78181 41 888'1 181 1.89BI 191 12951 291 -471 16 I -391 15 I 1821 161 B.89223 C5 29281 181 184431 7 I -36731 4 I 8841 221 12781 27 I 13811 261 -751 22 I 171 29 I 691 22 I 29301 481 193991 281 -39991 181 1160( 781 538'1 28'1 2301 181 -481 301 181 281 8'1 19 I '.8'2878 29941 181 194521 7 I -36781 4 I 8281 161 11951 291 13791 291 -911 17 I 121 15 I 1751 17 I B.88178 C6 18488'1 191 5231 61 -3511 4 I 8331 231 12481 251 12531 251 -1611 211 511 291 841 211 184991 481 .,01 201 -4591 1.81 19601 7'1 5UI 291 2181 191 -1281 481 201 29 I 81 181 8.81855 184911 9 I 5231 61 -3481 41 8101 171 11921 19 I 138'51 191 -1351 151 831 151 1761 17 I 8.88197 02 696461 81 24391 5 I -56621 3 I 797 ( 20 I 15231 241 16771 24 I 521 181 1761 17 I 2931 181 684301 381 24591 28'1 -55901 181 19581 50 I 6201 281 38'81 191 281 38' I 50 I 28 I 901 191 8.81U5 686561 8 I 24341 6 I -56731 4 I 7361 151 15681 19 I 17231 19 I 691 141 28' 11 141 3461 161 8.88202 "4 93371 III 277221 61 -114991 41 11061 251 13581 251 20951 291 511 221 191 231 5431 221 95101 481 27598'1 201 -116081 191 14801 601 518'1 201 3301 18' I 591 39 I 201 29 I 1291 181 0.04358 93491 III 277291 61 -115141 51 11201 28'1 1329C 201 28'76( 231 1.851 171 -281 181 6001 17 I 8.8027B C I' 392161 101 -136421 61 23371 41 9761 251 9341 241 12531 251 -861 20 I 291 291 421 191 38138'1 401 -135901 201 2U01 18'1 13601 701 3901 29 I 2201 10 I -291 30 I 191 20 I 01 101 8.82532 381991 91 -136201 61 23271 4 I 9561 18 I 9431 19 I 11941 19 I -841 141 31 15 I 261 15 I 8.8'832 3 C2' 548621 191 -121931 61 85611 4 I 9671 25 I 18611 261 1450 I 26 I -1291 21 I -1911 201 1531 221 545591 491 -129301 201 8588'1 10 I IH91 781 4381 281 2491 181 -801 481 -4BI 291 291 191 8'.82129 548761 91 -121141 61 85611 41 9711 191 11071 281 14161 211 -1931 161 -1911 151 191 I 171 8.88'156 C3' 488911 II I -293421 6 I 154261 4 I 13221 271 18961 261 12371 271 851 22 I -112 I 21 I 681 21 I 484791 491 -29118'1 281 15BOI 181 15481 781 4291 291 2301 191 1191 491 -491 291 191 191 8'.8'3288 480241 191 -293571 6 I 154271 4 I 13871 21 I 9971 291 12991 291 951 161 -1911 161 781 161 8.89231 C4' 263891 III -209551 71 146451 5 I 12711 211 950'1 251 15021 291 1131 22 I 2881 22 I 2511 22 I 263391 491 -296291 291 146491 181 16991 901 4191 291 2691 191 81 491 1201 391 781 181 8'.03683 263341 191 -298641 61 146231 5 I 12291 281 9141 19 I 15171 221 1391 16) 3971 171 264( 171 0.88525 04' 227121 81 -190161 51 69661 3 I 19651 211 1182 ( 22 I 15671 231 -3481 171 -971 171 2561 19 I 225601 281 -19658'1 191 61381 181 13391 50 I 4881 281 2781 191 -2091 391 -191 281 401 101 8.8'271S 227251 91 -198181 5 I 69781 41 19691 161 11251 161 16071 181 -3361 10 -1211 141 2821 IS I 8.88219 03' 572121 91 -318141 51 139441 3 I 12511 221 988 I 211 1745( 241 2301 191 151 19 I 1781 171 569181 301 -316081 181 149281 181 15781 58'1 4601 281 3091 13 I 1531 30 I 01 29 I 491 13 I 8.3UJ7 571771 101 -319971 51 139471 41 12561 171 13111 161 17391 19 I 2531 15 I -121 161 1711 14 I B.B3254 CS' 151541 131 -11601 7 I 193961 5 I 29911 321 11511 261 29131 311 4261 261 9691 291 4911 271 149931 591 -115291 2S1 192831 291 23701 9S1 USI 201 3591 UJI 2031 49 I 3531 301 1231 291 8.82231 151291 131 -116321 7 I 193931 6 I 20911 271 11561 21 I 19591 261 4301 21 I 19081 24 I 4551 221 8.80216 05' 216251 91 -281 5 I 171051 3 I 13511 22 I 10111 211 15291 231 2221 171 3651 181 1191 171 214791 331 1901 191 17069( 191 16091 601 413 I 23 I 2601 131 1101 391 1701 20 I 301 131 8.93568' 216371 181 -341 5 I 171 I II • I 13061 17 I 991( 161 14961 171 2531 141 3B31 161 1151 15 I 8.80171 06 -132201 8 I 79981 5 I 180531 3 I 9541 211 15931 231 16731 251 271 181 -242( 171 2171 181 -130691 301 8330( 231 18179( 181 12.01 591 6501 291 30'31 101 391 39 I -1301 291 691 131 8.86733 -13228( 91 799BI 61 180541 4 I 9351 151 15321 191 17321 28'1 -271 14 I -2731 14 I 2271 15 I 8.98356 N 
\.Jl 
0 



Table VII-3a (continued) 

07 181881 81 IUtZl 51 298UI 31 11231 221 28781 271 11921 221 -U1211 291 171 -2581 181 
11'981 381 121981 281 289281 181 15281 581 7981 281 2281 181 181 381 281 281 -681 181 8.85819 
18B9H 9 I 128171 7 I 2986.1 3 I lZsee 181 ZB"I 221 lU8 I 171 -551 111 281 131 -2321 15 I 8.88878 

08 lliU51 91 2139H 51 152261 U 13261 231 11881 221 18861 261 -281 191 UI 191 3821 19 I 
16"81 381 215581 UI 153881 181 18281 681 .ael 281 3381 181 -181 381 381 281 1881 181 8.85863 
16U9I 91 2 .. 861 61 152171 5 I 13791 181 189H 171 18891 221 -581 15 I 931 161 3UI 161 8.8828. ,. 81161 31 189951 21 19liHI 1 I 881 I 71 9821 71 18591 71 1891 Ii I -31 6) 62 I 61 

83881 18) 112181 181 196181 81 1158 I 28' I H81 181 2UI 81 981 18 I 81 181 281 81 8.8H32 
811H 3) 189951 2 I 196251 II 8871 5 I 9131 51 18691 51 lB8' 51 iiI 51 721 51 8.8BB21 

01\11 36se21 9 I -H8991 51 195871 ., .. 561 23 I 15391 231 16981 23 I -981 19 I 231 21 I -1361 211 
358881 381 -.99881 281 197381 181 18581 681 1i581 281 3881 181 -HYI 381 -281 28 I -581 181 8.86286 
359761 181 -~98951 61 195881 51 15281 18 I 15HI 181 16851 19 I -811 161 01 191 -1131 19 I 8.88215 

All parameters and their standard deviations in parentheses have been multiplied by 105, For each atom the results from 
the whole data set refinement of this study. the previous study of this structure [17]. and the high angle refinement are 
given in the first. second. and third lines. respectively, 

I\) 

IJ1 
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Table VII-3b 

Positional and Anisotropic Thermal Parameters of the Hydrogen Atoms 

ATOM X V Z 
DELTA 

Ul1 POSITION dl) 
H3 447G( 21) 2888( 11> -U72( 7) 158( 42) 

45U( 48) 2848( 28) -U88( 18) 388( 68) 8.86891 

H41
a 4551( 78) 2128( 4G) -1211( 38) 259( G2) 8.26779 

1852( 22) 3248( 14) -1489 ( 8) 251( 51 ) 
18G8( 48) 3288 ( 28) -1428( 28) 498( 88) 8.8G288 
1852( 8) 3248( 8) -1489 ( 8) 251( 8) 8.88800 

H42 -387( 23) 2891( 12 ) -1213( 8) 153( 45) 
-578( 50) 2848( 38) -1258( 28) 570( 90) 8.1G128 
-412( 83) 2881 ( 58) -1135( 32) 272( 70) 0.13083 

H5 -U69( 28) 1211< III -343( 7 ) 262( 45) 
-11G8( 40) 1170( 28) -398( 18) 390( G0) 8.11724 

-975( 57) 1208( 32) -388( 28) 232( 45) 0.89795 
HG 258( 19) -498( 12 ) 229( 7 ) 323( 45) 

280( 48) -448( 28) 198( 18) 340( 88) 8.89688 
142( 79) -528( 4S) 31G( 32 ) 336( 68) 0.16752 

HI' 4207( 17> -1793( 9 ) -221 ( 6 ) 48S( 48) 
4038( 48) -1830( 28) -228( 18 ) 388( 60) 8.18997 
4286( 74 ) -1913( 39) -259( 27> 373( 57) 8.15904 

H2' 1 S536( 18 ) -386( 11 ) U35( 7) 298( 43) 
5430( 48) -440( 20) U38( 18) 398( 60) 8.87782 
5736(133) -354( 78) U56( 51 ) 468(188) 8.14402 

H2'2 6729( 18 ) -1442 ( 18) 618( 6) 249( 42) 
6748( 48) -1478( 28) G80( 18) 398( 60) 8.85556 
6714( 93) -1414( 57) 6H( 37) 383( 8ll 8.85445 

H3' 5310( 17> -1753( 18) 2076( 7) 3G8( 41 ) 
54U( 48) -1738( 28) 2898( 18 ) 528( 88) 8.11530 
5256( 182) -1741( 68) 2166( 41 ) 425( 87) 8.15411 

H4' 2897( 16 ) -2866( 18) 1G34( 6 ) 194( 37> 
287fiH 48) -2888( 28) 1648( 18) 528( 88) 8.84751 
2054( 79) -2979( 47) 1678{ 31 ) 338{ 65 ) 0.14428 

03'H 5829( 27> -3716( 17) 1578( 18) 486( 65) 
4718{ 58) -3798( 38) 1788( 28) 848{ 188) 8.32722 
4928{ 62) -3783( 37) 1574 ( 26) 268( 55) 0.87531 

H5' 1 1763( 17) -1298( 18) 2513( 7) 462( 48) 
1868( 50) -1270( 28) 2530( 28) 718(188) 0.11114 
1925(129) -1362( 72 ) 2531 ( 55) 587(114) 8.13453 

H5'2 U8( 19 } -1262( II} 1837( 7> 378( 48) 
-98( 58) -1178( 38) 1868( 28) 638{ 90) 0.18418 

76( 94) -1218( 65) 1896( 48) 418( 86) 8.11184 
H7 2268( 26) 1461 ( 14 ) 3896( 9 ) 319( 57) 

2288( 68) 1528( 38) 3098( 28) 928( 188) 8.88777 
2181(184) 1418( 58) 2979{ 43) 361( 89) 8.28833 

H(W)l 2778( 23) -4148( 14 ) 2377( 9) 295( 35) 
3888( 58) -4638( 38) 2418( 28) 798( 80) 8.23801 
2770( 54) -4812( 33 ) 2368( 24) 195( 47) 8.87798 

H(W)2 2884{ 29) -5218( 16 ) 1581 ( 1 1 ) 641 ( 58) 
29G8( 48) -5268( 28) 1728( 28) 538( 180) 0.27760 
2681 ( 76) -518l< 43) 164l< 31> 389( 64) 0.11438 

All parameters and their standard deviations in parentheses have been 
multiplied by 10 . For each atom the results from whole data set 
refinement of this study, the previous study of this structure [17J. and 
the high angle refinement are given in the first, second, and third 
lines respectively. 

aKept fixed in high angle refinement (see text). 
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molecule formation from separate atoms. P b d is calculated from a o serve 

fourier summation of observed structure factors, using phases determined 

from refinement. Pf t is calculated by setting K equal to 1 ree-a om-approx 

and P I equal to P I f t in equation 4 and using this va ence va ence, ree..-a om 

expression to calculate the structure factors used in the fourier 

summation. Obviously, Pd f ti is quite dependent on the parameters e orma on 

used to calculate P and true atomic positions should be free-atom-approx 

used in this calculation. For this purpose we may, as we have done here, 

use high angle coordinates, which are fairly (though, as can be seen in 

table VII-6, not completely) free from aspherici ty effects23 . We may 

16 also define a valence density : 

( 6) 

is the density calculated with P I =0. va ence for all atoms. 

Deformation density maps have the advantage over valence density maps of 

being much more sensitive to the electron distribution in bonding and 

lone pair regions .. 

Figure VII~2b shows the valence density in the best plane through 

the cytosine base. The plane was determined by a least squares fit of 

all atoms of the ring plus all substituents. Table VII-4 lists the 

deviations of each atom used from the plane. This map is much as would 

be expected, with the height of the electron densi ty peak associated 

wi th each atom directly dependent on the number of valence electrons 

possesed by that atom. The CO bond is clearly polarized towards the 

oxygen atom, as would seem reasonable, and the nitrogen atoms display 

the semi triangular 24 densi ties characteristic of these atoms . The 

valence density does not peak at the C4 posi tion but at a posi tion 
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Figure VII-2: Various representations of the electron distribution in 

the cytosine base ring. Positions are from high angl e ref inemen t. 

a) Electron density. Contour interval is 4.00 e/A3. b) Valence density. 

Contour interval is 0.25 e/A3. c) Deformation density. Contour interval 

is 0.05 e/A3. Negative contours are broken. 
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Table VII-4 

a Distances of Atoms from the Best Fit Cytosine Base Plane 

ATOM DISTANCE FROM MEAN PLANE CA) 

N1 0.036 
C2 0.028 
N3 0.100 
C4 0.043 
C5 0.025 
C6 0.011 
02 0.036 
N4 0.003 
C1 ' 0.102 
H3 0.037 
H41 0.012 
H42 0.078 
H5 0.059 
H6 0.060 

Distances listed for atoms used in defining the plane. 

256 
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between the C4 and C5 atoms. This same effect has previously been 

observed in Uracil 24 and elsewhere16 • 

In figure VII-2c, the deformation density for the base plane is 

presented. The peaks are generally consistent with elementary concepts 

of bond formation with the exception of the N4-H4 peaks, which do not 

lie along the bond axis, probably as a result of hydrogen bonding (see 

below). The deformation peaks along the C2-N3 and N3-C4 bonds are 

polarized towards N3, and both the N1-C6 and C5-C6 bonds seem polarized 

towards C6. Two lone pair peaks are di.stinctly visible surrounding the 

02 atom in the plane of the base, one at 0.32 A from 02 with a peak 

height of 0.22 e/A3 and the second at 0.39 A with a peak height of 0.23 

e/A3• These lone pair distances compare well with the average distance 

of 0.34 A suggested by Tvaroska and Bleha for an oxygen atom 25 . The 

peaks are separated by 109 degrees from one another, and by 108 and 143 

degrees respectively from the C2~02 bond. This is consistent with an sp2 

hybridization state description of the carbonyl 0, though there is 

clearly some disrupting force present. It is likely that the O(W)-

H(W)2 ••• 02 hydrogen bond (figure VII-5) is affecting these orbitals 

which, owing to their unbonded status, are expected to be quite 

susceptible to minor deformations. 

In contras t to the valence and deformation contour plots, the 

conventional total electron density map (fi gure V II,.., 2a ) yi el ds onl y 

fairly crude electron distri bution information. It is i ncl uded here, 

however, because there exists an analagous ab initio map for the neutral 

26 cytosine base to which it can be compared. These maps agree on the 

broad spherical density about the carbonyl oxygen and on the small peaks 

of densi ty bisecting bonds C4~C5 and C5-C6. The triangular density 
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observed here at the lowest contour level for N4 is also as predicted, 

but the less well defined density clouds surrounding N3 and N1 in this 

figure are in contrast to the clearly triangular clouds seen for these 

atoms in the theoretical map. (These nitrogen peaks in the ab initio map 

are, in fact, much like the corresponding peaks noted above for the 

valence map.) This may be partially due to differences between the 

substituents on these two atoms for the bases whose maps are being 

compared. The peak on each carbon atom is compact, circular and centered 

on the atom, just as predicted. Thus the overall appearances of these 

maps, considering the structural differences between the bases they 

contour, are similar. 

Figure VII~3 shows deformation maps in planes perpendicular to and 

bisecting the C1',..N1 and N3 ... C4 bonds. The N3-C4 bond, which has 

significant double bond character (bond length = 1.364 A), shows a 

distinct elongation along an axis perpendicular to the plane of the 

base, while the C1 '~N1 bond (bond length .. 1.504 A), which has little 

double bond character, is fairly symmetrical. Analagous maps for the 

other non-hydrogen bonds in the base ring show similar elongation along 

an axis perpendicular to the base ring, consistent with a system of pi~ 

bonded electrons delocalized throughout the cytosine base27 . 

The effects of partial double bond character can also be seen in 

figure VII-4. Here deformation densities calculated in the planes of 06~ 

P",08 and 05' -P,..07 are plotted. The deformation peaks for the partial 

doubl e P,..O bonds in 06",p-08 (bond lengths 1.496,1.502 A) are 

compressed along the bond axes, as compared to the single p-o es t er 

bonds in 05''''P,..07 (bond lengths - 1.574,1.602 A), which appear fairly 

symmetrical. In the 06~p~08 section a lone-pair orbital is observed on 
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Figure VII-3: Deformation densities in planes perpendicular to and 

bisecting C-N bonds. The intersection of the bond with the plane is 

marked by a circle. Heavy lines indicate the orientation of the best-fit 

base plane. Contour interval is 0.05 e/A3. Negative contours are broken. 

An enlongation of the N3-C4 bond, which has partial double bond 

character, is seen perpendicular to the base plane. No such enlongation 

is seen for the C1'-N1 single bond. a) C1'-N1. b) N3-C4. 
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(b) 
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Figure VII-4: Deformation densities in the planes of phosphorous and 

attached oxygens. Contour interval is 0.05 e/A3. Negative contours are 

broken. a) Singly bonded oxygens and phosphorous; 05'-P-07. b) Partially 

double bonded oxygens and phophorous; 06-P-OB. 
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06, perpendicular to the P':"06 bond, but not on 08~ Addi tional 

deformation density sections (not shown) indicate this lone pair orbital 

for 08 lies in another plane. Diffuse deformation density is apparent at 

the ends of both the p-06 and P-08 bonds, apparently from lone pair 

orbitals oblique to the plane of projection. 

Deformation Densities in Hydrogen Bonding 

+ 
Seven different hydrogen bonds are formed in the CMP 'H20 crystal 

complex (figure VII,-5 and table VII-5). The deformation maps in the 

planes of these bonds are reproduced in figure VII-6. Only two of these 

bonds, 03'~03'H .•. 0(W) and 0(W)~H(W)2 .•• 02, show positive density along 

the whole length of the bond between the hydrogen and the acceptor atom, 

relati ve to the free atom state. Though the mi nimum deforma ti on 

densities along these bonds (0.12 and 0.05 e/A3, respectively) are 

rather small, they are situated well within broad wells of equal or 

greater density, and thus the above observation is unlikely to be simply 

the result of errors in the deformation maps. Table VII~6 gi ves the 

lengths of covalent bonds to hydrogens in the molecule, based on whole 

data set refinement. Two bonds, 03'''''03'H and O(W)-H(W)2 are unusually 

short, and are also those which exhibit positive H-bonding deformation 

density. Certainly, the positions of these hydrogens are biased by the 

diffuseness of the surrounding electron density28. It is interesting, 

though, to note that both involve an O~H ... O hydrogen bond and that the 

ref i ned H-O bond lengths are almost the same for these bonds 

(0.82,0.83 A). It is difficult to say without further work whether the 

absence or presence of deformation density between hydrogen and acceptor 

in a hydrogen bond is systematically dependent on the type of donor and 
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Figure VII-5: Stereo ORTEP drawing of 2'-deoxycytidine 5'-monophosphate 

zwitterion showing all hydrogen bonds made with this molecule. Hydrogen 

bonds are represented by dotted lines. 
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Table VII-5 

Hydrogen Bond Distances and Angles in Zwitterionic 2'-Deoxycytidine 5'-Monophosphate Monohydrate Complex 

BOND X-H ..• Y-Z DISTANCE H •.• Y (A) DISTANCE X-Y (A) ANGLE X-H ... Y (0) ANGLE H ••• Y-Z (0) 

O(W)~H(W)2 .•• 02~C2 2.082 (0.019) 2.881 (0.001) 162.6 (1.8) 131.7 (0.5) 
03'-03'H ..• O(W)-H(W)1 1.852 (0.018) 2.669 (0.001) 116.3 (1.8) 109.9 (1. 1 ) 
01-H7 ..• 03'-C3' 1.6!t9 (0.016) 2.588 (0.001) 168.3 (1.5) 117.3 (0.6) 
O(W)-H(W)1 ..• o6-p 1 • 185 ( 0 • 01 5 ) 2 . 11 3 (0. 00 1) 175.9 (1.2) 118.3 (0.5) 
N3..-H3 ..• o8-p 1.908 (0.013) 2.8!t2 (0.001) 111.2 (1.2) 101.!t (0.4) 
N4-H41 •.. 06-P 1.110 (0.015) 2.688 (0.001) 174.0 (1.4) 126.3 (0.5) 
N4-H!t2 ••. 08-P 2.065 (0.014) 2.558 (0.001) 167.8 (1.3) 118.3 (0.4) 

Standard deviations are given in parentheses. Values are from whole data set refinement. 

N 
(J'\ 
(J'\ 
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Figure VII-6: Deformation densities in the planes of the hydrogen bonds 

made by 2'-deoxycytidine 5'-monophosphate monohydrate zwitterion. 

Positions indicated are from high angle refinement. Contour interval is 

3 0.05 elft. • Negative contours are broken. a) 0(W)-H(W)2 .•• 02. b) O(W)-

H3' ••• 03'.- c) 07-H7 ..• 03'. d) N4-H41 ••• 06. e) N3-H3 •.• 0S. f) O(W)-

H(W)1. .. 06. g) N4-H42 ••• OS. 
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Table VII-6 

Lengths of Covalent Bonds Involving Hydrogen 
for Zwitterionic 2'~Deoxycytidine 5'~Monophosphate Monohydrate. 

BOND H,-X 

H3-N3 
H41 ... N4 
H42--N4 
H5 .... C5 
H6-C6 
Hl'.-Cl' 
H2' l-C2' 
H2'2~C2' 

H3'-C3' 
H4'-C4' 
03'H-03' 
H5"""C5' 
H5'2-C5' 
H1-01 
H(W)1--0(W) 
H(W)2,.,O(W) 

DISTANCE (A) 
WHOLE DATA SET 

0.941 (0.013) 
0.922 (0.015) 
0.901 (0.014) 
0.939 (0.013) 
0.930 (0.013) 
0.933 (0.011) 
0.981 (0.012) 
0.963 (0.011) 
0.983 (0.012) 
0.991 (0.011) 
0.818 (0.018) 
0.911 (0.012) 
0.911 (0.012) 
0.952 (0.016) 
0.929 (0.015) 
0.832 (0.019) 

DISTANCE (A) 
HIGH ANGLE 

1 • 110 (0.050) 
0.920 (0.055) 
0.918 (0.055) 
0.814 (0.036) 
1.069 (0.053) 
1.014 (0.046) 
1.040 (0.088) 
0.928 (0.063) 
1 • 11 4 (0.068) 
1.138 (0.053) 
0.853 (0.042) 
1.044 (0.081) 
0.914 (0.068) 
0.836 (0.069) 
0.892 (0.038) 
0.840 (0.050) 

Standard deviations are in parentheses. 
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acceptor. The lack of density between the hydrogen and its acceptor atom 

in the O(W)""H(W)1. •• 06 bond seems contradictory, and both the 07~ 

H7 ••. 03' and N4~H41 .•. 06 hydrogen bonds pass through only a small region 

of low (approximately 0) deformation densi ty, suggesting that further 

subtleties be considered. Clearly, in this case, the presence or absence 

of density is not related to hydrogen bond length (table VII-5). In 

earlier work, an apparent relationship between the bond distance and 

covalent contri bution of hydrogen bonds was noted28 • It may be that 

hydrogen bonds involving only hydrogen and oxygen tend to have positive 

deformation densities but those bonds involving N as one of the atoms do 

not. The results here for 03'-03'H •.. O(W) and 0(W)-H(W)2 .•. 02 appear 

contradictory to theoretical calculations 29 ,30, which predict a lack of 

(differently defined but qualitatively comparable) deformation density 

between hydrogen and acceptor atoms in a hydrogen bond. On the other 

hand, the data here ~ consistent with the observation by Hagler and 

coworkers that only an electrostatic interaction term is necessary to 

model the interaction between a hydrogen bonding hydrogen and its 

nitrogen acceptor atom 31 , but indicate that potentials which extend this 

conclusion to all hydrogen bonds may not be correct. Both the absence of 

a complete set of important hydrogen bond types, such as N ... H-N, and 

the sparcity of data here prevent any decisive conclusion. 

Atomic Partial Charges 

A number of sets of atomic partial charges for nucleic acids and 

their substituent bases are currently in use by researchers. All have 

been obtained by various implementations of quantum theory. Different 

choices for parameterization and degree of complexity in these 
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calculations yield sometimes widely divergent sets of atomic partial 

charges. It should be noted that, in fact, a molecule is a continuous 

distri bution of electron density and not a collection of indi vi dual 

atomic charges, though the latter is a reasonable model and is much more 

convenient for computational purposes. Thus, various charge sets will 

also show some dependence on the method used to derive the point charges 

from this distribution. For theoretical denSities, the electronic 

structure can be atomically partitioned using some scheme which relates 

the molecular electron density to the constituent free atom properties, 

such as Mulliken populations from quantum analysis. Less frequently, 

partitioning for these densities is accomplished by a least squares fit 

of the potential surface produced by a variable set of point charges to 

the molecular surface produced quantum mechanically. Kappa refinement, 

which is used with experimental x-'ray data, is more like the second 

approach in that it attempts to least squares fit the observed structure 

factors wi th variables, in particular the atomic valence populations, 

which yield directly the partial charges. Table VII-7 lists several sets 

of theoretical charges and the charges determined in this study, and 

table VII~8 the refined kappa parameters. Figure VII-7 shows the charges 

from this study in their molecular context. When comparing the charges, 

keep in mind that the structure sol ved here is protonated at the N3 

posi tion, and hence a direct comparison of charges for atoms in close 

proximi ty, to N3 in the cytosine base is not expected to be very 

meaningful (but see below). As described previOuSly17, the differences 

between the cationic and neutral bases are primarily restricted to the 

atoms outlined in figure VII-8a. Charge comparisons between the 

remaining atoms should be more directly interpretable. 



Table YII-7 

Partial Charges (or 2'-Deoxycytldlne S'-Honophosphate Honohydrate 

133 n 311 III 3S IV36 y37 VI '2 •38 Y11 39 VI II 110 IX Il1 • 112 XII3 
lTOH REFINED AB DEL REd DEL REO HINOO/3° AB IEHTa CNDO/2b CNDO/2a DEL REa AB 

X-RAY INITIOo INITlOc •e 
INITIOa 

HI -0.255(56) -0.217 0.030 0.115 -0.186 -0.187 -0.250 -0.127 -0.175 -0.2115 -0.1163 
C2 0.371(73) 0.366 0.1170 0.11118 0.682 0.859 0.513 0.1118 0.1122 0.1155 0.1132 
H3 -0.316(65) -0.357 -0.6119 -0.1115 -0.1150 -0.860 -0.1120 -0.3111 -0.31111 -0.663 -0.335 
CII 0.382(73) 0.212 0.11 1 I 0.258 0.391 0.935 0.1136 0.322 0.3211 0.1101 0.2110 
C5 -0.215(18) -0.138 -0.11111 -0.1116 -0.297 -0.516 -0.284 -0.111 -0.163 -0.155 -0.300 
c6 0.321(811) 0.100 0.2111 0.0811 0.221 0.185 0.289 0.185 0.190 0.259 -0.018 
02 -0.1110(118) -0.3111 -0.501 -0.591 -0.631 -0.508 -0.1148 -0.1112 -0.1119 -0.338 -0.1101 
Nil -0.3611(11) -0.1115 ~0.395 -0.260 -0.088 -0.8311 -0.321 -0.223 -0.222 -0.1131 -0.598 
CI' 0.288(711) 0.180 0.135 0.116 0.1151 0.558 
e2' -0.555(92) -0.132 -0.0111 -0.0111 -0.090 -0.301 
C3' 0.1711(11) 0.008 0.128 0.093 0.322 0.233 
CII' -0.161(16) 0.060 0.091 0.093 0.213 0.036 
Oil' -0.219(118) -0.265 -0.269 -0.273 -0.486 -0.368 
03' -0.331(511) -0.309 -0.1156 -0.1160 -0.160 -0.508 
C5' 0.282(81) 0.007 0.0115 0.209 0.357 0.118 
05' -0.3811(111) -0.1111 -0.213 -0.1157 -0.619 -0.508 
06 -0.625(113) -0.138 -0.826 -0.552 -0.886 -0.8116 
07 -0.576(56) -0.1111 -0.500 -0.350 -0.160 -0.508 
08 -0.631(110) -0.738 -0.826 -0.552 -0.896 -0.8118 
p 0.5711(811) 1.3113 0.817 0.1611 1.811 1.560 
H3 0.383(29) 
Hili 0.31111(36) 0.233 0.2211 0.191 0.072 0.351 0.155 0.133 0.130 0.229 0.336 
HII2 0.1102(32) 0.213 0.2211 0.191 0.012 0.329 0.1115 0.122 0.111 0.229 0.312 
H5 0.233(31) 0.065 0.055 0.033 0.030 0.153 0.055 0.018 0.020 0.055 0.192 
116 0.152(36) 0.0911 0.059 0.031 0.035 0.098 -0.030 -0.008 -0.003 0.061 0.2111 
HI' -0.011 (38) 0.056 0.055 0.053 -0.061 0.009 
H2'1 0.161(39) 0.059 0.0112 0.0111 -0.028 0.081 
H2'2 0.117(311) 0.085 0.0112 0.0111 0.030 0.081 
H3' 0.051 (36) 0.028 0.0511 0.050 -0.028 0.025 
HII' 0.195(311) 0.072 0.051 0.050 -0.060 0.056 
03'H 0.239(113) 0.197 0.302 0.301 0.306 
H5'1 0.092(111) 0.068 0.053 0.053 -0.065 0.039 
H5'2 0.005(110) 0.0511 0.053 0.053 -0.056 0.003 
H1 0.3118(35) 0.3911 
O(W) -0.5911(59) 
H(W) 1 0.361(31) 

f\) H(W)2 0.221( 1111) 
---4 
f\) 



Table VII-7 (continued) 

Standard deviations in parentheses. Values are given in multiples of an electron charge. 

a Calculated for base protonated at N1. 

b Calculated for base methylated at N1. 

c Charge on 01 set equal to that on 05' 

d Charge on 05',05'H set equal to those on 03',03'H. 

e Charges were calculated in three fragments, base, phosphate, and sugar, and have not been corrected for this. 
The effects are estimated to be small [31,44]. 

I'\) 

-.J 
W 
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Figure VII-7: 2'-deoxycytidine 5'-monophosphate zwitterion with the 

atomic partial charges determined in this study indicated at their 

respective atoms. Charges are in units of an electron charge. 
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Figure VII-8: a) The protonated base of this structure determination, 

represented in its primary resonance form. The significant differences 

between a protonated and a neutral base are restricted to the distances 

and angles outlined (17), b) The effects of N3 protonation are 

principally represented by a shift in the resonance "equilibrium" 

between the primary structure of (a) and the structure in (b), as 

compared to the corresponding resonances in the non- protonated base. 

I 

I 
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Table VII-8 

Refined Kappa Parameters 

ATOM KAPPA 

Nl 1 .0091 (0.0062) 
C2 1 .0559 (0.0100) 
N3 1 .011 3 (0.0064) 
C4 1 .0552 (0.0102) 
C5 1.0257 (0.0084) 
C6 1 .0796 (0.0106) 
02 0.9785 (0.0047) 
N4 1.0028 (0.0069) 
C 1 ' 1.0507 (0.0099) 
C2' 0.9830 (0.0083) 
C3' 1.0439 (0.0101) I 
C4' 1.0124 (0.0089) 
04' 0.9990 (0.0050) 
03' 0.9869 (0.0049) 
C5' 1.0507 (0.0104) 
05' 0.9949 (0.0045) 
06 0.9667 (0.0043) 
07 0.9761 (0.0051 ) 
08 0.9622 (0.0050) 
P 1 .0092 (0.0091) 
O~W) 0.9612 (0.0029) 
H 1 .4000 

Standard deviations are in parentheses. 

a Kappas for all hydrogens were kept fixed at a value of 1.4 during 
refinement. See [15J. 



I 

279 

The most striking difference between the various charge sets occurs 

at the phosphate group. Only the Del Re calculation of 

Renugopalakrishnan ~ al (II) 34 is in reasonable agreement wi th the 

experimental determination. Phosphorous charges for the remainin g sets 

are more than twice the charge here, with the exception of that for the 

Davis Del Re set (111)35 which is less than one third the magnitude of 

the experimental value. The ester oxygen charges for set II are somewhat 

smaller than those experimentally determined, while the charges of the 

pendent oxygens and H7 are somewhat larger. It is noteworthy that the 

set II charges were calculated explicitly for a terminal phosphate group 

with one attached hydrogen, the case here, while most of the remaining 

sets were calculated for intrachain phosphate entities. It would not be 

expected, however, that the substitution of the carbon by a hydrogen at 

07 in these calculations would alter the charge distri bution to the 

extent necessary to bring about agreement 34 . The observed differences 

are more likely the result of insufficient basis sets for the 

comparitively large phosphorous atom in the quantum mechanical 

calculations. Calculations on dimethyl phosphate anion using a more 

extended basis set including the 3d orbitals of the phophorous 

demonstrate a notable dependency of deri ved charges on this set, and 

yield charges for the phosphate atoms in reasonable agreement with those 

found here32 . 

Char ges for the base atoms are quali tati vely in agreement with 

theoretical values. Nl, N3, C5, 02, and N4 have significantly negative 

charges and the remaining atoms are positively charged, consistent with 

most of the theoretical data. This is interesting in light of the fact 

that the zwitterionic structure is under consideration here. More 
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.. 
interesting still, consi der in g the protona tion, is the de gree of 

quantitative agreement between the experimental and theoretical charges. 

A comparison of the rms differences between the charges on the bases 

(excluding the N1 substituent) by various calculations and the 

experimental values (table VII,.,9) indicates the Nuss and Kollman ab 

initio set (rms=0.121 e) (I)33 is in best agreement with experiment, 

with the Rein IEHT set (rms=0.131 e) (VI)38 second best. When only those 

atoms which are expected to be little affected by the N3 protonation are 

included in the comparison (all except N4, C4, N3, C2 and 02), the 

Berthod and Pullman Del Re set (rms=0.120 e) (IX)41 appears best, with 

set I (rms .. 0.146 e) secondary in goodness of fit. Thus, charge set 

agreement is not improved by examining only those charges away from the 

si te of protonation, as judged by the best rms difference values 

obtained in each comparison. The suprisingly good agreement between set 

I and the experimental set over the entire base ring seems to imply a 

delocali zation of the charge withdrawn from the cytosine by the extra 

proton over the entire ring. It would be expected by basic 

electronegativity arguments, in the absence of delocalization, that the 

charge on the N3 atom would grow significantly more positive in response 

to the electron accepting H3. N3 does appear to be more positive, but 

only slightly so; the experimental charge on N3, -0.316 e, is only 0.041 

and 0.028 e lower than the charges on the corresponding atoms in sets I 

and IX, respectively. 

The agreement over the entire base for set I is actually better 

than that for only those atoms expected to be unaffected by protonation 

(rms-0.121 ,0.146 e), and is as good as that for any set when only atoms 

far from the si te of protonation are compared. These comparisons seem 

\\ 

I 



Table VIl-9 

RHS Differences Between Calculated Charge Sets and the Set Obtained Here for Each Nucleotide Moiety 

133 U 34 111 35 IV36 V31 VI '2 ,38 VU 39 VIII
40 Ix ll1 ,42 

ATOM REfINED AB DEL RE DEL RE MINDO/3 AB IEIIT CtlDO/2 CIII)O/2 DEL RE 
X"RAY INITIO INITIO 

BASE: 0.000 0.121 0.164 0.1811 0.203 0.316 0.131 0.1119 0.141 0.1111 
BASE 
-N4,CII, 0.000 0.146 0.165 0.211 0.190 0.135 0.155 0.185 0.182 0.120 
N3,C2 02 
SUGAR6 0.000 0.180 0.208 0.209 0.251 0.156 
POll 0.000 0.356 0.186 0.211 0.598 0.1161 
P04+Xd 0.000 0.353 0.111 0.224 0.5116 0.1128 

a Base atoms are Nl,C2,02,N3,C4,N4,C5,C6,Hlll,H42,H5,H6. 

bThese are atoms expected to be unaffected by H3. See text. 

CSugar atoms are 04',Cl',C2',C3',CII',Hl',H2'1,H2'2,H3',HII'. 

dFor set II and refined values, X-H1. For all other sets, X-C3'. 

x43 
AB 
INITIO 

0.1116 

0.159 

IV 
co 
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indicative then, assuming both the theoretical and experimental sets are 

qualitati vely correct, that the removed charge is not preferentially 

from the region of the base most greatly altered geometrically by the 

extra hydrogen. This is contrary to the results of Del Re calculations 

on adenine both with protonation and methylation at N1, which indicate 

charge rearrangement occurs primarily in the vicini ty of this atom34 • 

Some understanding of the charge redistribution can be obtained through 

the use of a resonance model. The addi tional proton will affect to some 

degree the amount of double bond character attributable to each bond in 

the pi system of the ring. As previously noted17 , structural differences 

between the protonated and unprotonated bases pOint to changes in the 

double bond character of C4,...N4 and N3-C4, as can be represented most 

significantly by a shift in one of the resonance "equilibria" (figure 

VII-8b). The effect of the shift in this resonance, representing a shift 

in the character of bonds C4-N4 and C3-N4, would apparently be to 

decrease the electronic charge on N4 and increase it on N3. The 

experimental charge on N4, -0.364 e, does not seem parti cularly small 

when compared to the theoreti cal charges, though it is smaller than 

those for the N4 atom in both set I (by 0.051 e) and set IX (by 0.067 e) 

. The N3 atom, as discussed above, is indeed slightly more negatively 

charged than expected. The remainder of charge redistribution occurs 

through less obvious changes. 

For the sugar atoms (04', C1'. C2', C3', C4' and attached 

hydrogens), agreement between x~ray and theoretical charge sets is worse 

than for the base. The rms difference value with the best fitting Singh 

and Kollman ab initio set (V) is 0.156 e, as compared to 0.121 e for the 

best fitting base set. The lack of agreement is very large at C2'. The 
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experimental value for this charge is ""0.555 e, much larger than the 

values of ~0.047 to ",,0.307 e for the theoretical sets. The attached C2' 

hydrogens have charges of 0.167 and 0.177 e, as compared to theoretical 

values of ~0.028 to 0.085 e. The lack of agreement is especially 

suprising because C2' is far from those regions of the molecule which 

are most expected to be subject to the effects of the chemical 

environment, such as hydrogen bonding or the N3 proton. Coincident with 

the I ar ge negati ve char ge on the C2' atom, there is a shifting of 

electronic charge among the other sugar atoms, resulting most notably in 

a charge of -0.167 e for C4', whereas all the theoretical calculations 

give positive values for this atom. Only for the 04' atom, for which 

both e xper iment and three calculations gi ve partial charges between 

,..0.22 and -0.27 e is there much agreement among the sugar ring atom 

char ge val ues . 

Table VII-10 lists the sums of charges separately for the 

phosphate, the base, and the sugar. It is reassuring to note that these 

totals for the experimental set are approximately what would be expected 

from past work, I.e. approximately -1 e for the phosphate group, +1 e 

for the protonated base, and 0 e for the sugar. Especially important is 

the observation that little charge transfer occurs between the base and 

the sugar. This is an underlying assumption in most theoretical charge 

calculations on base .... sugar complexes, where practical consi der a ti ons 

require that the base and sugar be treated separately and then crudely 

merged together 33 ,34,36,37,44. It is worthy of note that despite the 

large differences in the charges of their component atoms, the phosphate 

groups, with the exception of set III35 , all have similar charges. 



Table VII-l0 

Sums of Charges for Various Components of the Nucleic Acid Structure 

133 11311 
11135 1\;36 V37 VI '2 •38 VII 39 VI II 110 IX 11 1 ,112 XII3 

ATOH REFINED AB DEI. RE DEI. RE HINDO/3 AB IEIITa CNDO/2a 
CIIDO/2

a DEI. REa AB 
X-RAY INITIO INITIO INITIOa 

POIl-X -1.2911 -1.079 -1.1511 -1.6511 -1.066 -1.150 
BASE 0.968 -0.096 0.005 -0.055 -0.1119 -0.055 -0.159 -0.090 -0.123 -0.1113 -0.366 
SUGAR 0.0110 0.151 0.29~ 0.217 0.323 0.11011 

Definitions are as in table VII-9. Charges are in multiples of an electron charge. 

a With no SUbstituent on Nl. The net charges on the bases above calculated alone (VI to X) are 0 with the Nl substituent 
included. 

f\) 

ex> 
r 
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Dipole Moments 

The di pol e moment, whi ch can be both calculated and directly 

measured, is a convenient and physically significant quantity for 

contrasting the results of charge determinations with one another and 

with experiment. Unfortunately, no experimental moment has been measured 

for any cytosine base, nucleoside, or nucleotide. Nor has any 

calculation considered the zwi tterion solved here. However, for fut ure 

reference, when such experimental and theoretical dipole moments become 

available, it is of value to determine these moments from the data here. 

Additionally, differences between the dipole moments obtained in various 

manners from the experimental charges and those calculated theoretically 

can be tentatively interpreted in terms of the effects of protonation on 

charge distribution in the base. 

A list of moments calculated from the experimental charges in 

various manners are presented in table VII""11. The determination of a 

dipole moment from point charges derived from x~ray diffraction data has 

15 been described • The base dipole was calculated in several ways: 1) 

with the H3 point charge attached; 2) without the H3 point charge; 3) 

without the H3 point charge and with even redistribution of the charge 

from H3 onto all non""hydrogen atoms of the base (except C1'); and 4) 

without the H3 point charge and with even redistribution of the charge 

from H3 onto only those atoms involved in bonds significantly altered in 

the protonated state. Additionally, each base dipole was calculated both 

using hydrogen positions from high angle refinement and using positions 

obtained by extending the lengths of covalent bonds involving hydrogen 

(table VII ... 6) to standard values. As can be seen, these methods gi ve 
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Table VII-ll 

Calculated Dipole Moments for Cytosine and Deoxycytidine 

METHOD lJ a REFERENCE 

lab 10.34(11.63) 95( 99) This work 
IIac 11.10(12.30) 1 20( 11 9) This work 
IlIad 10.47(11.89) 125(122) This work 
IVae 12.63 ( 1 3.20) 137(130) This work 
CNDO f 7.64 97 38 
Del Re g 7.14 97 41 
Huckel (-rr+o)g 8.0 108 47 
IEHT 6.49 109 38 
Ab Initio 6.76 103 45 
Ab Initio ah 

6.4 100 46 
Deoxycytidine 16.9 112 This work 

Moments are in Debyes, angles are in degrees. Values in parentheses 
calculated using hydrogen positions obtained by extending the lengths 
of covalent bonds involving hydrogen (table VII-6) to standard values. 
Other dipoles for this work calculated using hydrogen positions from 
high angle refinement. 

a Calculated from charges obtained in this study. 

bBase with H3 proton. Base includes Cl '. 

cAs for I without H3 proton. 

dAs for II with charge from H3 evenly redistributed among all non
hydrogen atoms of the base. 

eAs for II with charge from H3 evenly redistributed among C2,02,N3, 
C4,N4. 

fCalculated for the 1-methyl base. All other theoretical values 
calculated for the Nl protonated base. 

~easured relative to Nl-C4. All others measured relative to N3-C6 

hRelative to P-04' vector. 
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dipole moments in the range of 10.3 to 13.2 D, larger than the greatest 

theoretical value given here of 8.0 D. Larger theoretical values (as 

high as 17.3 D) for cytosine have been calculated, but the methods 

producing them have not reliably predicted dipole moments in cases for 

which experimental values are available42 . Differences of greater 

percentages than those between the values obtained here and from theory 

have often been observed between calculated dipoles and their 

experimentally measured counterparts 38 . 

If we assume the theoretical values to be approximately correct, 

then we come to the conclusion that redistributing the charge withdrawn 

by H3 equally over the base is more correct than simply redistributing 

it among atoms in the vicinity of H3. This is consistent with 

conclusions based on the partial charges themselves. It is suprising 

that the experimental charge dipole calculation for the base with H3 

intact is closest to theory, and that only this method gives a dipole 

moment direction close to the majority of those from theory. The 

agreement is certainly fortuitous, and serves as ample reminder of the 

error in attributing too much si gnit icance to the dipole comparisons 

here. 

Discussion 

It seems clear from the preceeding that kappa refinement can be 

used successfully for the determination of partial charges in molecules 

as large as 2'-deoxycytidine 5'-monophosphate when high quality data is 

available. The experimental charges obtained here agree reasonably on a 

qualitative basis with those previously obtained using theoretical 
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methods, though there are, for some atoms, significant quantitative 

di sagr eements. Indi cations are, therefore, that the partial charges 

currently in use for theoretical calculations on nucleic acids need to 

be closely re-examined for suitability. 

For a few of the atoms, there is some ambiguity interpreting the 

differences between the charges determined in this study and those 

determined theoretically, owing to the fact that the molecule here is 

in a zwitterionic form. Ideally, we would like to examine, at least, a 

neutral base dinucleoside monophosphate structure, but the inadequate 

quality of diffraction data prevents this undertaking at present. 

However, the addition of a proton at N3 of the base seemingly has only a 

small effect on all base atom charges, rather than a significant effect 

on any particular subset of atoms. Likewise, the presence of a terminal 

hydrogen bonded to 07 in place of C3' from the deoxyribose of the next 

residue in the nuclei c acid backbone is not expected to tremendously 

al ter char ges in the phosphate region. Thus it seems reasonable to 

propose, at the very least, use of the set of charges derived in this 

wor k in eval uating the goodness of charges from theoreti cal studies. 

Experimentation with direct use of the charges here, with the removal of 

the H3 proton and uniform redistri bution of its charge to the non

hydrogen charges in the base to compensate for this removal, is 

certainly indicated, and will be attempted in future work. Additionally, 

an effort to obtain high quality crystals of unprotonated deoxycytidine 

monophosphate is continuing. 

It should be pointed out that the charges obtained in this study 

are derived from experiment, not measured. Thus they will contain errors 

due to bias in the method used to extract them, here kappa refinement. 



289 

We can have reasonable confidence in the refinement method, as it has in 

the past been used on other small molecule experimental data to gi ve 

charges which reasonably reproduce measured dipole moments and which 

com par e favorably wi th theory 15. But certainly small inaccuraci es are 

still introduced by requiring the density functions for all atoms to 

remain spherical. Aspherical refinements have been developed 13,14 and 

tried on some of the same molecules as has the refinement method used 

here. These attempts gi ve di pole results not greatly different from 

those given by the kappa method. The partial charges straightforwardl y 

obtained using these methods appear inferior to those from kappa 

refinement, however 48 , probably because they allow electron density far 

from a nucleus to be assigned to that nucleus, in violation of the 

locality requirement 49 • 

+ 
The local environment of the eMP molecule, which is here enclosed 

+ 
in a crystal lattice containing other eMP molecules and water, will 

also to some degree affect the charges in this nucleotide. Thus these 

+ 
charges will probably be somewhat different than those for a eMP 

molecule in solution, the environment with which we are most concerned. 

The greatest intermolecular influence on the charge distribution in the 

crystal is hydrogen bonding, which occurs to the maximum extent 

possible. Such bonding will likely also occur in solution, however, and 

therefore should have the effect of more realistically reorienting the 

char ge in the molecule to reproduce a solution distri bution, just as we 

desire. The changes caused by the hydrogen bonding and other elements of 

the crystal environment must be considered as a source of discrepancy, 

though, when comparing the experimental partial char ges wi t h those 

calculated in vacuuo. 
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The obvious question, in light of the sometimes large discrepancies 

between experimental and calculated charges, is how important are 

accurate charges to the force field potential energy calculations that 

use them? For studies on large molecules, which are generally concerned 

with major conformational changes, apparently not very important. A 

recent study by Kollman ~ al1 compared the resul ts of a series of 

minimi zations on dinucleosides and hexanucleosides to similar wor k by 

Levitt 50 • The function minimized in Kollman's work was of the 

conventional variety, with an explicit monopole-monopole charge 

interaction term. Levitt's potential omitted charge interactions 

altogether. Nonetheless, Kollman and Levitt reached quite similar 

concl usions regarding nuclei c aci d conformation. The maj or differences 

between the minimized structures came in the region of the sugar, and 

were probably the result of differing van der Waals and angle bending 

terms, rather than partial charge parameterization in this region. In 

chapter three we saw that the coulombic potential is relati vely flat 

during pseudorotation of the sugar 51. 

For more precise work on smaller molecular fragments, some 

properties, such as base stacking orientations, have been demonstrated 

sensitive to charge parameterization12 ,33,52. In these cases, a reliable 

set of partial charges is crucial. At this time the frequency of this 

type of work has been comparitively small. 

Aside from the relative insensitivity of most of the current work 

incorperating partial charge parameters in a classical potential energy 

function to the charges themsel ves, another factor tends to mas k the 

inadequacy of an inappropriate set of charges: the dielectric constant. 

In the most common monopole-monopole approximation, the effecti ve 
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potential energy U is given by 

(7) 

where r is the interatomic distance between charges q, and Q2' K is a 

numerical factor which depends on the units used for the charges, and £ 

is the effective dielectric constant. Though £=1 in vacuuo, calculations 

of interest take place in a simulated solution environment. Various 

53-55 val ues of e: have been proposed , and agreement as to the the "best" 

value has not been reached. Thus the effect of an unrealistic set of 

partial charges could be hidden by a complementarily unrealistic value 

for the dielectric constant. This seems especially likely for 

interactions with the highly charged phosphate group, which would tend 

to dominate the electrostatic energy profile, and thus too lar ge a 

charge could be compensated for by a larger epsilon value. Until better 

methods for efficient representation of solution effects are derived, it 

is expected that the quality of any set of partial charges will be to 

some degree degraded by inaccurate solution effect modeling. 

The work descri bed here presents hope for more accurate 

parameterization of what is now the worst characterized component of the 

common classical potential force field. Future charge refinement on 

addi tional important nucleic acid molecules and subs tit uen ts shoul d 

significantly aid us in this endeavor. 
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APPENDIX A 

Derivation of the Analytic Endocyclic Bond Length Function 

and Associated Coefficients 

The endocyclic bond lengths of the furanose are not accurately 

enough determined, relative to their observed variation with 

pseudorotation, to allow the elucidation of empirical pseudorotation , 
angle dependent functions for them. It has been noted, however, that 

some of these bond lengths decrease with increasing value of the torsion 

2 angle centered on the bond • This can be attributed to van der Waals 

interactions between the atoms at each end of the torsion· (figure 11-3). 

To devise the functional forms for the dependencies of the endocycl ic 

bond lengths on P, therefore, we assumed that this decrease was a linear 

function of the increase in the dihedral angle 

(1) 

where Li is the central bond in torsion angle 'i-'. Therefore, 

( , a) 

and 

Li (0) - L 0 + a', - L ( ). i i max i max 
( 1 b) 

Substituting in the approximate expression for 'i from equation 1-1, 

which is accurate enough for use here, and setting ai-a i', ,we get max 
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(2) 

As mentioned, we cannot rely on experimental data to parameterize these 

functions. We can, however, deduce a set of coefficients for these bond 

length functions from 1) geometrical constraints due to ring closure and 

2) a best fit of the value of the dependent valence angle obtained by 

building a sugar from four valence angles and five bonds to that 

predicted for it by its empirical analytic relationship (equation 2). 

The source of the geometrical constraints can be understood as 

follows. In our work, the valence angle at 04' is taken as dependent. 

Derivation of the ring coordinates from the five bond lengths and 62 , 

6
3

, 64 and 65 requires the calculation of the coordinate z2 as (see 

appendix B) 

Similarly z5 is calculated as 

( 4) 

In bui lding the sugar we have arbi trarily chosen to define the plane 

containing atoms 1, 3, and 4 as perpendicular to the z axis and passing 

through the origin (figure B-1). Thus the value of torsion angle 1 1, 

consisting of atoms 1, 2, 3, and 4, is determined solely by the distance 

of atom 2 from this plane, 1.e. the value of z2. Likewise 13 is 

determined by z5. Now, the signs of z2 and z5' which decide the signs of 

the corresponding torsion angles, can be either positive or negative. 

Because equations 2 and I-2 are geometrical extensions of equation 1. 

the actual signs of the z coordinates are decided based on the ideal 
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pseudorotational behavior of the pertinent torsion: for 54°<P<234 o z2<0; 

for 234°<P~360o or OO~P<54° z2>0; for .... 54°<P<126° Z5<0; and for 

126°<P<306° Z5>0. Consequently, for '1 and '3 to be continuous functions 

of P (as they reasonably must be), the expressions representing z2 and 

Z5 must smoothly pass through 0 at P=54°,234° for z2 and P=~54°,126° for 

z5' This will not be the case for any set of five length and four angle 

relationships, the reason being that to require either z2 or z5 to pass 

through 0 at a particular pOint on the pseudorotational pathway 

effectively introduces another structural parameter at this pOint, 

bringing the total to 10. The conformation is fully specified with nine 

parameters, so any time we require a value of 0 for these z coordinates, 

the structure will be correspondingly overdetermined. Thus, the 

requirement that all torsion angles vary continuously with P results in 

constraints on the coefficients of the input parameter functions. 

We determined the coefficients of the bond length relationships by 

allowing them to simultaneously vary in a search for a set resulting 

first in small torsion angle discontinuities at P=54°, 234°, -540 and 

126°, and second in a reasonable fit, over the entire pseudorotational 

circuit, of the calculated values of the dependent endocyclic valence 

angle at 04' to those from the empirically derived function. In this and 

all subsequent work, the endocycl1c angle function coefficients used 

were those corresponding to, -38.7°. These are the values most max 

appropriate for nucleic aCids 2• For each C-C bond, the search range for 

L; was 1.500 to 1.535 A, and that for a i was 0.000 to 0.035 A. For the 

C-O bonds the corresponding ranges were 1.380 to 1.440 and 0.000 to 

0.060 A. These search spaces were chosen to reasonably reflect the 

"ideal" C-C and C-O bond lengths (approximately 1.52 and 1.43 A, 
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respectively) while providing the bond parameters with ample flexibility 

to reflect local strains through deviations from these ideal values. 

Table II-1 lists the set of coefficients obtained. The values are 

reported to large numbers of decimal places owing to the sensi ti vi ty of 

the previously discussed discontinuities in L1 and L3 to very small 

variations in these parameters. Again, note that these coefficients are 

derived for the case where the valence angle centered on 04' is taken as 

dependent. 
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APPENDIX B 

Analytic Functions for Generating the Coordinates of a 

Five Membered Ring from the Five Endocyclic Bond Lengths and 

and Four of the Endocyclic Bond Angles 

We define the ring and associated internal parameters as shown in 

figure B-'. L,-L
5 

and 62-65 are used as the independent parameters, and 

here each is a function of the phase angle of pseudorotation P, as 

described in the text. The x axis is defined by bond 3-4, and the y axis 

is defined by the line perpendicular to bond 3-4 and passing through 

atom'. Further, we assume that atoms " 3, and 4 lie in the plane z=O, 

i.e. z,.z3-z4-0 . The remaining coordinates are given as follows. 

If 

A .. (L 2 + L22 222 
+ L ~ L - L -, 345 

2(L, L2COS(62 ) - L4L5coS(65») / 2L3 (1) 

B • L - A 
3 

( 2) 

C 2 2 2 
( 3) - sqrt(L, + L - 2L,L2cOS(62) - A ) 2 

then 

x, - 0 ( 4) 

Y3 • Y4 • 0 (5) 

y, - C ( 6) 

x3 - A (7) 

x4 - -B ( 8) 

x2 - A - L2cos (6
3

) ( 9) 

Y2 - L2 ( - Acos ( 6
3

) + L2 - L,COS(62» / C ( 10) 
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Figure B-1: Schematic representation of the parameters and definitions 

pertinent to generating the coordinates of a five membered ring from 

four bond angles, 92-9
5

, and five bond lengths, L1-L
5

, using the method 

outlined in appendix B. 
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2 .. - 2·- 2 
z2 m Sqrt(L2 - (X2 - A) - Y2 ) 

Z2m-Z2 if T1~2-3-4(P) (from equation 1) > 0 

x5 - -8 + L4COS(94) 

Y5 • L4(-8COS(94) + L4 - L5COS(9
5

)) / c 

z5 - Sqrt(L4
2 - (x

5 
+ 8)2 - y

5
2). 

z5 a
- Z5 if T3-4~5-1(P) (from equation 1) < 0 
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( 11) 

( 12) 

( 13) 

( 1 4) 
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APPENDIX C 

Addi tional Energy Contour Maps for Nucleic Acid Torsion Angle Pairs 

In this appendix the energy contour maps for the 13 torsion angle 

pairs not shown in chapter five are presented (figures C-l a-m) and 

discussed. The DNA maps refer to d (ApApApA). The RNA maps refer to 

ApApApA. Further details regarding generation of the maps are contained 

in chapter five. 

The dependence of B on ~, as predicted in these maps (figure C-la), 

is not particularly great. For DNA, B is expected to decrease slightly 

as ~ decreases from 300° to 200°, and this is to some extent borne out 

by the relevent experimental data. The data for Z-DNA either appears at 

the fringes or outside of the highest plotted contours. B is constrained 

to region of about ±400 about trans (180°). The global minimum occurs at 

(~-255°, B~165°). For RNA, ~ appears more energetically constrained, to 

approximately the region 260°.-320°, while B can extend into the g+ 

region for ~ in the g+ and g- regions. Such unusually low values of B 

are in fact experimentally observed in these regions. 

These maps (figure C-lb) predict little dependence of ~ on Y, much 

as is seen experimentally. For DNA, the global minimum occurs for the 

experimentally common conformation (~-255°, Y~600; g-,g+), while for RNA 
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Figure C-l: Conformational energy maps for various nucleic acid torsion 

angle pairs in d(ApApApA) (left) and ApApApA (right). Angles are in 

degrees. Isoenergy contours are plotted from 0.5 to 9.5 kcal/mole

residue, in increments of 1.0 kcal/mole-residue, with contours :;;4.5 

kcal/mole-residue dashed for emphasis. Energies are relati ve to the 

global minimum. The energy at any point in a map is calculated with all 

variable torsion angles except those defining the map rotated to the 

values which give the minimum energy at that point (see text). The 

conformations of individual residues of crystallo~raphically determined 

oligonucleotides are indicated in the d(ApApApA) plots by circles (A

form, B-form and non-helical DNA) and triangles (Z-form DNA). In the 

ApApApA plots tRNA crystallographic data is represented by circles (one 

or both angles belong to helical regions) and squares (both angles 

belong to non-helical regions). The sources of the experimental data 

plotted are the same as those indicated in the legend to figure V-I. a) 

r;-S; b) r;-Y; c) r;-x; d) a-S; e) a-o; f) a-e:; g) a-x; h) S-e:; i) S-x; j) 

Y-o; k) Y-e:; 1) Y-x; m) e:-x. 
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nearly equi valent minima occur at (l;';;'285°. Y";185°; g':. t) and (r,;=300< 

Y-75°; g-.g+). For DNA. the minimum at (g-.t) is 2.3 kcal/mole-residue 

higher than the global minimum. These maps indicate that for both DNA 

and RNA Y may adopt either the g+ or t conformations but. except for a 

small (high energy) region centered on (225°. 285°) in the DNA map. not 

Ymg-. Small values of l;. in the range of 0°. appear to be exclusively 

associated with Y=t. while both Yzg+ and Yat are contoured for all other 

val ues of l;. Interconversion of Y from g+ to t appears to occur 

exclusively in the g- region of l;. 

The l;-X energy contour plots are also reasonably consistent with 

experiment (figure C-lc). For DNA. the global minimum at (r,;m255°. x=600) 

is situated near a higher energy minimum at (r,;=285°. X=15°; t!E=2.3 

kcallmole-residue). Much of the actual data distribution lies 

approximately in the region connecting these close-lying minima. The 

remaining relevent experimental data lies in or near the higher energy 

contours plotted around l;-1600. X-80°. For DNA. the most easily followed 

route to a high anti base conformation of x~180o appears at l;=250o. Once 

x.1800. l; may adopt lower values. A high energy minimum occurs at the 

X-syn conformation (l;-270o. X-210°). near an often observed conformation 

for Z-DNA. For RNA. the experimental data is clustered about the 

predicted minimum at (l;-285°. x-15°). Transition to the high-anti 

, I (x.1800) state apparently proceeds most easily at low (-120°) values of 

l; for RNA. 
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.. 
a-8 

Numerous studies have also been made of the energetic relationship 

between adjacent backbone torsions a and 8'-7 These have indicated that, 

in terms of correlations, the contour surface is rather non-descript, 

and our results (figure C~1d) to some extent agree with this. As already 

seen in the ~ series of plots, for both DNA and RNA 8 is energetically 

constrained to a limited range of about ±400 about 180° (although some 

lower values of B are accessible for RNA) and a prefers the g~ range for 

DNA and both the t and g- ranges for RNA. 8 is predicted to increase 

slightly with decreasing a in the g~ region, but the experimental data 

nei ther supports nor contradi cts thi s rather wea k correIa t ion. 

Transition from a=g- to a=t is predicted to be rather facile for RNA and 

the wider scatter of data between these conformations for RNA to some 

extent supports this. The RNA data also support the prediction that low 

values of 8, in the 90° range, can occasionally occur when a is in the 

range 150 0(a(2400. Certain earlier maps have also predicted low values 

of B to be possible for certain values of a, but have not been so 

precise about the range or shape of the allowed region. 

The contour plots of 0 versus a (figure C~1e) are not particularly 

enlightening as to interconversion pathways for these two angles. For 

DNA, besides the global minimum at (a=3000, 0 .. 135°), moderately low 

minima occur at (a .. 150o, 0-90°; 6E .. 2.3 kcal/mole-residue), (a=300o, 

residue). Except for that from Z-DNA, the experimental data is 

, I 

I I 

I I 
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.. 
distributed between the two minima at ~==3000. A few Z-DNA residues are 

found at the minimum at (165°,135°). Apparently, a transition between 

~ .. g- and ~ .. t proceeds through a high energy region at ~=2200 and 

probably occurs with 0 adopting one of its extrema (135° == C2'-endo or 

90° - C3'-endo) rather than an intermediate value. Both C2' .... endo and 

C3'~endo sugar conformations are possible for all but low values of ~ (-

200<~<600), where C2'-endo sugars are exclusively preferred. For RNA, 

the C3'-endo sugar conformation is clearly preferred for nearly all but 

the lowes t values of ~, although C2' -endo sugars are accessi ble at 

higher energies. Little correlation between ~ and 0 is either predicted 

or observed for the RNA residues. 

~-e:: 

I The contour plots for ~-e::, I ike those for ~,...o, do not reveal any 

significant correlations (figure C~lf). The experimental data for DNA, 

- .. -. mos t of whi ch gather around the predicted global minimum (~=3000, 

e::-1800), are reasonably predicted by the DNA map. An interesting feature 

of this map is the small offshoot from the global minimum projecting up 

to (~=2900, e:: c 2100). Several experimental data correspond to this point. 

I 
A secondary minimum is predicted at (~=1500, e::=195°; llE=2.3 kcal/mole .... 

residue), a conformation observed for some Z-DNA residues. The hi gh 

energy minimum which occurs around (~ .. 60°, e::=2100), with llE=1.2 

kcal/mole-residue, is a conformation sometimes observed for Z-DNA. The 

RNA data are acceptably explained by the RNA map, though a number of the 

non-helical data li e near or outsi de the hi gher energy contours. 

I nterconversion from the low energy minima at ~ .. t to that at ~=g- is 

predicted to occur with a slight increase in e::; experimentally those 
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residues with the lowest' values of £ tend to have a closer to t than to 

g-. in agreement with this prediction. 

For DNA, the experimental data distribution in the a-x plane is 

explained by two energy minima, the global minimum (a=3000, X=600) and a 

nearby minimum (a-285°, X=15°; 6E=4.3 kcal/mole-residue), which are 

separated by a moderate energy barrier (figure C,..1g). Very high-anti 

val ues of X are allowed for a only in the experimentally unobserved 

(except in Z-form DNA) t and g+ regions, and these conformations have 

fairly high energies. Secondary minima are predicted at (a=165°, X=600; 

6E=3.8 kcal/mol e-res idue) and (a=80o, X=240o=syn; 6E=8. 0 kcal/mole

residue), both observed torsional combinations for Z-DNA. Most of the 

RNA data distribution is explained by the energy ravine connecting the 

nearly equivalent minima at (a=150o, X=15°) and (a=285°, X=15°). As for 

DNA, the preferred routes of interconversion between anti and high-anti 

values of X are at nearly constant values of act or g+. The tRNA residue 

with the largest value of X in the high-anti range (x==1400) has in fact 

adopted the relatively uncommon a=g+ conformation. Somewhat suprisingly, 

considering its rarity for RNA residues, there is a greater contoured 

area in the X·syn (approximately 240°) range for RNA than for DNA. For 

both, however, this area lies at a high energy. 

Unl ike most of the contour plots, those for £ versus B show the 

angle pair to be more highly correlated in RNA than in DNA (figure C .... 

1 h). The DNA plot shows a relati vely featureless low energy region 

I 

\ 
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centered on (B~1 65 0, £~1 80 0) connected to a higher energy region 

extending up to £'"'300°. Most of the relevent experimental data fall 

within the contours of this map. The map for RNA, on the other hand, 

shows a low energy region which indicates that as B decreases from 210° 

to 140°, £ increases from 190° to 240°. In fact, this low energy region 

comprises two minima, the global minimum at (8=195°, £=195°), and a 

minimum at (B=1500, £=240°; 6E=1.6 kcal/mole-residue). The global 

minimum is somewhat broad, and so strict £"'B correlation for larger 

values of 8 is not expected. A previous study predicted this type of 

relationship between Band £, which was attributed to efforts to 

maintain 8 energetically optimized base stacking. Much of the 

experimental data falls roughl y along the predi cted correlation li n e; 

most of the points which do not belong to non-helical/loop regions of 

tRNA. The tRNA experimental data not explained by the low energy region 

of the map fall within the the higher energy contours, which indicate 

the accessibilities of conformations with higher values of £ (up to 

300°) and lower values of S (down to 65°). 

The DNA contour plot for B"'X (figure C-1i) indicates a slight 

nega t i ve 1 inear correlation between X and B. The experimental data 

distribution does not, in fact, support this prediction. Most of the 

data falls within the plotted contours, however, indicating the overall 

acceptability of the map. An interconversion to very high anti (x=1800) 

conformation is indicated to occur at a fairly constant value of 8=165°. 

High energy minima are observed at (B=2400, X=15°; 6E-8.0 kcal/mole-
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~E~8~0 kcal/mole~residue)~ all near observed conformations for residues 

of Z-DNA. For RNA, the S~X plot reflects the more limited range of low 

energy conformations available to X. Most of the experimental data are 

scattered about the predicted global energy minimum at (S=195°, X=15°). 

A few of the non-helical residues have adopted larger values of X and 

fall within regions bounded by higher energy contours. An 

interconversion pathway between X=anti and X=syn is apparent, and occurs 

at a relatively constant value of S=1800. 

The contour plots for 6 versus '( (f igure C-1j), for the most part, 

merely indicate what we have already seen in other plots: 1) for DNA, 

the 6 distribution is accounted for by minima at 6=135° (C2'-endo) and 

75° (C3''''endo), while for RNA all low energy minima are in the C3'-endo 

region; 2) the distinct global minimum for '( in DNA occurs in the g+ 

region (60°), while for RNA two nearly equivalent minima occur at the g+ 

and t (180°) conformations. The plots here indicate that interconversion 

between '(=og+ and '(-t occurs for 6 around 90° for both DNA and RNA. 

Suprisingly, the interconversion barrier between C2' -endo and C3' -endo 

is shown, in the DNA plot, to be smaller with '( in the rare trans 

conformation. Of the oligonucleotide structures so far solved, only Z~ 

DNA residues have been observed to exhibit the '(=trans conformation. 

The '(-£ plots (figure C-1k), like those for '(~6, add little to what 

we already know from earl ier plots. The preferences of '( for g+ and t 

are coupled wi th the propensi ty of £ to adopt values between 180° and 
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285°~ with a preference for lower values in this range. Larger values of 

€ fall within the plotted contours for Y in the g+ or t ranges, but not 

for intermediate values of this angle. For DNA the experimental data are 

reasonably fit by the contour map, while for RNA a significant number of 

data points fall into high energy regions of space. 

From the appearances of the Y~X contour maps, these two angles are 

not strongly coupled (figure C-ll). For DNA, very high-anti (=180°) 

values for X are possible for Y in either the g+ or t regions, but not 

for intermediate values of Y. Interestingly, the region (Y=g+, X=1000~ 

130°) is much higher in energy than the region (Y=g+, x=1300-1800), and 

the area around (Yag-, xz165°) is only 0.5 kcal/mole-residue higher in 

energy than the corresponding area with Yag+. A high energy minimum is 

seen at (Y-195°, X=21 0°), a common conformation for Z-DNA. All of the 

relevent experimental data fall within or near the plotted contours. The 

map for RNA is similar, but there nearly the entire range in X, from 

anti to syn lies within plotted energy contours for both Y=g+ and t, and 

a broad low energy bel t connects the nearly equi valent (Y=g+, 

x=15°-anti) and (Ymt, x=anti) minima. Most of the RNA experimental data 

fall wi thin the contours, although some of the data having values of Y 

near 0° do not. 

Maps for the Y-X combination were calculated in an earlier study9. 

Although they differ on a number of details, the general appearances and 

predi ct ions of these earl ier maps are qui te similar to ours. The 

appearance of this map must therefore be fairly independent of the 

values adopted by the remaining angles. 
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The E-X contour plots are in reasonable agreement with experiment 

(figure C~1m). For both DNA and RNA, little interdependence is observed 

for these angles, either in the maps or experimentally. Most of the non 

Z-form experimental data falls roughly at the predicted minima (E=1800, 

X=600) and (E:a195°, X-=15°), although some scatter outside of lowest 

energy predicted region is observed and some of the data fall close to 

the minimum at (E'"'285°, X .. 75°). The lowest energy pathways for 

interconversion between E", .. 1800 and E"'285° occur around X=800 and 

X=1600. The predictions of the RNA plot are less specific overall. The 

low energy region extending from 185° to 250° in E and ~200 to 40° in X 

contains most of the data for helical tRNA residues. The remaining data 

fall s wi thin the disperse higher energy contours extending to larger 

values of X. It appears from this plot that high anti and syn values of I 
I ; 

X are most accessible for RNA when c is in the 270° range. 
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APPENOIX 0 

Stereo Representations of Favorable Local Minima for d(ApApApA) 

This appendix presents a series of stereo diagrams representing all 

local minima found for d (ApApApA) having energies wi thin 6 kcal/mole'

residue of the global minimum after complete energy minimi zation. The 

procedure used to find these minima is detailed in chapter V. Averaged 

sets of nucleotide coordinates were calculated from all four residues of 

the minimized structures, and these were used to generate the molecules 

10 bases in length which are pictured (the exceptions are minima 16 and 

18, which could not be extended to such a length because of steric 

hinderence). The figures are numbered 1 (0,...1) to 21 (0-21). Each figure 

corresponds to the conformation with the same number in table V-2. 



323 

Figures 0-1 through 0-21: Stereo representations of the local minima 

found for d(ApApApA), after complete energy minimization. All minima 

having energies within 6 kcal/mole-residue of the global minimum after 

minimization are presented. Averaged sets of nucleotide coordinates were 

calculated from all four residues of the minimized structures, and these 

were used to generate the molecules 10 bases in length which are 

pictured (the exceptions are minima 16 and 18, which could not be 

extended to such a length because of steric hinderence). The figure 

numbers correspond to the order in table V-I. See chapter V for more 

details on the procedure used to find these minima. 
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APPENDIX E 

Stereo Representations of Favorable Local Minima for ApApApA 

This appendix presents a series of stereo diagrams representing all 

local minima found for ApApApA having energies wi thin 6 kcal/mole

residue of the global minimum after complete energy minimi zation. The 

procedure used to find these minima is detailed in chapter V. Averaged 

sets of nucleotide coordinates were calculated from all four residues of 

the minimized structures,' and these were used to generate the molecules 

10 bases in length which are pictured (the exception is minimum 13, 

which could not be extended to such a length because of steric 

hinderence). The figures are numbe~ed 1 (E;"1) to 17 (E ... 17). Each figure 

corresponds to the conformation with the same number in table V ... 3. 
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Figures. E-1 through E-21: Stereo representations of the local minima 

found for ApApApA. after complete energy minimization. All minima having 

energies wi thin 6 kcal/mole-residue of the global minimum after 

minimization are presented. Averaged sets of nucleotide coordinates were 

calculated from all four residues of the minimized structures. and these 

were used to generate the molecules 10 bases in length which are 

pictured (the exceptions is minimum 13. which could not be extended to 

such a length because of steric hinderence). The figure numbers 

correspond to the order in table V-I. See chapter V for more details on 

the procedure used to find these minima. 
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APPENDIX F 

Program Inventory 

The following is a list of important programs used in various 

stages of this work. All programs were written by Davi d A. Pearlman 

(DAP), Chemical Biodynamics Division, Lawrence Berkeley Labs, Berkeley, 

CA, 94720, unless otherwise noted. All programs are written in FORTRAN 

and run on a VAX 111780 computer with a VMS operating system. 

ALLPLOT Creates the data files used (in CON) to make the an 

angle contour maps from the output of the global 

conformational energetics survey (BUMP output). 

ALLPTS Creates formatted lists of the lowest energy conformation 

for each point in each of the angle-angle energy contour 

maps. 

AMBER Modified conjugate gradient molecular energy minimization 

PREPER3 program package. Written by Paul Weiner, University of 

LINKER3 California, San Francisco. 

EDITER3 

PARMER3 

MINNER3 

RMSER 

ANAL 

REDIM 



BESTFIT 

BUMP 

COMPMIN 

CON 

CONPREP 

CONTURTOC 

CORGEN2 

DABSOR 

DAPLIB 
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Used in determining the best linear regression combinations 

for the nucleic acid torsion angle correlation functions 

(chapter IV). 

Carries out global conformational energetics surveys for 

oligonucleotides with mononucleotide repeating units (as 

described in chapter V). 

Searches the output of the TORSORT program for minimized 

structures which are not distinct. 

Draws two dimensional contour maps (e.g. contours 

z~f(x,y)). Originally written at the Weizmann Institute, 

Jerusalem. "De-bugged," made more flexi ble, and adapted to 

the VAX 11/780 with Tektronix (using IGL) and Versatec 

plotters by DAP. 

Prepares the data from a nucleoside conformational 

energetics survey (SUGALL%%) for use in CON. 

Converts output of the FORDAP program to a format 

appropriate for use in the CON contouring program. 

Generates coordinates for use in minimizations (AMBER) from 

the angles of the local minima found (using program LOCMIN) 

in the BUMP conformational search. 

Calculates an exact absorption correction for a crystal 

according to the method of Tompa. Written by Lieselotte 

Templeton, Lawrence Berkeley Labs, Berkeley, CA. 

"De-bugged" and slightly modified by DAP. 

Various subroutines to perform geometrical calculations and 

manipulations, to allow use of the phase angle of 

pseudorotation as a refinement variable, etc. 



DATARED 

I 
DIHEDT 

DIPOLE 

DISTAG 

EXTRACT 

FORDAP 

GETPARM 

GRAPH 

HELIX 

HELIXR 
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Data reduction program for crystallographic data collected 

on a CAD-4 diffractometer. From the Structure Determination 

Package (SDP), B. A. Frenz and Associates, Inc., College 

Station, TX. 

Calculates complete sets of torsion angles for the 

conformations output by program LOCMIN. 

Calculates dipole moments for molecules given their 

coordinates and atom types. Designed to use data in the 

format output by program RADIEL. 

Determines interatomic distances and angles from a list of 

atomic coordinates and crystallographic symmetry elements. 

Written by R. Shiono and S. S. C. Chu, University of 

Pit ts bur gh, P A. 

Reformats ~orsion angle, energy and rms data from a set of 

minimizations and places it in all in one file. 

Fourier synthesis program. Calculates electron density 

information from X~ray structure factors. Originally 

written by Allan Zalkin, University of California, 

Berkeley. 

Reformats output from RADIEL program into convenient 

tabular form. 

Interactive, sophisticated, easy to use two dimensional 

plotting program. Used to produce all X versus Y type 

graphs included in this work. 

Generates a set of standard A or B-form coordinates for any 

user specified DNA or RNA sequence. 

Calculates the helical axis for a nucleic acid from its 



HELIXDEF 

HELP ARM 

LOCMIN 

LOCMINMAX 

MAKDISTAG 

MERGE 

MINRUN 

MULTAN80 

NORMAL 

MULTAN 

EXFFT 

SEARCH 

ORTEP 

coordinates. Written by John Rosenberg, California 

Insti tute of Technology, Pasadena, CA. 
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Calculates the twist angle J kinking angle and displacement 

distance (see chapter VI) caused by a local deformation in 

a nucleic acid helix (or between any two residues). 

Calculates helical parameters such as propeller twist, 

buckle, 9T, etc., from nucleic acid coordinates 

(see reference 24, chapter IV). 

Finds all local minima in the multi dimensional output data 

from a BUMP program run. 

Finds the local minima and maxima in a map (or series of 

maps) of data ready for input to the program CON. 

Takes output of GETPARM program and reformats it for input 

into program DISTAG. 

Compares two different GETPARM output files and outputs the 

differences in tabular form. 

Creates, using the list of conformations output by program 

LOCMIN a set of command files for use in minimizing (using 

AMBER) each of these conformations. 

Direct methods crystal structure determination program 

package. Written by Peter Main, University of York, York, 

England. 

Sophisticated molecule plotting program. Written by Carroll 

Johnson, Oak Ridge National Laboratory, Oak Ridge, TN. 

Modified by DAP for use with Tektronix and Versatec 



ORTHOFIT 

OVERTST 

PIE 

PLOTTER2 

PLOTTER3 

PLUTO 

PLUTOGEN 

POP 

PROCESS 

RADIEL 

READCOR 

plotters and to allow a greater number of atoms to be 

drawn. 
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Calculates the coordinates of the best plane through a set 

of user specified atoms. For use in a FORDAP oblique plane 

calculation. 

Calculates both a coefficient related to the physi cal 

overlap of two nucleic acid bases and the overlap energy 

for the bases. 

Draws "pie" plots for torsion angle distribution data. 

Takes experimental torsion angle data files and from them 

generates appropriate files for plotting specified data 

points on angle-angle contour maps. PLOTTER2 is used with 

DNA, PLOTTER3 is used with RNA. 

Easy to use molecule plotting program. Written by Sam 

Motherwell, University Chemical Laboratory, Cambridge, 

England. 

Creates a coordinate file ready for plotting by PLUTO from 

the output of program MINNER3 (part of AMBER). 

Calculates statistical populations for various 

conformations from experimental data. 

Prepares text files for printing on a Diablo printer. 

Performs least-squares crystallographic refinement allowing 

atomic charge related parameters, as well as atomic 

pOSitions and thermal factors, to vary. Obtained from 

Philip Coppens, State University of New York, Buffalo. 

Modified to run on the VAX 11/780 by DAP. 

Used to prepare a list of coordinates in protein data bank 



RINGPARM 

RMS 

RMUL 

SHELX 

SFAN2 

SORTER 

SUGALL%% 

SUGAR 

SUGPHASE 

3D 

TABLE 
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format for use in the OVERTST program. 

Calculates the predicted statistical distribution of 

conformations and predicted average furanose bond lengths 

from nucleoside energy data (as described in chapter III). 

Calculates rms differences between different sets of 

partial charges. 

Multiple linear regression analysis. Used in calculating 

multiple correlation coefficients. 

Crystallographic least squares refinement, standard 

version. Written by George Sheldrick, University Chemical 

Lab. Cambridge. England. 

Crystallographic structure factor analysis program. Written 

by P. W. R. Corfield. Northwestern University. Evanston. 

IL. 

Searches out and sorts the largest reflections in an X-ray 

data file. 

%% - G, DG. C, DC •.••• Perform the conformational 

energetics surveys for nucleosides using P, X and Y 

independent variables (see chapter III). 

Creates a list of furanose coordinates indexed by both P 

and 0 using the method outlined in chapter II. For use 

wi th the BUMP and CORGEN2 programs. 

Creates a list of furanose coordinates indexed by P for use 

with the SUGALL%% programs. 

Plots three-dimensional representations of (x, y. f(x.y)) 

data. 

A simple and general program to accept interactive input 



TORSEARCH 

TORSORT 

TYPIST 

UN IXTOVAX 

WRITPARM 
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from the user and output it in a convenient tabular form. 

Takes output from EDITER3 (part of AMBER) and creates a 

conveniently formatted list of important torsion angle 

values. 

Sorts by energy the list of minimized structure information 

created by program EXTRACT. 

Word processing program. Written John Nairn, Chemical 

Biodynamics DiviSion, Lawrence Berkeley Labs. 

Converts files written on a computer under the UNIX 

operating system at Evans Hall, UC"Berkeley, to a VAX 

compatible format. 

Writes pertinent information for molecules plotted with 

PLUTO next to these plots. 
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