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ABSTRACT

In order to learn about single-strand néarest neighbor
‘interactions in ribonucleic aoids‘the.temperature dependent
properties of,diﬁucleoside phosphates ha?e beon studied.
Optical rotatory dispersion,iultraviolet absorption and
proton magnetic resonance were used to probe the ﬁhermal
disordering of these compounds. ‘Two models wére-used
to analyze the data. For the two-state model, a molecule
was considered to be in eithor ﬁhe ordered or-disordered
form with no permissible conformations between then. ?or
the oscillating dimer model, the two bases of a dinucleoside
phosphate were constrained by a single torsional harmonic
potential. The properties of dinucleoside phosphates
. in dilute salt solutions (from 0°C to 90°C) are compétible
with either model. In the former case AHO for disordering
ranges from 4.8 to 8.4 kcal per mole while in the latter
case the force‘constant ranges from 120 to 340 cal per mole
radianz. This force constant means that approximately
2 kcal per mole are required for oscillation of *180 degrées
around the equilibrium position. |

Measurements in concentrated LiCl solutions (where the
range of experimentally aCCeséible temperatures is almost

doubled)'show that neither of these models is adequate.

The thermal disordering process 1s one in which the bases

can assume a number of intermediate conformations. Increasing

temperatures cause motion of the bases away from one another.
Proton magnetic resonance and ultraviolet absorption measure-
ments show that there are appreciable interactions

between fhe bases at high temperatures, suggesting that
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disordering involves motions of -the bases parallel to one
another, without appreCiabletsolventiever COming.betweenvthemil

A W1de variation of tendencies to "stack". is observed
among dlfferent dlnucle031de phosphates. The mldp01nt of the
disordering transition (as determined by optical rotatory
dispersion) is approximately‘+.5°c for "stacked" dinucleoside
phosphates such as UpU and URC. This suggests that sharp
turns_in a polynucleotide'structure are mofe likely to occur
in regions rich in uridine, while single—strsnd regions rich
in adenosine will probably resemble worm-like coilss

Calculations of the potential energies of conformations off

~nucleic acid fragments were also carried out. Molecules were.‘

considered to consist of rlgld sections (e.g. a base) connected

by single covalent bonds about which rotation can take place.

- Interatomic potentials includcd charge-charge, charge- polariz-_

ability, polarizability-polarizability and steric repulsion

- terms. These calculations indicate that pyrimidine nucleosides

are all in the antil confofmation while purine nucleosides may

-n.be.either syn or anti. Energetically stable torsional angles

calculated for larger systems generally agree with those found

~in polynucleotide fiber structures. Some possible origins of_i

the differences between polynucleotides with ribose and

F

deoxyribose sugars are found_and'discussed. Calculations on _

CpC indicate that the most stable conformations are compact

"structures, with close contacts between bases and sugars and

relatively little base-base interactions. This is probably’

‘caused by not including solvent effects. Methods of correcting

inadequacies and extending the calculations to larger and

more 1nteresting systems arevdiscussed.



- INTRODUCTION

One of the most important contributions a physical

'chemist can make to biology is the elucidation of the

structure of biologically important macromolecules. The
three dimensional conformation of the biopolymer is an
invaluable help in determining the biologically importaht

role the molecule plays as well as the mechanism of action.

214,215

The mechanism of DNA as the genetic mdterial and

the enzymatic mechanism of lysozymel42’le4

have been
clarified after their three dimensional structures were
elucidated. i |
The class of bibpolymers to which this work is appliéd
is the ribonucleic acids. Although much is already known
about their importance in the.trahslation of the genetic
message into the amino acid sequence of proteins, the mechanisms
of these actions remain for the most part unclear213.

Knowledge of the secondary and tertiary,struétures of RNAs

“would be invaluable in elucidating their biological roles.

Most RNAs lack the high degree of symmetry shown by DNAs,
making the study of their three dimensional structure
considerably more difficult.. It is to our advantage to
divide this largé problem into a number of smaller ones.
The'specific goal of this wofk is to understand thé inter-
action between neighboring ndcleotideé, covalently bonded

to one another by a single phosphodiester linkage. 1In

order to separate this interéction from others, dinucleoside
phosphates are studied. When dinucleoside phosphates are

in sufficiently dilute solution so that intermolecular



interactions between solute molecules-can[be neglected, the . '
only interactions reméining are those between solute and

solvent and those between the various parts of the dinucleoside o

‘phosphate itself, the purine and pyrimidine bases, the ribose
sugars and the phosphate group. These interactions will
~also occur in RNA and will be especially important in single-

strand regions where the only nearest neighbors of a nucleo-

tide are nucleotides which are probably oriented in a manner' ‘f - ?
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very similar to that in a diﬁucleoside phosphatezg’so., R

In this work an attempt is made to determine the

conformations of dinucleoside phosphates in aqueous solution = =~
as a function of temperature. 1In addition, the variations _3 ;“5j,1_ﬁ
‘in conformation resulting from differing sequences of nucleo--

sides are considered. These conformations as well as their

sequence dependence can then be applied to RNAs, especially
single-~strand RNAs.

The temperatgre dependence of the conformations of

dinucleoside phosphates giveévinformation about the‘ehefgy  f
(both‘enthalpic and entropic) of_these conformétions.
Knowledge of the nature of the forces which are important _ ‘
in the case of diﬁucleoside phosphates would be valuable in  ':1' 1 '&
understanding thg stabilitie$rof single~strand as well T
- as other. RNA structures; There arevforces_invmultiple-__

strand regions of RNAs which‘are not ?resent in dinucleosfdeii.l .
phosphates (e.g. base-base hydrogen-bonding)5 Even_if

these forces are largest, there will certainly be important o Lo

contributions to the structufe of all RNAs by the forces

dominant in dinucleoside phosphates. ' S ;
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MEASUREMENT OF TEMPERATURE DEPENDENT

PROPERTIES OF DINUCLEOSIDE PHOSPHATES
REVIEW OF PAST EXPERIMENTAL WORK

A great deal of experimental work has already been
completed which bears on the question of'the conformation
of dinucleoside phosphates. Although this evidence ranges
from the direct to the circuﬁstantial, all of it is relevant
and is helpful in formulating our approach to this problem.

Probably the most convincing data come from X-ray
diffraction studies. A greét many studies have been carried
out on fibers of multiple-strand RNA and DNA polymers42
Unfortunately ne work has been reported on fibers of single-
strand polynucleotides. The{major problem obstructing this
work is the lack of success in pulliné fibers of these
single-strand polynucleotides from solutions. In the cases
of the polynucleotides which;have been sfudied, the bases
of neighboring nucleotides are found parallel to one another,
approximately 3.4&8 from one another. The angle between the |
plane of the base and the screw axis of the helik ranges
from 70° to 90°. All helices found have been right-handed
with 8 to 12 residues per turn. | |

li

The X-ray diffraction studies of fibers was the first’

- work suggesting a "stacked" conformation of & dinucleoside

phosphate, where the bases were parallel to one another
and more or léss the minimum distance apart, in an orientation

similar to that found in two adjacent nucleotides of a

polynucleotide chain.



There has been only one completed X-ray diffraction
"study of a single crystal ofﬂa nucleic acid material more

complicated than a nucleotidél72.

The structure of
adehylyl (2'-5') uridine (a compound not normaliy found
in nature) shows a "stacked"rconformation. No complementary
base—pairing ﬁés found althoﬁgh this compound does have
the possibility of forming hydrogenébonded base-pairs.
These results again suggest a "stacked" orientation of
bases of a dinucleoside phosﬁhate in solution.
" In spite of the fact that these studies have yielded.
much valuable information ébout the conformations of

dinucleoside phosphates in solution they are not the ideal

NN
8 \\_,—

tools for our study. They measure the structure of molecules

in single: crystals or polycrystalline fibers. We are
interested in the structures of molecules in aqueous.
solution. In crystals thesefmolecules interact strongly

with their neighbors. This is exemplified by the extensive

intermolecular hydrogen—bonding found. Another disadvantage“'

is that we would liké to'meaSure the conformations (or
conformation dependent properties) of the molecules under -

., continuously varying conditions (e.g. température, PH,
solvent composition, etc.); }In the case of crystal studiesc’
‘there is usually no variatioﬁ possible. The environment.

of the fibvers (i.e. temperature, humidity) cén be varied in'.
a continuous manner. ‘Unfoftunately, the phanges found in

, polynucleotidé fibers are usuallyvhighly cboperative ones.

DNA, for example, exists in either the A, B, or C forms,

i
A
1,
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all distinct and quite diffefent from one another. There
are no observable intermediate forms.

Although results of X-ray diffraction studies have
been invaluable in helping us‘to understand certain aspects
of nucleic aclid structure; we - must turn to ofher techniques
to study the conformations of dinucleosidevphosphates.

| Another source of information which is easily inter-
preted is the’study of the colligative properties of bases'
and nucleosides. Measurements on agueous eolutions of
purine and pyrimidine bases Show marked decreases in the
osmotic coefficients of the bases with‘increasing con-
centration in the range of 0.1 to 1 molar21’176’194’196.
This is most easily explained in terms of ‘aggregation,
where the aggregate sizes may become quite large, exceeding
ten monomer units. Similar studies, using ultracentrifugal
techniques to measure molecular weighte, reach similar

174, 204. The interactions which result in

conclusions
aggregation are very dependent on the nature of the base,
with purine bases interacting more strongly than pyrimidine

bases. This is an important fact, suggesting that there

may be different conformations of dinucleoside phosphates

which depend on their base composition.

It is tempting to say tﬁat bases are aggregating in
vertical "stacks", just as pancakes can be stacked on a
breakfést plate. However the geometry of the aggregate
formed can not be determinedgby thermodynamic measurehents
alone. (We will see later that nuclear magnetic resonance

studies give exactly this information.) It is this lack of



structural information combined with the fact that they
measuro intermolecular rather than intramoleculér inter-
actions which make these techniques not particularly use-
ful to us in the studies of oinucleoside phosphate
conformations.

Quite similar to thesefére the measurements of tne
icooperativity of the helix-coil transition in multi-strand
polynucleotides and the binding of small oligonucleotides

6,81,113,114 Much

to their complementary poiynucleotides
of the cooperativity of these helix-coil transitions can
be explained on the basis of energetically favorable

"stacking" of bases4o.

The. first nucleoside binding to a
.complementary polynucleotidé:gains only the energy of |
base-pair formation. The nekt nucleoside gains not only . |
thié'base—pairing energy, but also énergy from the "stacking"
interaction with the first nncleoside. Because it 1is
easier to bind a nuoleoside next to another nucleoside rather
than next to unoccupied sites, the binding of these smaller
complementary molecules to‘polynucleotides is coopefative.
Unfortunately these techniques have drawbaoks similar.
to the studies of colligati?e nroperties._ They give no
direct information about conformations, one of the key
points we are trying to deteimine. ‘They also meésure a
‘multiple—strand interaction, somethiné‘not of immediate-.
interest to us. | | |
There 1is ofher less diroct evidence on the problém
of the relative orientation of adjacenf nucleotides of a
sirnigle-strand oligonucleotido or polynucleotide. The

dependence of the photodimerization of thymine on the
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207.' Data from these experiments

solvent has been studied
show that the gquantum yield increases in solvents which
are considered to increase "Stacking" of bases. This is
very reasonable because proximity of two bases enhances
the rate of their photodimerization..

Studies of pyrimidine phbtodimerization are only of
limited use to us. They can not be appllied to all
dinucleoside phosphates. 1In addition, quantitative
interpretation of the data would be very difficult. The
chemical mechanism of the dimerization is very cémplicated
22

with a number of excited intefmediates already found

- Effects of the environment (e.g. interaction with the

neighboring base oriinteraction with the solvent which
may also dependvon the position of the neighboring base)
are almost impossible to separate.

Since we are interested in the forces responsible

for the structures of dinucleoside phosphates direct

measurements for the thermodynamic parameters for transitions

from one conformation to another would be very useful.'
Unfortunately, quantitative measurements of the energetic
parameters of the "unstacking" process are sparse.
Calorimetric méasurements of the enthalpy‘and entropy of
"stacking" of some nucleic acid bases and base analogues

66,179

have been made In addition there are calorimetric

measurements of the enthalpy of double and triple-strand
formations at varying temperatureszé’lGB. If one considers

the temperature dependence of AH for the poly A + poly U



= poly (A+U) reaction tO'eome from the change in_"stacking"
of bases in the single—straud polynucleotides with changing
tempereture, then AH for the "stacking" reaction can be |
determined. 1In spite of the fact that a.great many assumptions
have to be made invthis Enalysis it does serve as a useful
check for some of our later work 7

Direct calorimetric measurements of the "stacked"
to "unstacked" reac%ion of bases and nucleosides have
‘many drawbacks. Because the geometries may be quite

different, application of the results obtained to the

problem of the structure of dinucleoside phosphates is

difficult. In spite of the dlfflcultles in direct calorimetric'

measurements, unambiguous values of the changes of,enthalpy_
- of dinucleoside phosphates under varying conditions would
.be invaluable. The way this could be determined would

be to measure the partial molar heat capecities‘of dinucleo-

side phosphates in solution,_then integrate over the temperature

range of the orde:ed—disordered‘transition. Such measurements
have been made for the helix-coil transition of DNAs and

1, 149¢ Unfortunetely, the transition region -

polypeptides™’
for the disordering of the bases of a dinucleoside phosphate_
is very broad eompared to the sharp transitions ef poly-
nucleotides and_polypeptides; making the experiment too

difficult to do with sufficient precision at this time.

One similar set of experiments has been reported for'single-'i '"

_strand poly A. The heat of solution of poly A was measured o

calorimetfically at different tempefafures. Using the-




results of optiqal measuremeﬁts on poly A to determine
the change in "stacking" ovef this temperature range,
a value of AH? ("stacking") was calculated®. The
dependence of this technique on optiéal measurements
really placés it with other optical methods in its useful-
ness and limitations. What we will say about optical
studies will apply to a large extent to this type of
measurement as well.

Up to this point we have not discussed the results

of three very fruitful techniques in the study of nucleic

acid structure, nuclear magnetic resonance, ultraviolet

- absorption and optical rotatory dispersion.. Experimentally,

they have much in common. They are all solution measurements.

~That means that temperature, pH or solvent composition can

be varied continuously in order . to observe changes in
these conformation dependent physical properties caused
by small chénges in the environment. |

We have already mentioned that evidence from nuclear
magnetic resonance (NMR) measurements was instrumental

in assigning a "stackegd" str@cture to aggregated bases

~in solution. The proton resonances of the non-exchangeable

protons of the purine bases are shifted upfield in con-

98,128,217,219  npi¢ results

centrated aqueous solutions
from the interaction of a proton with the 7 electron systeﬁ'
of the adjacent base. If the bases were vertically
"stacked" one would expect an upfield shiftsg. If the

bases were aggregating in a coplanar manner, then a down-
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field shift would be expectéa. Indeed, this downfield
shift is seen in purine and pyrimidinevderivatives ih
| solvehts such as chloroform.and dimethylsulfoxide94
where infrared absorption studies show coplanar hydrogen-
bonded interéctions7o’loo’lo;. | |
Quantitative comparisons among all bases of differing
tendencies to "stack" are not possible because the degree
of aromaticity varies cons1derably for purlne and pyrlmldine
bases. The purines are quite aromatic while the pyrimidines, |
especially uracil and thymiﬁe are much less so. Proton
resonancesvhave the smallesticoncentration dependence in
the case of uracil. It is difficult to say whether thié’
is éaused by very little aggregation or by the_small'
"interaction between protons bn one base and the T elecfrons |
on another. |
Measurements of the optécal properties of nucleic
acids have given much insight into the interactions
between adjacent nucleotides} Purine and pyrimidine
- bases have strdng absorptions in the ultraviolet region

205.' The magnitude of this absorption.depends :

~ near 260 my
on the local environment of fhe base. The extinction
coefficient (at 260 mu) of a nucleotide in native DNA

is reduced by almost a factbi of two compared with thé
extinction coefficient of that nucleotide free in solution
159,188 This decrease in extlnctlon coefficient at a |
given wavélength is called hypochromicity'while the decrease
in oscillator strength (the extinction coefficient

integrated over an entire absorption band with respect to

7,105,
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frequency) is called hypochromism119
of single-strand oligonucleotides (witb no base-base
hydrogen bonding)126
have shown that in general, chromophores, close enough

to one another so that there is appreciable coulombic

interaction between themn, will exhibit a change in the

intensity of absérption, either hyperchromic or hypochrohic.

Hypochromism of single-strand,nucleic acid material in

aqueous solution indicates that theilr bases are near one

another under these conditions. However when the temperature

of the solution is raised, or when denaturants such as

alcohols or urea are added, this hypochrbmism decreases,

apparently going to zero in the limit of high temperature.
3,16,43,106,

or high concentration of denaturant in many cases
147,203,206

violet absorptions of oligo- and polynucleotides go toward

those of free nucleotides under denaturing conditions.
In the case of dinucleoside phosphates, ‘it implies that
raising the temperature or adding a denaturant increases

the distance between bases, breaking up the "stacked"

- structure in favor of one in which the distance between

bases 1s limited only by the covalent bonds between them.
Optical rotatory dispersion (ORD) énd circular

dichroism (CD) of single-strand oligonucleotides and

polynucleotides, eépecially dinucleoside phosphates,

give results which are quite similar. (Since ORD and

CD can be converted from one to the other by the Kronig-

Experimental studies

as well as theoretical investigations

This is equivalent to saying that the ultra-

46,160,189
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Kramers transformslsz, two linear integral tfansforms, one S

can speak of_these qualitatiVe results almost inter- . ,"ﬁ ]
changeably. )f The 'ORD and CD of dinucleoside phosphates

are very dlfferent from those of thelr component nucle031des

14-16,26,209-211

and nucleotides This is a result largely

of the interaction between bases26’27’209 Again, when . , 3

the temperature 1s ‘raised or when denaturlng solvents

. are added the ORD or CD of an oligonucleotide or polynucleotide..”. i

- tends to go to that of 1ts component nucleotides, indicating .

- to that of U with only a fractional increase in magnitude”

. our conclusions must agree.',The increase in base-base

a large decrease in the interaction between basesl4_l6’43’79’

165,197

Base composition and sequence can cause large variations

in the ORD or CD of dinucleoside phosphates. The ORD

of adenylyl (3'-5') adenosine (ApA) is about an order of
magnitude larger than that of'adenosine (A) and quite
different in shape while thevORD of UpU is quite similar

210.
This is further evidence whiCh makes it necessary to inc;ude'
base composition and sequence dependence in any acceptable
theory of the structure of dinucleoside phosphates in |
solution. | ' A

In spite of, the fact that there seem to be so many.

'different experiments, there’is really very little information =

about the structures of dinucleoside phosphates with which

interaction with decreasing temperature or decreasing
concentration of denaturants. indicates that the low
temperature limit (i.e. ordered form) of dinucleoside

phosphate structure must be "stacked". More specifically,
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the bases must be close to oné another, probably parallel
with no 'solvent between them, in a conformation somewhat
like that of two adjacent nucleotides of the same strand

of a helical DNA. It is very difficult to be more specific.
The limit of the conformation at high témperatures or in
denaturing solvents such as alcohols or urea solutions is
one in which the bases are farther away from one another,
so that any coulombic interactions between them (in the
ground or excited states) have diminished greatly. Again,
it is impossible to be more specific with only this

evidence at our disposal. ‘Oné attractive suggestion is

that the bases move freely th?ough the solution, constrained

only by the covalent bonds connecting them. However

| attractive this may seem, there is no direct evidencé

supporting it.
In additiony mbdels must agree with the energetic
parameters for the "stacking" process as determined by

66,179 and statistical meclflarllicalé‘t'O

both calorimetric
methods . Beca@se the systemsuare so different, a great
many assumptions must be made in order to.compare energies .
obtained from the helix-coil franéition or aggregation of
bases and base analogues in solution with any-vaiue'of the
energy of "stacking" for dinucleoside phosphates éalculated
using a model we might propose. It is unfortunate that
critical comparisons will be impossible because of these
difficulties.

Any realistic model must also allow for differences

in the properties of dinucleoside phosphates differing in
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base composition and sequenée. It would be useful if we
were able to correlate this sequence dependence with
a single property or small numbér of properties of each

base.
PHYSTICAL ORIGINS OF THE PROPERTIES TO BE MEASURED

vThe;three physical measﬁrements which seem most'useful
in studying the conformations of dinucleoside phoéphétes
were ORD, ultraviolet absorption and NMR. They ehable us
to in?éstigate dinucleoside phosphates in solution where
we'can apply small perturbations such as changes in
temperature, pH or solvent qupoéition. In'addition
all three methbds are good p}obes for the'"unstacking"
process in dinucleoside phosbhates. The ORD of dinucleo-~

side phosphates changes by as much as 10 fold with varying

temperature.(Figure 1). Thé ultraviolet absorption changes - -

by as much as 13% over a similar range (Figure 2). The
positions of the proton magﬂetic resonances of the non-
exchangeable base protons can change by more than 0.3 ppm

depending on the experimental conditionsgl.

precision obtainable with commercially available instruments

is roughly one or two orders of magnitude better than the
' largest of these effects, making the measuiemehté trécfable
and attractive. |

The ORD, ultraviolet absorption and NMR all have
aifferent.geometric‘depen@enées. They give slightiy

different views of the changes 1n the:conformations of

The experimental -
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dinucleoside phosphates, - giving additional insight into
the problem. In order to extract the maximum amount of
information from these measurements it‘is very important

that we understand the physical bases of the effects.
OPTICAL ROTATORY DISPERSION

The region of interest:in the ORD of dinucleoside
phosphates is that near the base absorptions'which occur
in the near ultraviolet (near 260 mu) . A‘large change
of the ORD in this region is cauéed by interactions
between the two bases, in particular the interaction of
the 260 mu transition of oné base with the electronic -

210’211. This includes

transitions of the other base
the interaction of the 260 mu transition of one base with
the 260 my transition of the other. TIn the case of ApA

209’210. This type of

this is the dominant contribution
ORD, where the magnitude of the positive and hegative
Cotton effects in the region of an absorption band are

equal, has been called "conservative"ZC.

_Ih this case

(with identical bases) the magnitude of thé rotation will

be proportional to V(?lijlxﬁg) where ;22 is the vector
connecting the point transition dipole of one base with

the poiht transition dipole of the other base, EZ and.E%

are the point'transition dipoles for the 260 me {ground

to first excited) transitions of the first and second

bases respectively and V is the matrix element <wlo¢21f#4 Wil¢20>

where # is the Hamiltonian (only coulombic interactions

between bases need be considered because the bases are
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far_enough‘away\from one anofher so that interactions
caused by the overlap of the wave functions .of the two.
bases can be neglected), andiwij is the Wave function of
the ith base in the jth exciied state. If we assume that
the coulomb intéractions in V can be approximated by a
dipole-dipole interaction then V will have an r_3 dependence
on the distance between baseé. The important pbint of"
this treatment which should be remembered is ﬁhat'the
dependence of the magnitude @f the rotation of avdinucleoside
phbsphate like ApA is approximately proportional to r-z
and has a strong angular depéndence5

In other cases (e.g. CpC) the posifive énd negative

Cotton effects near 260 mu are not equal in_magnitudezog’le.

This "nonconservative" ORD is probably caused by inter-
actions of the transitions near 260 myu on one base with
the transitions of the othervbase which are higher in
energy. There may also be iﬁferaétions involving magnetic
transition dipoles and permanent electric dipole momenﬁslzo.
Unfortunately, experimental data on the electronic transitions
of purine and pyrimidine bases'(especially the transition
orientations) for thé traﬁsitions near 260 ﬁu are quite
;limited. The situation detefiorates rapidly farther into

the ultraviolet. This, combined with»the fact that the'
‘best approximate wave functions for molecules as complicafed'
as purines or»pyrimidines are not particularly reliable;_
makes 1t difficult.io calculate fhe ORD of dinucleoside
phosphates. In addition, accurafe treatment of solvent

216

effects is very difficult and has not been attempted
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for molecules like dinucleoside phosphates yet. Calculations
of the "conservative" term of the ORD of dinucleoside
- phosphates are close to the experimentally measured spectra

27’220. However, the magnitude

in a few cases (e.g. ApA)
of the calculated ORD is generally not too reliable. In
some cases even the qualitative shape-does not agree with
experimental results. Hopefully, the future will see
accurate calculations of the QRD of dinucleoside phosphates
as a function of conformation; enabling investigators to
rigorously test models of the "stacking"bprocess. Even |
without this information, the knowledge we do have about
the'origins of the ORD will aid us greatly in interpreting

experimental results.

ULTRAVIOLET ABSORPTION
Hypochromism in dinucleoside phosphates results from
the interéction of a transition on one base with other

: 189

~electronic transitions on the other base s with no

contribution frbm‘the interaction of that transition on
one base with the analogous transition on the other baSe46.
However there can be appreciaﬁle changes in the band shape'
caused by such an inﬁeractiong Ih the case of a dimer
consistipg of two identical chfomophores, there will be

two exciton transitions for each one in the monomerlgl.
There can be a "borrowing" of intensity from one band by
'the other. In the case of dinucleoside phosphates. the
exciton splittings (energy difference between twq exciton

transitions) are considerably smaller than the electronic

absorption band widthszs. The exciton transitions will
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not be resolved‘in the absorbtion spectrumland integration |
over what appears to bé a single absorption would actually
include both exciton absorpﬂions. Any exchange of intensity
between these transitions.wiil cancel. However, if one
measures the extinctioﬁ coefficient at just one wavelength
(hypochromicify) he may obserVe changes caused by exciton
interactions, or other changes invﬁhe band shape. (We
will see later that the band. shape of,ApA does change
-appreciably as the tempefatufe is varied.) Just this
consideration shows that different optical_pfoperties
depend on different interactions. The ORD of ApA 1is dominated
by the interaction of the 26p my transition on one base
with the 260 mu transition on the other base. This
~interaction can have no effect on the hypochromism. However,
because there may be changes in the shape of the 260 mu |
absorption band there may be differences between the hypochrbmism
(decrease in oscillator strength)land‘hypochromicity (decréase {
in extinction coefficient at one wavelength). Care should
be taken to avoid confusing them, |

Tﬁe maJjor. contribution to the hypéchromism of dinucleo-
side phosphates near 260 mulériginates in the interaction
of‘the 260 mu trahsition on éne base with the transitions
of the other base farther into the uitréviolet49’189.
If a multipole expansion is used'for the interaction between
transitions the first term will‘be a point dipole-point
‘dipole interaction which has a base-base distance dependence

préportional to r-s. There are a large number of 'transitions



in the ultraviolet with which the 260 mu transition can
interact. Since the orientatioﬁs of these transitions

are varied the angular‘dependence of the hypochromism is not
as strong as that of the ORD. As the anglé between the

260 mu transition and a transition on the other base
(farther into the ultraviolet) changes so that the
interaction between them cauées a smaller hypochromic '
effect, the orientation of the 260 mu transition and

another transition in the far ultraviolet ﬁay change so

that its hypochromic contribution increases. This cancel-
lation of changes in the terms contributing to hypochromism
make the hypochromism less sénsitive to the angular
orientétion‘of‘the two bases of a dinucleoside phosphate
than the ORD. .. If transitions afe above one another

(as in "stacked" bases) the long waveléngth transition

(i.e. the one near 260 mu) wiil never be hyperchromiclss.
Therefore we expect to find the absorption band of a
dinucleoside phosphate ﬂear 260 mu to be hypochromic with

an r_s base-base distance dependence and a weaker angular

dependence than the ORD.

A classical approach_to:the problem of the origin of
hypochromism treats it as an interaction of a chromophore
with the, local electric field caused by a polarizable body.
The electric field of the radiation induces a dipole in the
polarizable body which then has its own electric field.

If this field partially cancels the electric field of the

light at the site of the chromophore'then hypochromism
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results, the smaller electric field of thevlight a£ the

chromophore resulting in lese absorption. In the case of

dinucleoside phosphates, the 260 mu transition dipole. |

interacts with the polarizability of the other base (caused

.by the transitions farther in the"ultraviolet on that base).

The variation of the polarizability of a purine or pyrimidine

prebably does not change by more than a factor of two in h |

any‘direction in the plane of the base. The. angular variation

of the hypochromism (assuming the distance between bases

remains constant and the bases remain paraliel) should

' not be larger than this'facter of two. This is analogous

to the argument used earlief which said that since the

ultraviolet transitions were distributed in different

directions hypochromism snouid_have a. small angularrdependence,’:
Qualitatively, the hypoehromism should have a‘smaller |

angular dependence than the ORD (whlch can even change 81gn)

and should vary approx1mately as r 3. (The ORD varies

approximately as r—z.) Complete analysis of experimental

data requlres the calculatlon of the phys1cal property :

measured as a function of molecular conformation. Unfortunately,v.

quantitative calculations of hypochromism are very difficult49’

160’189. One major obstacle:is the problem of knowing details
of the @rensitions in the ultraviolet. For saue cases the
:ORD is:dominated by inﬁeractions of the transitions_near

260 mu‘with one another. We. have seen that this can never -
“be the case for hypochromism. - That means that accurate

P

‘calculations of the hypochromism of dinucleoside phosphates
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requires a knowledge of the transitions not only at 260 mu,

where our knowledge 1s meager, but also knowledge of the

"transitions further in the u;traviolet, where the situation

is far worse. Inh addition, there are electronic transitions
in the solvent which may interact strongly with the pufine
or pyrimidine transitions. This effect is particularly
difficult to calculate for the reasons previously stated

as well as fhe fact that wery little is known about the
solvent structure around moleéules like diﬁuqleoside
phosphates.‘ Since the bases of a dinucleoside phpSphate

are exposed to the solvent (much more so than in DNA) this

effect may be large.

NMR experiments measure something quilte different.
In these experiments one does not observe the interaction . §
between excited electronic states. The experiments of

interest measure the positions of the resonances of non- i

| exchangeable protons on the base'(e.g. H, and Hg of adenine).

The positions of these resonénces depend critically on the

position of the other base of the dinucleoside phosphateZl’ss’ v .

35’169. When an aromatic ring is placed in a magnetic
field the 71 electron movement'becomes'polarizéd. In very ‘ _ ;
simple térms, a "ring current" is established. This "ring . i
current'" generates its own mégnetic fiéld which either ‘
adds to or subtracts from the external magnetic fieldsg. “
If a proton is located directly above or below the aromatib
ring then the magnetic field geﬁerated by the "ring current" : )

opposes the external magnetic field. A higher external
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magnétic field 1is needed for resonanée;'the resonance
is shifted upfield. On the other hand, if the proton is
in the same plane as the aromatic ring (as is the case
"with most protons covalently»bound to aromatic rings)
the magnetic fields enhance bne another. A lower external
magnetic field is.needed for”resgnance; the signaf/is
shifted downfield. |

The effect one observes in dinucleoside phosphates,
nucleosides or bases in solu%ion is an upfield shift of
the resonances of the non-exchangeable hydrogen on the
aromatic rings with increased "stacking" of bases. In a

dinucleoside phosphate with two similar bases (e.g. ApA)

this gives an unusually sensitive measurement of conformation. -

The two bases are'geometricaily non-equivalent (caused by

the differences between the 3' phosphate ester and the

5' phosphate ester) and therefore magnetiéally non-equivalent. .

Each proton of one base interacts with a different part
of the other base. This is greatly enhanced in "stacked"

conformations. The differences between the two proton

‘resonances can be measured very accurately. This difference - =

gives a very sensitive methoq of measuring_the differenceév
.of environment seen by the tWo bases.

" Unfortunately, the aroméfcicity'of,thé nucleic acid
bases varies greatly. Although the pufines display‘large,,
"ring currents" the pyrimidines, especiall& uracil and |
~ thymine have very small "ring currents" .18, In the éase
of pyrimidine bases it is difficult to differentiate between

the case where the bases are "stacked", but no "ring current"

effect is seen because the "ring current" is too small and

et e e e s ¢ e < s o ¥
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the case where the bases simbly do not ﬁstack”.

The interaction of the aromatic electrons with a
proton in a magnetic field cén be treated on d very simplé
level as two point dipoles interacting. The electron
"ring current" (which is equivalent to a magnetic dipole)
interacts with the proton's épin (which is a magnetic
dipole). Therefore the dependence of the interaction on
the distance between bases should be proportiohal to r_3.

Of course, when r is of the same size as the dimensions of

the aromatic ring, the "ring current" can not be considered

to generate a simple magnetic point dipole. More rigorous'
calculations of this effect have been made, considering

both the geometry of the aromatic ring and the basic quantum
nature of the problemeg. Tréatments of molecules as complicated
as dinucleoside phosphates are Just starting to be madeZl.

The measurement of ORD, ultraviolet absorption and

NMR of dinucleoside phosphates offer different ways of

- investigating the conformation of dinucleoside phosphates

in solution. They are all sensitive to interactions
between the two bases but measure élightly different
quantities. Using these techniques we will be able to
test some models and develop ideas about the conformation
of dinucleoside phosphates'iﬁ solutibn, as well as the

forces responsible for these structures.

MODELS
With the exception of certain types of X-ray diffractién

studies, analysis of physical measurements requires a
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choice of a model in order ﬁo determine a structure.

If the data are not consistent with the mbdel‘then the
model must be discarded or revised. The more data agree
with a model, the more credible it becomes.

Before.discussing the physical meaSurements which can
yield useful information abéutbthe conformation of dinucleo-
side phosphates in solutioniit would be advantageous to
mention some models which are compatible with thé qualitative
_ results already reviewed. They will serve as guides in under- .
‘standing the conformations of dinucleoside phosphates under a
various conditions as well as help sugges£ the measurements

which might enable us to distinguiSh betWeen models.

.TWO—STATE MODEL

The simplest model used to analyze the properties-of
dinucleoside phosphates and;othér dligonﬁcleotides (indeed
the only model used up to this time) is fhe two state

3’14’15’106’147’203’206. This model assﬁmes that

model
a dinucleoside phosphate caﬁ have oﬁly one of two possible.
conformations, either the ordered:"stacked" conformation or
the disordefed "unstacked" éonforﬁation. Nb conformations
between these two exiSt: Variation of témperature of
solvent composition changesithe equilibrium between the

~ two stafes. Lowering the temperature favors the ordered
form. Raising the temperatﬁre or introducing denatﬁring'

solvents shifts the equilibrium toward the disordered form.

The physical pfoperties of the ordered form can be determined
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by extrapolating, these propefties of the equilibrium
mixture to thé low temperature limit. Comparisons with
properties of known structures or properties calculated
from theory may help to determine the geometry of the
"stacked" dinucleoside phospﬁate. Extrapolation to |
the high temperature limit will give the properties of-the
"unstacked" dinucleoside phosphate. Similar comparisons
with known compounds as well as calculations based on
theory may lead to the deterﬁination of the geometry of
the disordered form.

AH® and AS° of the "unstacking" process can be defermined
by measuring the equilibrium,éonstant for the "stacked"
"unstacked" equilibrium as a function of temperature,

then‘applying the Van't Hoff equation:

~ together with:

- RTLnK = AH-TAS®

MULTI~-STATE MODEL
A logical extension of éhe two-state model is the

multi-state model. In this model a finite set of possible

conformations exists, ranging from "stacked" to "unstacked",

each with its own physical properties and its own u° and
s°. Analysis of the data, using this model, 1is almost

identical to the analysis using the two~state model in
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principle. 1In practice it ié much more difficult. 1In the
case of the dinucleoside phosphates there is at this time

no method of determining-theipopulation diStribution for
‘the intermediate states. . This 1s necessary in order to
treat the.multiple—equilibriumvproblem which is necessary
‘for the determination of théLthermod&namic variables of each
state. TIn spite of this fa.c‘?t it is useful to keep this model
in mind as it will help profide some insight into the meaniné'
(or lack of meaning) of AH® énd Ag® determinédbby using the |
two-state model, should the"fwo-state model prbVe to be

incorrect. _ :

OSCILLATING DIMER MODEL

Up to this point we ha&g mentioned two models haVing 
discrete states. At the other extreme 1s the situation whére"—
a dinucleoside phosphate can;exist in a continuum of states. '
Instead bf discrete energiesuthere would be an energy .
surface (in a multi-dimengiohal space). In one very simplé
model (Figure 3) the bases df a dinucléoside'phosphate are
considered to be two birculai discs direcfly above one

another67’116.

A harmonic torsional sprihg cohnecting the
centers of the two discs defines the potential energy. The
discs can oscillate but canvﬁot move away from one another.
In the limit of low temperatﬁre there would be no oscil-
iations (in the quantum mechénical case, just zero point

oscillations) from the equilibrium position and the dinucleo-

side phosphate would be "std¢ked". Ihcreasing the temperature -
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Base 1 A

Torsional Spfing

Base 2

® = ¢Oe—(ﬁ/wm)co§h(m/2k;‘)

at high temperatures

o = @Oe-QRT/K

hypochromism isfcdnstant

Figure 3 Representation of thé oscillating dimer model..

XBL6711-5683
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would increase the magnitude ﬁf‘ﬁhe 6ééillations. Ih the -
limit of very large oscillations the diﬁucleosidé phosphate
would become "unstacked". DéhaQuring solvents would have
the effect of reducing the'fOfce constant of the spring,
allowing larger osciilations ét_the same temperature (i.e.
at the same kinetic energy).iQuantitative analysis of the
data using this model would give a force constant (x) for.
the torsional spring and the moment of inertia of the effectivéi
oscillator, rather than A and ASO.for the disordering
process. The energy required for a displacement of 6 radians
from the potential energy minimum is x6 2. If a displacement
of eﬁ is required for "unstacking" a dinucleoside phosphate
then the energy of "unstacki;g" would be Keuz. |

Using this model, the temperature dependences of some ‘
properties of dinucleoside phbsphates can be ca;culate667’116f
If the resulting ORD from thexinteraction of the two bases |
is considered to be that arising from the interaction of
the‘poinf transition dipole (near 260 mu).at the center of
one base, with the analogous point transition dipole at the
center df-the-other base, tbe‘contribution to the optical -
rotation caused by the interaction of the two bases

Lv
[0y~ 2([0]y + [0]y)

is

(6] = (o] o (W/®)coth(ta/2xT)
0 , ‘
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in the quantum mechanical case. [®] is the rotation.caused
by interactioﬁ of the two bases;. w is. the frequenéy of the
oscillator; m is the moment of inertia of the disc; % is
Planck's constant divided by 2m; k is Boltzmann's constant;
T is the absolute temperature; and [@]o is a éonstant;
proportional to the lowvtemperature limit of the optical
rotation. The ciassical (high temperature) limit of this
expression is: |

(0] = [0] e 2KT/x

where x is the force constant of the spring.

One feature of this model is that it predicts different
temperature dependences for different properties. If the
hypochromism is considered to érise from the 260 mp transition
interaéting}with tﬁe polarizability of the other base, and
the polarizability is constant in the plane of the base
- then there will Be no change in the hypochromism with changing
orientation (or chanéﬁng temperature).- The variation of
the polarizability in the plane of a base is probably less
than a factor of 2 making thehypochromism slightly temperature
dependent and }eaVing an appreciable hypochromism in the high
temperature limit. (This is found in the case of ApA.)

| However, the experimental hypochromism of ApA is found
to be témperature dependent. The oscillating dimer model
{(which takes into account only those torsional oscillations
of the bases which do hot take them away from one another)
can not account for this typé of behavior. If other modes
of motion are introduced theﬁ this type ofvmodel will

predict a strongly temperature dependent hypochromism. In
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our discussion of the origins of the ORD and hypochromism
we,mentioned-that the ORD has a streng angular dependence
and a dependence on the distance_between bases of approximately
r_z. On the other hand,bthe.hypochromism haé‘a very weak
angular dependence but varies'as'r_s. This means that moVe-
ment of the bases away from one another (while retaining the
same angle between the 260 mu transition dipoles of the two
bases) will affect the hypochromlsm more strongly than 1t
will the ORD. Tt is possible that the variation of the ORD
with temperature originates iargely in torsional medes of “
motion wnile the_variation of the hypochromism with temperature
is a result of increased separation of the bases. Unfortunateiy;,
 the mathematics,involved_in treating this type of motion is lfd;f
considerably morevcomplicated'than mathematics of the B :
torsional moded of moti6n67. Noiquantitative theory has
‘been developed yet fer treating the dependence of optical ,
properties when such types of motion occur. o
We realize at the start that this model is much oo
simple. However, it dqes serve an important pedagogical
purpose by illustrating the type ef alternative to the_th-
~state model which will have to be'explored in order'to'underfffit?:
~stand the temperature dependent propertiee of dinucleoside |

phosphates.

GENERALIZED ENERGY SURFACES

The approach in Wthh a generallzed energy surface is used
is not limited by these overly s1mple assumptlons. A more:
useful model would have a reallstlc geometry (based on

crystallographic results) aleng with a realistic multi-
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dimensional potential energj surface. This geometry and
surface would then be tested by calculating (numeriqally

or analytically) the temperature (or sblvent) dependence

of physical properties and then compéring these predictions
with experimental observations. The choicé of realistic
geometries of the baseé, sugars and phosphate from existing
X-ray crystallographic data is feasible. The-choice of

a potential is very much more difficult. The second part
of this thesis is devoted to this problem.

Consideration of these four models of the temperature
and solvent dependence of.thé properties of dinucleoside
phosphates suggests experimehts which mdst be done in
order to test'these models. Properties of dinucleoside
phosphates must be measured under varying conditions
(e.g. different temperatures and different solvents).

The more properties measured:and the wider the range of
conditions used, the more reliable.the check of the model
will be. Therefore we havé measured some temperature

dependent properties of a number of dinucleoside phosphates.

MATERIALS AND METHODS

' NUCLEIC ACID MATERTAL

A, C, Ap, pC, ApA, ApG, UoC, CpA, CpC, GpU,.ahd GpC
used in these experiments were Calbiochem A Grade. UpG,
CpG and GpA were purchased from Gallard-Schlessinger
Chemical Mfg. Corp. DA and:pU were'purchased from Pabst

Laboratories. The ApA used in the low salt hypochromism
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measurements, ApC, ApU, and some of the UpU was supplied
by Dr. Myron Warshaw. Their preparation has been described

elsewhereZlO.

All ofrthese compounds were used without
further purification. MQst.Sf the dinucleoside phosphatéé
We checked for impurities by,high voltage paper electro- |
phoresis and Were found to be?hbmogeﬁeouSZB, UpA'
(Calbiochem A Grade)‘and UpU (Calbiochem BlGrade) were

found to contain appreciable'impurities._ They were purified
on a 50 em Dowex 1X2 ion exchénge column. The UpA was

5 t0 10°% M HCL gradient. Tt was lyophilized

and stored as a dry powder. UpU was eluted in 1072 M HC1

- eluted in a 10

with a 0-0.4 M NH4Cl gradienﬁ. The salt was removed by.
passing the solution throughla Sephadex G-10 column.. The

- UpU was then lyophilized'and‘stored as a dry powder.

NON-BIOLOGICAL_MATERIALS

Because the LiCl éolutidhs used in these experiments
were so concentrated we considered the poésibility of |
a small transitionbmetal ion impurity interacting with
a dinucleoside phosphate and:phanging its properties.
Di- and trivalent metal>ions were removed by treating
concentrated LiCl solutions with an excess of Chelex 100
chelating resin (Bio-Rad Labdratories) batchwise at least
five timés.‘ Emission spectroécopy on dried.samples of

this LiCl indicated calcium between 10 and 20 ppm. Since

- the resin binds Ca+2 more poorly than other di- and trivalent

metal ions and the impurity levels of other metal ions

. Were at least 20 times lower (with the exception of Mg+2)



in the originalfLiCl sample,iit is safe to assume that
other metal ions will not be present in appreciable
quantities. If the pK for the binding of Ca+2 to
dinucleoside phosphafes is 1.8 as it 1s for the

binding to adenylid acidlZl,;the fraction of diﬁucleoside
phosphate bound to Ca’!'2 would‘be about 1% which should not-
affect our experiments. Because so much it is présent
the binding is probably considerably wéaker.

Tap distilled water wasiused for these experiments.
Other compounds were reagenﬁygrade orAthe equivalent and
used without further purification. |

The dilute salt buffers used for ORD and ultraviolet
absorption studies were 0.15 M Naqloé, 0.02 M phosphate |
PH 6.75 or 0.15 M KC1l, 0.01 M phosphate pH 6;7. No dif-
ference waslobserved in the properties of dinucleoside
phosphates in these buffers. The concentrated LiCl buffers
were 25.2%'LiCl (g/g), 0.004 M tris-HCL PH 7.1.

For the NMR experiments it was necessary to eliminate
as many protons from the solvent as ﬁas practical so that
they would not swamp out the signals of- the sblute protons;
present in low concentration. All solutesvmeasured in

water were dissolved in D,0 of at least 99.7% deuterium

(Bio-Rad) then lyophilized to remove exchangeable protons.

from the solute. This was done at-least tWice. The solute

was then dissolved in DZO'(ApA) or D,0 with enough Na,CO,

dissolved to be sure the solution was not acidic (A, pA, and

Ap).. TFor measurements made at acid pH the material was
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dissolved in Dzoxto which énoggh,concentrated HCl had been
added to make the solution 0.1 M. In order to eliminate
the possibliity of depurinatién, spectra were taken within

one hour after dissolving the ApA.

DETERMINATION OF CONCENTRATIONS

Concentrations of solutes férvthe NMR experiments
were determined by weighing. Conéentrationé of AﬁA were
0.030 to 0.033 moles base/litér. The total concentration

of nucleoside or nucleotides were 0.05 to 0.08 moles/liter.

Concentration of nucleosides, nucleotides and dinucleo--

side phosphates in the ORD and ultraviolet absorption
studies were determineg_by meaSuring thé ultraviolet
'absorption at room temperature. Extinction coefficients
of the dinucleoside phosphates in dilute salt solutions
were assumed fo be the same as those reported in the

211

literature Extinction coefficients in 25.2% LiCl

solutions were determined by making a concentrated solhtioh:

of the dinucleoside phosphate in bufféred 25.2% TACL.
Aliquots were diluted with 0.604 M tris buffer pH 7.1 or-
buffered 25.2% LiCl to thé saﬁe volume with a base con-
centration of approximately 5ix'10—5,M. The solution
diluted with tris buffer was éufficiently dilute in salt
(less than O,é M LiCl in all gases) that the extinction |
coefficients for dilute salt ¢oncentrations could be used.
Therefore thé ratio of the exﬁinction coefficients in
dilute and concentrated LiCl ?olutibns was the sahé_as the

ratio of optical densities. (see Table 1)

PO —
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‘TABIE 1
LOW SALT* HIGH SALT
COMPOUND ' €max f Kmax | €max >‘max
A 7 15400 259 15500 261
pU 10100 - 262.5 9360 262.5
c | - 8900 273 9420 273
ApA 13400 258 . 13300 259
UpU 9800 . 261 - 7300t 262
UpC | 8700 264 8740 266
CpC 8300 = 272 8920 271.5
Estimated errors - o - %50 £1.0

* Ref. 34

(2107 %M base/liter)

'INSTRUMENTS AND MEASUREMENTS

ORD measurements were made with a Cary 60 spectro-
polarimeter. The spectral bahdwidth was less than 1 mu
in all cases. Samples were used for no more than four spectra.
Baselines (the rotation of the buffer in thé cuvetﬁe used
, for the sample) were fun after the series of sample spectra.
The cuvette was then rinsed and refilled with samplé and
more spgctra were measured.  Spectra were compared with
at least two baselines measured at or near the temperature
of the sample in order to check for possible spurious
signals from the spectropolarimeter. Spectra were frequently
measured to 660 mu in order to check for base line shifts

which frequently occur as a result of irreproducible positioning

of the cell. Rotations are expressed as (o] =.l%%§ Wwhere 6
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is the rotation in degrees, 2 is the length of the cell
in centimeters and c is the concentration in moles base

'per liter. No adjustments were made for the refractive

index of the solvent. Corrections were made for the expansion .=

of the solutions with incréasing temperatures. Dilute salt
solutions were assumed to haQe the density of pure watér.
The density of éohcehtrafed LiCl solutions is known as

a function>of temperature from 0°C to lOO°068, We

obtained densities below 0°C By extrapoiation; this led to
~a constant density of 1.155 g/cc below -20°C. In all .

: . . _ : .
- cases these corrections amounted to no more than 33%.

Measurements of ORD were madé using 1 or 2 centimeter

cells. 2 centimeter cells were found to be more satiéfactory'

~ because their longer bases gave fhem greater mechanical
stability. Baseline shifts are greatly reduced by using
2 centimeter cells rather than 1 centimeter cells. The
v.opﬁical density of the“sample at 260 mp was between 0.5
and 1.1 for all work with dinucleoside phosphates. In
- some of the work with nucleoéides and nucleotides the
optical denéity was as high as 1.8.

Measurements.on UpU (in dilute salt solution) and ApU

were done in the 1 cm thermostatted cell supplied by Cary.

The temperature was measured With a copper-constantan thermo-

couple placed in a glass capillary (filled with mercury for
‘good thermal cohtact), which was in contact with the solution

during the measurements. This system was found to be very.
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unsatisfactory., At extremes in temperature the cell has

a tendency to leak. If the edges ef the removable windows
were greased to prevent this, the grease tended to streak
across the windows at high temperatures, giving large
anomalous rotations. In addition, the tubing carrying

the thermostatting ligquid had to be wired togethef. When
connections came undone, flooding of the.cell com;artment
and adjacent parts of the spectropolarimeter resulted.

In order to avoid these difficulties this thermostatting
system.was quickly abandoned . Thermostatting for all other
ORD measurements was done by_placing a 1l or 2 - cm cylindrical
cell in an aluminum cell holder through which the thermostat-
ting liquid was circulated. The detalls of this cell holder
are described eléewhereSl. For temperatures below 0°C

it was helpful fo cover this block with styrefoam insulation.
Surgical rubber tubing was found satisfactory for carrying
the thermostatﬁing liduid to.and from the cell holder. It
has sufficient mechanical strength at high temperatures,
without excessive stiffness at low temperatures. Tygdn
tubing and brass bellows were also tried but were found

to spring leaks (especially at extremes in temperature)

with surprising regularity. Periodic inspections and
occasional replacement of the surgical rubber tubing were
necessary in order to avoid mechanical faiiure and flooding
of the spectropolarimeter. Connections inside the cell
compartment between tubing and the cell helder and top of

the cell comparytment were made using Poly-flo connectors

(Imperial Eastman). Outside the cell compartment 1 Kwik-
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connect connectors (Imperial Eastman) were used. They
have the advantage ef aatomatically\snutting off iiquid
flow when a connection is broken.

‘The temperature of the sample was measured in one of
two ways. Elther the temperature of the thermostatting
ligquid was measured and converted to the'sample temperature,‘v
using a previously determinedpcalibration curve, Zr the
:temperature.in a'eell was meaeured'directiy with a copper-
constantan thermocouple. This was done.either immediately
after a spectrum was recorded w1th the sample in the
cell (after which the sample was discarded and the cell

scrupulously cleaned in 50% H2304-50% HNO, in order to

3
eliminate traces of traneition metal ions), or immediatelyx:
before the spectrum was taken (in whieh case an identicale
cell filled with water or alcohol into which the thermocouplet
was placed was mounted next to the sample cell in the |
aluminum cell holder).lIIn all cases the temperature was

known to be better than.+0 3°C and did not fluctuate beyond
those limits. Temperatures below room temperature were
malntalned using refrlgerated baths or by circulating methanol,
cooled by Dry Ice or liquid nitrogen. Temperatures above

room temperature were maintained using a'Haahe-ModelfFeﬁv
thermostatting bath. 9fter the thermostatting bath had
reached its regulating’temperature it took the sample

S to 1S minutes to reach thermal equlllbrlum (depending on .

the experlmental set-up) , At least an additional S or 10 .
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minutes were allowed to pass before starting to measure
spectra. In order to minimize evaporation above room
temperafure the cell was capped with rubber serum stoppers
through which a small length of no. 27 hypodermic needle
was‘placed. The serum stoppers were.previously soaked in
boiling 1 M.KOH and rinsed in distilled water to léach out’
a material which absorbed in the ultraviolet. Hy;rolysis of
the dinucleoside phosphates at high temperatures was checked
by measuring the ORD (or ultraviolet absorption) at room
temperéture both before and after having measured it at
higher temperatures. In no oase was the difference between
the optical properties at room temperature measured before
and after exposure to high témperature indicative of any
hydrolysis.

Ultraviolet absorption measurements were made with
a Cary 14 or Cary 1S spectrophotometer.. Measurements not
at room temperature were made in the thermostatted cell
holder supplied by the manufécturers. Temperature control
and measurement were done in the same way as they were |
for ORD measurements. The réference cell, containing the
appropriate buffer was at room temperature. Therefore it
was necessary to measure the difference 1in absorption of
the buffer at room tepperature and at the temperature of
the sample. | |

The oscillator strength'of an absorption band was
determined by integrating tho eitinction coefficient using
Simpson's rule, The optical densities of dilute salt

solutions were read off the chart paper at 2.5 mp intervals.
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The integration was done using a computer program writtén'
by Dr. Myron Warshaw. Optical densities of other solutions
were recorded at 0.5 mu intervals using a Cary Digital
System. ‘The data were smobthed by fitting them, 25 at a
time, to the best least squares cﬁbic polynomial. The
value of the smoothed optical density was taken to be the

h wavelength of the 2F

value of the polynomial at the lSt
used for the fit. The smoothing and subsequent integration
was done using a computér‘prégram written by Mr.S. Richard
Jaskunas. For the 260 mpu bands of the bases the integratioh,
was done from long wavelengths to a «<cut-off wavelength o
at or near the minimum in the absorption spectrum. This
cut-off wavelength varied erm one dinucleosidé phosphate

to another, but was independent of temperature fof ény giveh

compound . Since the near ultraviolet absorption bands of

purines and pyrimidines are not completely resolved the

choice of the cut-off wavelength is to some extent arbitrary.

It is possible that errors may be introducea if the absorption

bands change shape or shift with changing temperature.

NMR spectra were measured on a Varian Associates A-60
NMR Spectrometer. Measurements were made at 41°C unless
otherwise noted. The temperature was determihed by measuring
thejéeparation of thevtwo'prgfon signals of emhylene.glycol,
then.determining the temperature using the calibration
supplied by Varian. Temperafures other than 41°C were
maintained ﬁsing the V-6040 variable temperature controller

“

made by Varlan.
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PH measurements were made at room temperature with
either a Radiometer Type.TTTlc pH meter or a Beckman
Expandomatic pH meter. NoO corrections were made for

high concentrations of Li+.

RESULTS AND DISCUSSION
TWO-STATE MODEL

Because the change in the ORD is so much larger than
that in the ultraviolet absorption or NMleost of our data

will come from ORD measurements. We have measured the ORD

- of 14 dinucleoside phosphates in aqueous solutions over

the range of approximately 0° to 85°C.- (Figures 4-7) (The

temperature dependence of the ORD of ApA was measured in

210

this laboratory previously .) Using these data one can

calculate an equilibrium cohstant as a function of temperature.

fraction "stacked" _ [@l{T)-[e] (T)

K(T) = 0 14 =
fraction “unstacked - :
. TeT ~T&I(T)

All rotations are measured at one wavelength and [@]s and
[@]u(T) are respectively the rotation of the "stacked" and
"unstacked" forms of the dinucleoside phosphate and [&#](T) is
the rotation measured at temperature, T. Once the equilibriun
constant is known as a function of temperature, thermodynamic
parametérs for the "stacked" to "unstacked" transiﬁion can
be calculated;

- In practice, ohe can make a reasonable estimate of the .
"unstacked" rotation. Sincé there is little base-base

interaction the contributioﬁs to fhe optical rotation would
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be those found in ‘the free nucleosides or nucleotldeo. The
extrapolated high temperature limit of the ORD of a dinucleo- o
side phosphate does seem to be the sum of the rotations of

its component nucleotides. The sum of the rotations of the
component nucleotides was taken to be the rotation of the
"unstacked" form.

However, nucleosides and nucleotides are not rigid |
molecules either. Since theibases are planar and therefore
have no optical activity of their‘own; the opﬁicai rotation
in the region of strong absorption by the bases (near 260 mu) !
must result from an interaction of-fhe 260 mu transition
with the asymmetric ribose. This interaction depends‘on
the relative orientation of the base and sugar. Because
the glycosidic bond (connecting the base and_sugér) is a
single bond, some rotation can take olace around it. The
population distribution of orientations will change as a
rfunction of temperature, wito the conformations of higher
energy becoming more populated at higher temperatures. The
temperafure dependence of the relative orientation of the
. base and sugar causes a tempe;ature dependence.of the ORD of
nucleosides and nucleotides. . Although the ORD of ﬁuoleosides'
and nucleotides remains»qualiﬁatively the same, the magnitude 
of the rotations decrease by as much as 25% going from
0° to 85°C. (Figures 8-13). These findings are in agreement
with ORD measurements made in the visible regionlgs.

Therefore at each temperature we equate the rotation of

the "unstacked" dinucleoside phosphate to the rotation of
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its component nucleotides or nucleosides at that temperature.

The low ﬁemperature limit is harder to estimaté.
‘Theoretical values have been-calculated27, but they are not
too dependable in terms of magnitude. 1In some cases they
are seriously ih error even'in the shape of the ORD. In
practice, the value assumed for the low temperature liﬁit
- was that rotatioh which gavé'the most linear plot of_log K
against 1/T. The assumption of a lihear Van't Hoff plot _5
is equivalent to the assumption of nearly equal heat |
capacities of the "stacked" énd "unstacked" dinucleoside
.phosphates. |

Unfortunately evidence io test this assumption is
_scarce. The temperature depéndence'of the calorimetric

| | :
AR of double-strand formation for poly (A+U) or pNAZ%s 163

is consistent with this assumption. The temperature dependence

of AH® for the double—strand:formation‘of poly (A+U) can

be considered as a difference in the heat‘capacities of

the single and double-strand:forms. The conformation of the
' double-strand form is probably independent of temperature.

' However the single—sfranﬁ polymers are pértially "stacked',
with the degree of "stacking" decreasing with increasing
temperature. Energy is required for "unstacking”.‘ If this
is assumed to be the dominant cause of the diffefence in

heat capacities, the temperature dependence of the calorimetric

AH? for strand separation'can be estimated from the temperature

dependence of optical properties. Using the ORD of dinucleo-

side phosphates as a measure of the amount of "stacking"




55

and assuming tha't ”stacking”vin the polymers isva_non—
cooperative process one‘derives an apparent difference of
heat capacities for the double and single-strand consistent
with the calorimetrié data.

The thermodynamic parameters were not very sensitive

to moderate changes in the assumed low temperature limit.

TABLE 2

. CpG
ol . AHO("unstackihg”)(in kcal/mole)
1.0x10% S . 5.4
1.5x10% 4.8
1.7x10% c 4.8
4

2.4x10 . - 4.0

The wavelength at which the analysis was made is one

of three: the first peak, the first trough or the wavelength

‘at which the difference betwéen the rotations of the

dinucleoside phosphate and its component nucleosidés was
a maximum. The wavelength giving the Van't Hoff plot‘
with the least scatter was used. The answer was not dependent
on the wavelength chosen, to within experimental error. An,
estimate of the errors involved in detefmining the thermo-
dynamic parameters are indicéted by the deviation of values
for CpG. (See Table 2.) |

The fit of the data to the tWo-state‘model 1s reasonably
good. (Figures 4-T)) The best and worst Van't Hoff plots
are shown. (Figure 14) Thespoorness of fit in the latter case

is caused by the difficulties in measuring small rotations.
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Even without detailed analysis of‘these results a
few comments should be made.; First of all, AH® and As®
are all approximately the Same (see Table 3) and are
comparable with estimates made from.the femperature dependence

3,14,15,106,147,203,206

of other optical properties as well

as estimates coming from the:statistical mechanical analysis

40. Because different dinucleoside

ovaNA melting profiles
phosphates have similar tﬁermodynamic parameters for»ﬁhe
"stacked" to "unstacked" transition-it is reasonable to
suppose that the origin of "étacking" is not.véry different
invall dinucleoside phoéphatés. If comparisons are to be
made among thermodynamic pargmeterérfor the "unstacking"

it should be remembered that AFC is close to zero for all

dinucleoside phosphates while Ag° ranges from 4.8 to 8.4

-kcal/mole. The percentage uhcertaintyfis greater in the

value of AF° than in AHC.

As a check of the température dependence of the ORD

~of dinucleoside phosphates the temperature dependence of

the ultraviolet absorption of some dinucleoside phosphates
was: measured. Unfortunately the changes in the'ultra—
violet absorption with changing temperature are small. In
most cases the experimental anertainﬁy was so grea? asvto-v
make any quantitative analysis meaninglesé. (Figure 15)
ApA has one of the'largest hypochfomic effects measured-

211

for a dinucleoside phosphate ~~. The temperature dependence

of the oscillator strength (the extinction coefficient

integrated on a frequency scale) of ApA is shown in Figure 20.
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The change 1in absorption at . the peak is for all intents

and purposes the same as thé changé in the Qscillator strength
in this case, so that we neéd only diécuss the hypochrdmism.
The hyppchromism of ApA canvbe analyzed inlterms of thé
two-state model.» The data fit the model as well as can be
expected, considering.the experimental scatter. (Figure 16)
One fact that_should be noted is that the high temperature
limit of the oscillétor stréngthhis not that of adenosine.
This agrees with.other measurements of the hypochromicity

106. Consildering this in terms of thé two-state model,

of ApA
the "unstacked" conformation would still have appreciable
hypochromism. This suggésté that'even-ét high temperatufes
thebbasgs‘are close enough to one another to permit appreciablé
hypochromism. Uﬁfortunately, sinée a reliable quantitative.
theory for the€ hypochromic effect does not exist we can
not estimate whether a dinuéleoside phosphate having bases
5 or 10 & away from one another (i.e. "unstacked") might
have 3% hypochromism.

Ar® ("unstacking") determined from this analysis is
8.5 kcal/mole (Figure 16).. This.is within the range of
values of AH® ("unstacking") obtained by analyzing the
temperature dependence‘of:thé ORD of dinucleoside phosphates;
Héweven it 1s considerably larger than the value of 5.3 kcél/ :
mole determined for ApA. This fact makes the model itself ‘
suspect. If "unstacking" is indeed a two-state process then
one should calculate the'samé values for the_thermodynamic o .;/“”

parameters using any method which is capable of seeing the
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difference betﬁeen the "stacked" and "unstacked" forms.
For ApA this is not the case; values of AHo‘range from

5.3 to 10 kcal/mole. Some of the difference may be caused
by differences in methods of enalysis. The choice of a
low temperature and high temperature l;mit varies from
one ‘analysis to another. Even considering this, it is
hard to reconcile a two-fold variation in a parameter

which should be a constant.

TABLE 4

AH®("unstacking") for ApA

Observable AHP ("unstacking” ) o Refefence
ORD - 5.3 kcal/mole . - This work
ORD 6.5 kcal/mole* .- . 147
o 8 kcal/mole 203
Hypochromism ’ 8.5 kcal/mole = This work
Hypochromicity . :} 9 keal/mole_ o 56
Calorimetry (poly A) o
Hypochromicity _ é:é iééi/méié o 3
Hypochromicity 10 ,keal/mole. ; 106

*  AH°=6.5 kcal/mole was determined using data from a _
series of oligoadenylic acids. If the temperatuse dependence
of only ApAp is considered the best value for AH™ is
6.1 kcal/mole. . .

Another objection to this model is that it is too

simple. In considering'a system such as double- strand

DNA, 1t is reasonable to assume a two-state model. one::

expects a unique ordered form different from the disordered s

'form, with a'sharp transitien between them.‘ However, in
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the case of dinqcleoside phoéphates‘thére is probably a
range of "stacked" conformations which;together with the
"unstacked" conformations form a continuous spectrum.
There is no reason to expect a sharp division on the molecular
level between the two_regions; this is an assumptionwbasic
to the two-state model. :

There has been a treatmént comparing’two-étate and
multi-state analyses of jusﬁ'such processesll7} Two tests
are proposed to check the vélidity ofvthe'two—state assumptioh;v

One is the independence of AHO of the technique used to-

‘measure the transition. In:the case of the "unstacking" of

dinucleoside phosphates therg is some vdriation. We must
consider how much of this variation results from the_analyées

of the data. ORD and CD, (as analyzed héfe and in the 1iterdture)
should give identical answers. They do not. The range of all
values for AH° ("uhstacking“) for ApA is not too much largef‘
than the difference between the values obtained from CD

and ORD measurements. There is a chance that all deviations»

of AE° are caused . by problems in measurement and analysis,

“rather than the "unstacking" process itself. This is quite

surprising considering that the estimates of errors in thesé

numbers in our work is far smaller than the reported variations.'
The second test proposed depéndé on the variastion of

AE° with temﬁerature. In the case of dinucleoside phosphates

the data afg analyzed in such a way to give a constant au°

(linear Van't Hoff plot). Therefore this test‘cap hot be

applied.



Although tdc evidence against the validity of the
two-state model is incomplete at this ooint; the meaning
of the thermodynamic parameters derived from this treat-
ment should be considered in light of the possibility
that the two?state model»may;be wrong. The apparent.AHo
(as determined by two-state analysis) can be badly in error

117

in such situations We do have evidence that.this.is

probably not the case here. The calorimetric66’l79 and
statistical mechanical4o studies already mentioned do give
AE® ("unstacking") in the‘same range'as ours. Although

the systems studied were not dinucleoside phosphétes they
were similar enough to add credulity toithe values determined«
by the two—state analysis. Considcring.all the evioence’
‘available we must conclude that the thermodynamic parameters
determined from measurement of the temperature dependence

of the ORD (as a measure of the average conformation) using
a two-state method of analysis are reasonable. We;expéct

. that the difference in enthaipy between the high and low
temperature limito of dinuclooside phosphates be between

4 and 10 kcal/mole. However, this does not insure that

comparisons of AH® and AS® for the disordering process among =

various dinucleoside phosphates are meaningful.

OSCILLATING DIMER MODEL

The inconsistencies of the two-state analysis.suggest
that another approach to thevproblem is called for. The
oscillating dimer model, altnough overly simple, has two

attractive features, a continuum of allowed conformations
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and different temperature dependence fo; different physical
properties. \ -

Since the temperature\dépendence ofvﬁhe ORD has been
explicitly calculated (using the dipole-dipole approximation}
for the case where the bases remain parallel to one another
and directly above one another while undergoing torsional
oscillations, quantitati?e comparisons with the data aré
possible. This model predicts that in the claséical
(high temperature) limit log [®] should vary linearly with
temperature, with the slope being inversely proportional to
the torsional force constant. This method of analysis has
an advantage over the two-state model. The low temperature

limit does not have to be known in order to analyze the

data. The temperature dependence of the ORD of the dinucleo-

side phosphates fit this model as well as they do the two-
state model. The best and worst fits of the data to this
model are shown in Figure 17. As was the case with the

Van't Hoff plots, much of the larger deviation in ‘the latter

~case 1is caused by difficulties in measuring very small

rotations.

Results of the analysis of the data dsing this model
are given in Table 3. The apparent force constants are
approximately one or two orders of magnitude smaller than

for molecules such as chloro-substituted ethanesllz.

This
is to be expected because one 1s attributing all the motion
of one base relative to the other to a single rotational

degree of freedom. In reallty, there are seven covalent
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oscillating dimer model: ApU and UpG.
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bonds which can be rotated mére or less freely. Small

oscillations about a numbér of these bonds would show up
as large fluctuations in theisingle rotétional degree of
freedom, making the apparent forceAconstant smaller than

any single force constant.

LOW TEMPERATURE MEASUREMENTS

The fact that the experimental data available from dinucleo-

side phosphates in dilute salt solutions between 0°C and
85°C fit two.very'aifferent and very crude models equally
well made it important to make furthef measurements which
might enable us to say more about the conformations of
dinucleoside phosphates in sdlution. Use of concentrated
solutions of LiCl in HZO»enables us to greatly extend the .
temperature range over which we could measure optical
properties; 25.2% LiCl in H,0 freezes at ~-75.7°C. This
allows us to measure experimentally the low temperature limit
of a physical property instead of having to assume one.
Furthermore, 1t nearly doubles the temperature range which
can be used to test a model. Since 25.2%‘LiCl éorresponds
to one LiCl per seven H20 it is'necessary to determine whether
dinucleoside phosphates behave in this solvent as they do
in dilute salt solutions.

One specific possible diffiéulfy arising because of
the use of concentrated LiCl solutions can be ruled out.
Li+,.having a very high charge to diameter ratio, resembles

ut.

At these high concentrations Li+ might interact strongly-
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with non-bonded electrons of the bases just as protons do.

4

This is not the case. The ultraviolet absorption of

205 The shape

nucleotides changé greatly dn protonation
of the 260 mu absorption baﬁd of adenylic acid changes;
becoming quité skewed. 1In the case of cytidylic acid

there are two strong absorption bands. at neutral pH and only
‘one strong one below the cytbSine pK. The absorption band |
shapes of'adéhylic acid and cytidylic acid do not change |
greatly in going from dilute aqueous buffers to 25.2% LiCl.
There are slight shifts towards the red, which is expected
when a m-7* transition is exposed to a more polarizable

solvent125

» but nothing indicating strong:specific intéractidns
with the solvent. | |
A less direct piece of'evidence comes from the study
- of infrared absorptioncﬁ‘conéentrated salt solutions74
The shift of frequency of the OH stretch in LiCl solutions
even mofe concentrated thanfthose used in these studies is
surprisingly small. There is a shift of about lO‘cm.il in
’going from pure water to 2 M LiCl, with essentially no
additional shift for more.concentrated solutions. This
is compatible with the idea that the microscopic structure.
of solutions of 25.2% LiCl in HZO is quite similar to that‘
found in more dilute solutions.
In cerﬁain cases similarities in the pfoperties of
dinucléoside phosphates in dilute buffers and 25.2% LiCl

are striking. Using the two-state model to analyze the

temperature profile of the ORD of ApA in 25.2% LiCl, the
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same values of the thermodynémic variables were obtained
as for the dilute salt solutions. (Figure 18) The actual
ORD of ApA in 25.2% LiCl is very much like that in dilute
salt solutions. There are only two major differences.

. The magnitude of the rotation is 25.2% LiCl is smaller by
about 35% and the ORD (and ultraviolet.absorption as well)

is shifted to the red by a few mu. However, there are

! !

differences in the thermodynamic parameters for the 'unstacking'

‘of the other dinucleoside phosphates measured. AE°
("unstacking") is smaller in 25.2% LiCl than in dilute

puffer for CpC (4.9 compared to 6.9 kcal/mole) and UpC

(5.0 éompared to 7.8 kcal/mole). TFor UpU in 25.2% LiCl

there is no measurable interaction between the bases contributing
to the ORD above 0°C. 1In dilute salt solutions the bases

do seem to interact slightlyzlo.

In general we think that
dinucleoside phosphates in concentrated LiCl solutions will
behave_similarly to those in dilute salt solutions.

The temperature dependence of the ORD of ApA in the
concentrated LiCl solutibns is even larger thaﬁ the chahge
in dilute buffers. (ﬁigure I8) Careful examinatiqh of
the data provides an épportunity to critically check the
two-state and oscillating dimér modelg. The dependence of
the rotation at the first trpggh (262 mw) is shown in Figure 18.
The fit to the two;state model seems good. The Van't Hoff
plot of the data (Figure 19) allows closer examination. Thére

seems to be hints of a systematic deviation from the

predictions of two-state model, a slight sinusoidal type
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using ORD as a measure of "stacking".
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of deviation from a straight line. Unfortunately the data
is not precise enough to have much confidence in such
deviations. This illustrates the problems in choosing
between models. Quite different models may have very
similar temperature dependences of a physical property.

We will see later that there is unambiguous'evidence that
the two—stete model does notvfit the data.

The classical limit of the oscillating dimer model
(whieh predicts an exponentiél increase of the ORD with
decreasing temperature) can not fit a curve which starts
to level off at low temperatures. Since the low temperature
limit is where quantum effects become most important we
should investigate the possibility‘of the quantum mechanical
expression's fitting the data. It fails on two points.

The levelling off of the ORD of ApA occurs about 220°K

to 270°K. This is the region in which %w should be approximately

equal to kT. Expressing'this in terms of the moment of

inertia of the base (using the force constant already

determined); this leads to a value of about 10741 gcm?

. for the moment of inertia of a disc representing a base.

This 1s approximately two orders of magnitude smaller than
the moment of inértia of a base around any conceéeiveable
axis. In addition, the ievelling off of the OﬁD of AﬁA
is much more sudden ﬁhan the.predictidns of the quantum
mechanical oscillating dimer model using the very smell

moment of inertia. These are manifestations of the excessive

- simplicity of the oscillating dimer model.
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Although the temperature dependence of the ORD of
ApA in 25.2% LiCl (Figure 18) can be fit by a two-state
model, the ;nalogous data fof the absorption (Figure 2)
of the same solution can not}‘ The»complete‘lack of
agreement between the ORD and absofption temperaﬁure-

dependences shows clearly that a two-state model for a

dinucleoside phosphate is inadequate. FEach physical

property has a different geometric dependence and therefore =

a different temperature dependence. This may explaih the i

large differences in apparent AHC values obtained from
- different measurements (see Table 4).

The absorption data give more specific information
about dinucleoside phosphate structure. At -67°C the
ultréviolet absorption spectrum shows vibronic structure
similar to that seen for adenine in non-polar matrices at .

192 (Figure 21) Although the

liquid helium temperature
absorption of pA in 25.2% LiCl sharpens slightly at -67°C

it does not show as much structure as is seen for ApA.

This is caused by the stacking of bases in ApA. Each base

shields'the other from the polar solvent, making the
environment of the chromophore look less polar than in pA
where each base is essentialiy surrounded by the poélar
solvent. |

The fact thét the absorption of ApA is highervthan
PA at temperatures higher than 90°C is striking. It cén .
be explained in termsiof solvent .induced hypochromism. |

‘As the concentrations used‘in these experiments (greater_

~
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~than 7M) Cl  absorbs light very strongly at 200 mu. The

.322 in dilute salt buffers.to .311 'in 25.2% LiCl.) At

76

Noam

dispersion of the polarizabiiity resulting from this absorption

gives rise to a large polarizability at 260 mp. The 260 mu ' . %
transition of adenine could;interact with this polarizability |
giving the solvent hypochroﬁism observed; _(The osciliator

strength of thé 260 mu absorption of pA decreases from

low temperature the base-base interaction dominates the
hypochromism. At high temperatures the average distance

between the centers of the bases increases and the hypochromism-‘

caused by base-base interaction becomes smaller than the

hypochromism caused by the ﬁighly polarizable solvent.
Becéuse the base in pA is'fuily exposed to the solﬁent whiie
the bases of ApA partially shield one another even at high
temperatures, pA 1s more hyﬁechromic than ApA. The bases
oscillate with respect to one another (pivoted at the sugar-
phosphaﬁe‘bonds), but remain parallel with no selvent.betwéen
them. |

This is compatible with the temperature dependence of
the hypochromism of ApA in dilute slat buffers. In that

case the high temperature limit of the oscillater strength

of ApA is approximately 3% less than that of pA,_indicating_"

_little solvent induced hypochromism. At high temperatures

the bases are sti;l close enough to one another so that

their interaction gives hypochromism_of this magnitude.
The temperature dependence of the ORD and ultraviolet

hypochromism suggest a contiﬁuous model for a dinucleoside

phosphate. The temperature dependence of the ORD of ApA



.poorer fit

© s s . e - . mm e o

7

in 25.2% LiCl fits the oscillating dimer mbdel at high
temperatures, but at low temberatures it does not. For
non-rigid, dynamic models the shape of the potential enérgy
éurface'determines the temperature dependence of an
observable property, so i1t is not surprising that the one
dimensional harmonic oscillator does not give the correct’
shape. (A one dimensional cosine function gives an even
116.) The measured temperature dependences of

various different properties should provide a good criterion

and test for more detalled potential functions.

NUCLEAR MAGNETIC RESONANCE MEASUREMENTS

Further evidence for the structure of a dinucleoside

phosphate comes from NMR measurements of ApA, A, pA and

4Ap. Each adenine base of ApA dissolved in DZO containes

two protons: H2 and H8' If the corresponding protons on
the two bases are equivalent there will be only two resonances
in the aromatic region of the NMR spectrum. Measurements

of ApA at three different temperatures showed four peaks

_in the aromatic region assigned to the four magnetically

non-equivalent protons (see Figure.ZE). These four peaks
were still distinct even at 90°C. Two effects could cause
the non-equivalence: intrinsic non-equivalence caused by
the phoéphate ester at the 3' and 5' ribose positions,
or‘non-equivalence arising fiom interaction with the other
base. The possibilities were tested in two'ways. Measure-
ments of S' adenylic acid (pA), mixed;Z', 3' adenylic acid
(Ap) and adenosine (A) were made. The NMR signals of the

adenine H2 and HB of A are identical to those of pA. This
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Figure 22 NMR spectra of the aromatic regions of ApA, Ap and pA.

The horizontal lines indicate 10 cycles per second.
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is not surprising because the &' phosphate is quite far
from the base. The NMR signal of the H2 of Ap was the same
as the others, but the H8 prbton signai was shifted. These

. . . 8
results agree with previous observations 7.

Again, the
distance of the H2 from the phosphate of Ap is considerably
greater than the distance of the H8 from the phosphate.

A smaller effegt is expected for the proton farther away.
These results lead to the conclusion that the intrinsic
non-equivalence of Ap and pA:can at most lead to three
lines. Measurement of a mixture‘of these monomers gave a
three line spectrum (see Figure 22) distinct from the four
line spectrum of ApA. A more direct teét comes from the
NMR of ApA in acid solution where coulombic repulsion of
the positively charged bases destroys the ordered "stacked"

210.

structure The NMR of ApA in 0.1 N HCl shows three

resonances in the aromatic region (Figure 22), quite similar

to the mixture of the isomers of adenylic acid. After the

spectrum was taken, the solution was made basic with concentrated

NH,OH. This solution gave a four line spectrum in the aromatic

4
region, indicating that no appreciable hydrolysis or depur—'

ination had taken place. Unfortunately the interpretation
of the data 1s not unambiguous. Protonation reduces the

aromatic "ring current" 98 as well as the "stacking" of
210

‘bases . It is difficult to say whether the. three line

NMR spectrum in the aromatic region of protonated ApA.is
caused by "unstacking" of ApA alone, or by reduction of the
perturbation of one base on the protons of the other.
However the NMR of unprotonéted ApA in dimethyl sulfokide

(an "unstacking" solvent) has been measured and found to be
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almost identical to the spectrum of the mixed 3 and{S'
nucleotideslgs. We can therefore say that the.nonQ
equivalence of the high field aromatic'protons in ApA at
90°C is caused by base-base interactioné (which are
comparable in size to.those at room temperature) rather
than the differences in the phosphate ester linkages.
(Professor Sunne’y Chan, Califbrnia Institqte of Technology,
has pointed out that intermolecular base-base interactions
can also cause magnetic non—équivalence. These effects
may also be present in our solutions part;cularly at the
~lowest temperature.‘ Of course this does not change the
" conclusion that stréng intrahblecular base—base interéctionﬁ
occurs even at the highest témperature.)- | o
These experiments lead to the conclusion that ApA
(and probably other dinucleoside phosphates) in solution
maintain conformations which,hold the two bases close to
one another with no "unstacked" dinucleoside phoéphate
(where only covalent bonds limit'the.motion of the bases !
with respect to one another) probably does not exist for
ApA in aqueous solutions under expérimental conditions uséd
until now. |

Measurements of the methyl proton NMR of thymine in

various denatured DNAs alsorindicateé:that "stacking"

remains at high temperatures%24. Two peaks‘are found for

- these methyl protons in DNA above Tm. The intensities ‘
of these two peaks correlate well with the probability of

finding a purine base attached to the 5! phosphate of
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thymine . (Thesé nearest neighbor distributlions had already
been determined by chemical}methodsgl.) The thymine

methyl group is almost directly below the base of its 5’
neighboring nucleotide in a right handed "stacked" configuration,
while it 1is quite far from its 3! neilghbor. Because purine

and pyrimidine bases have quite different hr_ing currents”

two methyl peaks are seen, one caused by interactibn with

the adjacent S' purine nucleotide, the other by interaction‘

with the adjacent & pyrimidine nucleotide. These measurements
were made at and above §O°C, showing that there 1is stillT
appreciable "stacking" in DNAs at high temperatdres. This

strongly supports our finding that there is considerable

base-base interaction in ApA at these temperatures.

COMPARISONS AMONG.DINUCLEOSIDE PHOSPHATES

Although we have discussed-the properties of only ApA
in concentrated ILiCl solutien down to lower temperatures
we feel that it is representative of a number of diﬁucléoside -
phosphatee. The temperature dependence of the ORD:of CpC
(Figure 23, 24) is quite similar to that of ApA. The data
also fits the two-state medei well, with a midpoint of the
"stacking" process at about 0°C. We feel that this pattern
will also be found for other properties and other dinucleoside
phosphaﬁes. in these cases the bases of the dinucleoside.
phosphates remain close to one another throughout the entire

range of temperature experimentally accessible.
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Figure 24 [&],q, of C_pC as a function of temperature. The
curve drawn through the points is calculated using

the two-state model.
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Since the helix to coilitransitioh in single-strand
polynucleotides is essentialiy non—cooperative3’16’loe’147
we expect the base-base intetactions in single-strand
polynucleotides to be similaf to those in dinucleoside
phosphates. Therefore, a sihgle—strand polynucleotide at
. the mid-point of its helix—coil transition wouid tend to,
have all of its bases half "stacked" rather than half of
its bases fully "stacked" and half fully "unstacked".
" This means that there might be.a considerable amount of
- short range disorder while still retaining a fair amount
of long range order. In.,aqueous solutiono single-strand
polynucleotides such as polyédenylic acid or polycytidylic
.acid should be oonsidered wormlike coiis ratoer than a
series of stiff rods connectod by universél joints._ Low
angle X-ray diffraction studies of copcentrated polyadenylic
acid solutions at neutral'prshow that the molecules appear |
rod-1like over very long distéhces with an electron density

3118. There are

~ corresponding to one nucleotide per 3.4
two interpfetations suggested by the authors. Polyadenylic
acid could be either a single—strahd highly "stackegd"
structure or a double-strand,interoalated structure. Although
polyadenylic acid at neutral pH in dilute‘solutions has

been shown to have a single-strand struoture79 we prefer'

the latter interpretation of;the low angle X-ray scattering
experiments. The:gels used in-these studies were very

much more conoentrated than the solutions used in the studies
of optical properties. " In addition,‘the rigidity of the

rods of polyadenylic acid aro much larger than expected,



for single-strand polynucleotides, being considerably more
rigid than the neutral form of polyadenylic acid studied
in hydrodynamic experiments79 and comparable or greater

in rigidity compared with native DpNA®® 199,

It is much
easier to see how a double-strand species might be this
rigid. Unfortunately we have little information about the
multi-dimensional energy surface of ApA.  This information
(or equivalént information about the distribution of
conformations) is necessary in order to estimate the .
statistics of the orientation of neighboring nucleotides
and the rigidity of polyadenylic acid in neutral aqueous
solutions.

The continuous néfure of the potential energy of a
dinﬁcleoside phosphate (aé opposed to a small number of
allowed conformations) suggests a dynamic structure for
dinucleoside phosphates. Since there should not be extensi&e
high energy barriers there would be no reason for a molecule
to étay in a'single conformaﬁion for an extended period of
time. Tritium exchange studies have demonstrated the dynamic
nature of DNA and transfer RNA on a relatively long time

[
scales“’l48.

The motion we expect 1s very much faster.

NMR measurements are compatible with this type of mofionss.
The line broadening of protoﬁvresonances of purine when
interélated between the bases of a dinucleotide is explained
in terms of enhanced nuclear spin relaxation of those protons
which is induced by the fluctuating magnetic field they see.

This magnetic field is caused by the ﬁagnetic moments of

the nuclei of the dinucleotide. The fluctuations result
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from a motion which has a characteristic time of approximately

-10 seconds . Although this motion may be caused'by the

10

purine molecule "rattling" ioiits cage, it may also be

caused by a rapid motion whiCh is inherent in the.dinocleo-

tide. This is Jjust the type of motion we should expect

as a result of the contlnuous nature of the allowed conformations

of dinucleoside phosphates. Rapld motion of this type may

be another manifestation of short range disorder without

complete loss of loﬁg range order ThlS mlght glve rise

to large dlfferences in the behav1or of propertles which

depend on-the degree of short range order (ORD, ultravlolet
.'absorption; NMR) and those.wﬁich debehd on the degree of

long range order (sedlmentatlon velocity, . VlSCOSlty)

The ORD of ApA and CpC at 25°C are considerably dlfferent

from their constituent nucleosides and nucleotides. The

ORD of dinucleoside phosphates such as UpU or UpC are notf

There are two possible explaﬁations. Either the bases are

not close to one another, are less "stacked" than ApA, for

210,211

example or the optlcal properties of fully "stacked"

UpU and UpC are Just not very different from their constituent

127 (Large differences in the

nucleoside and nucleotides
magnitudes of the ORD of different "stacked" dinucleoside
'phosphatesvhave-been predictéd on the basis of quantum

271) iBy going to lower temperatures

mechanical calculations

~a more reliable value for the rotation of the fully "stacked"
dinucleoside phosphate can be determihed and this dilémma, |
resolved. | |

The ORD of two dinucleoside phosphates in this category

were measured down to -64°C. (Figures 25-27) The inter-
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Figure 28 ORD of UpU in 25.2% LiCl solution at -68°, 26° and 96°C.
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. UpU has considerable hypochromicity in 25.2% LiCl. ¢

pretation of the data for Upﬁ is open to questionvbecause
. max
of U decreases from 10000 ih dilute salt buffers to 9400
in 25.2% LiCl while € ax for'UpU decreases from.9800 to
7300 (at about 10™4M base/liter). Also,‘the absorption
of UpU (see Table 1) does not obey Beer's Law at room
temperature. This.indicates;aggregation. However, the

ORD of UpU in 25.2% LiCl is very much like the ORD in

- dilute salt solutions. There 1s the possibility that the

increase in optical rotationiwhich occurs only well below .. .
0°C is caused py aggregationrrather than an increase of the |
intramolecular base-base interaction. On the other hand

UpC does not display any appreciable additional hypochromisﬁ
when dissolved in 25.2% LiCll(even at low temperatures).

The evidence in the latter-cese strongly indicates that
~aggregation is not taking place and that the increase in

the magnitude of the ORD at low temperatures is caused'by
intramolecular interactions.: The temperatdre dependences:6f
~the ORD of these‘dinucleoside phosphates are very different - |
from ApA or CpC. The midpoint in the transitions of the- |

ORD of ApA and-CpC are approximately +5°C (Figures 18,24).

In the case of UpC and UpU tpis temperature is -30°C oruv |

lower (Figure 27). Expreesing the difference in another

way; at 25°C the interactionibetpeen the two bases respoﬁsibie”
for the change in the ORD is about 1/3 of the low temperature
limit for ApA and CpC while in the case of UpU and UpC it |

is less than 1/10. Our experiments have not enabled ue to

say whether UpU and UpC at room temperature are like ApA
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at 90°C, (where the bases reméin parallel to éach other
although the structure is gquite fiexible)'or whether there
is an appreciable fraction‘of_the molecules "unstacked"
with the two bases constrained only by the covalent bonds
connecting them.

In either case we expect polyuridylic acid or the alter-
nating polymer of uridylic acid and cytidylic acid to be
quite different from polyadenylic acild or polycytidylic
acid. The former ones would be much more flexible and
much less rigid than the latter ones. This agreés with
previous hydrodynamic measurementslsz.‘-This suggests that
hairpin turng (in molecules such as transfer RNAs) wouid

be more likely to occur in regions containing sequences

such as ...pUpUp... or ...pUpCp...

COMPARISON WITH THE LITERATURE
. In reaching a reasonably refined model of the conformations

of dinucleoside phosphates in solution almost all of the
data used were ours. There ié, as we havé already noted,
a lot of work reported in the literature which also treats
this problem.. On the basis of their work, other investigators
have reached éonclusions of ﬁheir own. Comparisons of our
results with thelirs will reflect the reliability of both
the expefimental data and the methods used to analyze them.

The first group of expefiments measured the optical
properties (ORD, CD'énd ultrévioletrabsorption) of dinucleo-
side phosphates and related oligomers. In one series of
experiments the ORD and ultra&iolet absorptiqn of dinucleoside

phosphates were measured in neutral, acidic and alkaline
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208,210,211 = qpo conclusions

solutions at room temperature
reached in that study were that dinucleoside phosphates

with both bases electricaliy charged or with ét least one

base being uracil tended to be considerably less "stacked"
than the other dinucleoside phosphates. Measurements of the
ORD df dinucleoside phosphatés in 25.2% LiCl agree with this.
ApA and CpC may be considered to be typical of dinucleoside
phosphates which "stack" readily while UpU and UpC may be
considered to be'representa£ive of dinucleoside phosphates
which don't have strong basé—base interactions. However,
closer compar%sons do not agfee as well. Table 3 compareé
results from that WOrk and this. (The first three columns
are taken frbm reference 44; TableinI—S.) Six criteria for
measuring the amount of "stackirig" in dinucleoside phosphafes
are listed. They are hypochromism, hypochromicity at the
maximum of the absorption (near 260 mu), the maximum dif-
ference in optical rotation.between a dinucleoside phosphate
and 1ts constituent nucleotides, ﬁhe thermodynamic parameﬁers'
for the "unstackiﬁg" procésé (determined using the two-state
.model), AH® and AF° (25°d), and the torsional forcerconstant,
x, determined using the oscillating dimer model. The dinucleo-
side phosphates at the top 6f each column are those which
seem most "stacked" accordiﬁg to that particular criterion.
Large values for hypochromiém, hypochromicity and optical
rotation are considered indicative of "stacking". TLarge
positive values of AH° (”unétacking”),‘AFo ("unstacking")

and x are also. considered indicative of "stacking".

o



Hypochromism

DINUCLEOSIDE PHOSPHATES IN ORDER OF INCREASING "STACKING"

Hypochromicity
CpG
GpC

v ApA
CpA
ApC
GpA
CpC
GpG
CpU
ApG

- UpG
ApU
UpA
UpC

. GpU
UpU

ORD
ApA
CpC
ApC

ApU

GpU
CpG
CpG
GpG
UpU
GpC
UpA

TABLE 5

AR
ApU
UpU
GpC

CpU.

CpA
CpC

AFP
ApU
UpU

GpC

CpA

GpU

CpC

UpG

- ApC

UpA
GpA
ApA

ApG_

CpG

UpC
UpA
CpU
UpU
ApG

CpG

CpA
ApA

GpA

- GpU

UpG
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Correlation between columns is not good. This refleets
the fact that there is no single measurement‘which quantitatively
describes the extent of base;base interactions. A s1ngle ‘
ORD measurement is probably not as dependable as ultra—
violet absorption or NMR measurements because of its stroug
angular dependence. The correlation of the order of dinucleo-
side phosphates according tolhypochromism, AH® and x is
almost random. This indicates that good estimates of the
properties of fully "stacked" dinucleoside phesphates
are needed in order to make reliable estimates of the
-amount of base-base interactions at room temperature,_fer’
example. Measurements of'more physical properties_(e.g.

ORD, ultraviolet absorption, and NMR) of more dinucleoside
phosphates in concentratedvsalt solutions down to low
temperatures wifll bve a great help to us in estimating the
conformations of dlnucle051de phosphates at hlgher temperatures

The temperature dependences'of the CD of a number of |

14-16  mhe two-

dinucleoside phosphates have been measured
state model was used to analyze those data. A eomparison
between those values and oure is shown in Table 6.

.The average deviations for AH® and 48° as determihed
in the two cases are reasonably small, 1 kcal/mole and
3.7 cal/deg. mole respectiVely. The relative differences
in AR are considerabiy larger, making it difficult to
compare the degree of ”stacking" measured in these two -
ways. Considering the difficulty of the experiments'and

the independent estimations of high and low temperature



TABLE 6

COMPARISON OF AH® AND as® FOR "UNSTACKING" OF DINUCLEOSIDE PHOSPHATES

Dinucleoside Phosphate

ApA
ApC
ApU
CpA

AH
(kcal/mole)

5

o N ~N o

(o}

o

.3

©:- o W oW

- ORD

Ag®
(cal/deg.

20
s 22
32
27
28

20

AHC

mole) (kcal/mole)

8

6.

1
7
.0
8

(0] ~ 120

.0

5

Dl4—16
Ag®
(cal/deg.

C

28
21
24
24
24

25

22

mole)

<6

P
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limits of the CD and ORD)thé‘differences could easily come ‘K*;
from experimentalverrors.and_parameters chosen for the analysis,
rather than an inherent difference in'ﬁhe measurements.
Tt is unfortunate that the iérgest difference occurs in
the case of ApA, the first dinucleoside phosphate to be
analyzed. This implies that the difference in AHC as
determined from CD and ORD ﬁeasurements is a result of
difficulties in the experimehtal measurements and‘analysis;
rather than something inherent in the "unstacking" pfoéess.
This fact makes it seem likeiy that AH° of ApA as determined
from CD data should agreé with those determined from ORD
data, rather than those détéfmined from ultraviolet absorpﬁion
measurements. (see Table 4) It should be noted that if |
the shape of 'the ORD (dr CD) caused by the interactions
between the bases changes wiﬁh changing temperature then
we would not expect the ansﬁérs to be the same. Although
a difference between the teﬁperature dependence of the |
magnitude of the 260 me trough and‘thejZlS my trough of
the ORD of ApA has been noteals7 no changes in shape in
the region of the spectra which are analyzed (Cotton effects
near 260 mi.) have been found . |

As noted before (see Téble 4) there is an appreciable
difference between AH® ("unstackiﬁg") for ApA as measured
by ORD and ultraviolet absofption measurements (as weilv
as calorimetric measurements which use ultraviolet absorption
data in their analyses. Siﬁée these differences ﬁay very
well be real (ORD and ultraviolet absorption have different

geometric dependences.) comparisons of the conclusions
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«M; reached by the two methods reflect not only experimental
error, but differences inherent in the problem. |
Osmotic coefficient measurements and NMR spectroseopy
of nucleosides and bases have enabled investigators to

compare tendencies to "stack" in these system821’53’35’169’l76’

194,196 e greatest amount of "stacking" is found where
adenine is the base, the least where uracill is the base.
This agrees with our work. Measurements of the temperature
dependence of the ORD of dinucleoside phosphates in 25.2%
LiCl solutions show ApA to be far more "stacked" than
"UpU or UpC.' However these ORD measurements also show CpC
to be as "stacked" as ApA; NMR and osmotic coefficient
measurements indicate that cytosine and cytidine "stack"
considerably less than do adenine and adenosine. We must
remember that the "stacked" conformation in dinucleoside
phosphates may be quite different from the "stacked" conform-
ation in the case of bases of:nucleosides. The phosphodiester
linkage makes 1t impossible tb orient the bases of a dinucleo-
side phosphate in the same way as it is proposed that pufine
rivosides "stack"Zl. NMR studies of dinucleoside phosphates,
on the other hand, would serve as a very useful comparison
to optical measurements.
The last comparisons are withvthe_calorimetric and
statistical mechanical estimates of the thermodynamic perametere

40,66,179

for the "unstacking" process Values of AH® do

.

range from 2 to 7 kcal/mole which are compatible with our

estimates. However further comparisone are limited by the
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same difficulties that were. encountered previously in
comparing results from bases and nucleosides with those from
-dinucleoside phosphates, the problem of not knowing whether

the process being measured is really the same in both cases.

ENERGETIC CONSIDERATIONS

We have discussed extensively the conformations of

dinucleoside phosphates andithe variation of these conformations

~with changes in the sequences of tne dinucleoside phosphates
or changes in their environments. From this information we
can say something about the origins of the forces stabilizing
these structures. 1In a thefmodynamic problem such as this,
the word ﬁforoes" takes on é special meaning. Not only do
.»we-have to consider the energies (enthalpies) of conformations;
but we must also consider their entropies. The total free
energy, F = H - TS, determines the stability of any given
conformation. The origins of the enthalpic part of the

free energy are easy to see. They include electrostatic
interactions, hydrogen bondo and steric repulsions. The
origins of the entropic contributions to the free energy

are not understood as weil.; They include solute entropy
termS'such as free or hindepéd movement about single bonds
and probably most important.the solvent entropy‘terms which

- include ordering and disordering of the solvent. Because
these enthalpic and entropic effects are sometimes difficult
to separate from_one another exoorimentally it 1s easier

to discuss experimental results and theoretical calculations

if we group these interactions by the parts of the dinucleo-

e e e e e e o

Y
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side phosphates which are participating. There are'inter-
actions involving the bases,  the sugars and the phosphate
group. In addition, interacﬁions with thegséivent must be
considered. o

The interaction most wideiy discussed is the one
vetween bases. The fact that purine and pyrimidine bases
aggregate in aqueous solutions indicates that there are
strong interactions between bases. "Stacking" interactions
of purine and pyrimidine bases in solution are not unique
though. The aggregation of water-soluble aromatic molecules
such as methylene_blue‘and aéridines has been studied for
a very long timell’78’103’109’llo’131’137’138’155’174’221’222.
The-aggregation of these moleculés is driven by a favorable
change in enthalpy as is the case for bases, nucleosides
and dinucleoside phosphates,}with AH® ("stacking") being
about -7 kcal/mole. - In looking for theorigin of "stacking"
we éhould concentrate on propertieé common to all these
molecules. o

The tendency to aggregate.for'the series of'purine
nucleosides studied cérreiates well Wifh the poiarizabilities

of the bases and not the dipole moments®T. (See Table 7.)

This points to dispersion interactions:as the major stabilizing

~interactions (as opposed to dipole-dipole interactions, for

example) because dispersion interactions depend most strongly
on the magnitude of the polarizability. The London dispersion

interaction is approximately:
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TABLE 7
COMPOUND | 1 (Devye) | a(a)
Careine i 3.4 0 19.3
6-Dimethylaminopurine 3.3 o 17.6
Guanine 6.8 - 14 .4
6-Methylpurine 3.8‘: 14 .3
 Adenine 3.2 13.9
Hypoxanthiné :.2.' .13
S~ Bromouracill 4.2 12.9
Purine 4.2 12.5
_ Thymine 3.6 12
Cytosine 7.2 11
Uracil 3.0 1 10.2

These are theoretical values, calculated in reference 151.

IaIb aaab
I +1 S
a g b rab.

e

3
Eag =2

3

where I, and I, are the ionization potentials of groups a

b

‘and b, o, and a, are the polarizabilities of & and b, and

r 1is the distance between a and Y. This interaction comes

ab _ .
about because of fluctuations of the elec¢tron distribution

_in one group: which creatés témporary-dipole which in turn
polarizes the charge distribﬁfion of the second group,
creating a net attractionlzo. Theré are also dispersion
forces caused by fluctuations which create quadrupoies and

even higher electric moments. These interacfions fall off
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"8 for the gquadrupole term).

even more rapidly (e.g. r
The formula for the inte;action is only approximate in that
it is derived for molec&{ég/A'and B far apart. In the case
of "stacking" the distance between bases is essentially the
minimum contact distance so that serious errors may be
introduced by this approximation. Calculations of the
London dispersion interaction for bases in DNA geometry

[
36’48’152’1”3. The calculated values of

have been made
this attraction are in the same range as AHC ("stacking").
This_supports the hypothesis that dispersion .forces may

well dominate the base-base attraction.

It must be remembered that the corfelation of polariz-
ability with "stacking" ability was made in fhe case of purine
nucieosideSZl, where thére,were no covalént ribose-phosphate
connections between bases. 'Tﬁié covalent linking of the
bases in dinuclee@side pbosphafes severely limits the range
of conformations available to_the bases. It may very well
be that the "stacked" conformation of bases found in
nucleoéides may be forbldden in the case of dinucleoside .
phosphates for steric reagons. (This is fhe casé for a

21.) It would be

model of "stacked" nucleosides proposed
good if such a correlation of "stacking" with'polarizability

could bé!demonstrated or disproveh in the case of.dinuclebside
phosphates. In ofder to do'this low temperature measurements - i
similar to those already médeifor ApA would have to be done |

for a very large number of dinucleoside phosphates. . We do

know that ApA (consisting of two bases with high polarizabilities)
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is one of the most hiéhly "stacked" dinucleoside phos phates
while UpC:and UpU (consisting of bases with low polafiz—
abilities) are among the leést "stacked". However CpC

seems to be as "stacked" as ApA. Cytosine has a considerably
lower polarizability than does adenine, but has a high

dipole moment. This indicates that dispefsion interactions
do‘not completely dominate other forces in the case of
dinucleoside phosphateé; that other electrostatic forces

- may be important as well. fhe‘large dipole moment of cytosine
may cause large dipole—dipoie or dipble—poiarizability
interactions, for example.

Additional evidence foi.the impbrfance of dispersibn
forces comes from the'effecgs of_substitution at the Cg
position of pyrimidineS. qustitution of a bulkier and
more polarizable group for H5 stabilizes "stacked" structures.
. This applies for substitutiéns of T and Br as well as methyl
groups in the Cg positiqn oﬁ both cytosiﬁe and ﬁracil.
vBoth single- and multiple-stfand poiymeric structures seem
to become more ordered, as‘indicated by an increases»in
hypochromicity and ORD and an increases in the Tﬁ gs compared

to polynucleotides containing the parent bases with an_H5
125,185,186 ' 1, agdition, NMR and osmotic coefficient
measurements indicate that bases, nucieosides and dinucleotides .
with these bulkier and more_polarizable groups attached to

Cg of a pyfimidine "stack" mbre readily than do cytosine

and uracil (or cytidine and uridihe, etc.21’33).

There are two reasonable explanationsvfor this. The

Cg substitution group (i.e. methyl, I, etc.) is directly under
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the base of its 5! neighbdriﬁg nucleotide. This polarizable
group can interact with the adjacént base via dispersion
forces to stabilize a "stacked" structure. Another possible
explanétion is that this C5 substitution group may add to
solvent stabilization by either enthalpic (surface tension)
or entropic (hydrophobic) mechanisms. These types of solvent
interactions will be discussed later.

The first choice (dispersion interactions) seems more
reasonable.'vA Br attached to the pyrimidine 05 stabilizes
structures more than does a methyl group. Both groups are
| 12. However Br is less hydrophobic
and more polarizable. This éeems to support theccontention
that dispersioﬁ interactions (which depend strongly on the
polarizability) are important here and in the cases of
interactions between other bases.

The same calculations which suggest large contributions
to the stability of "stacked" bases in nucleic acid structures
also show large contributions from othér electrostatiC’
interaction336’48’152’153. These include charge-charge
interactions (or if thHe charge distribution of the electrically
neutral base is expressed.as a point dipole, dipole-dipole
interactions) and charge-polarizability (or dipole-polarizability)
interactions. These must be considered as well in evaluating
interactions be%ween'bases.

These non-dispersive electrostatic forces also involve

the other groups of the dinucleoside phosphate. The sugars

and phosphates do not have large planar areas with high.
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polarizability (as do the bases) which can align themselves
parallel with large dispersién forces stabilizing this |
conformation. The Sugars and phosphate do contain groups

with large charges or dipole moments (e.g. hydroxyl groups

~and the phosphate group ) - These‘groups can interact

strongly with one another or with the base. Two specific
(and mutually exclusive) interactions of this type have

been proposed.ijﬁey are both invoked to explain the dif-
ference in propefties of ribq— and deoxyribopolynucleotidesf
31’32’147’197’206. One hypothesis:proposes that the 2! |
OH of the ribose is hydrogen bonded to either the Ny of
purines or the Cz'carbonyl_okygen of pyriMidine821’197f{

This hydrogen bond is claimed to help make ordered helical

structures of ribopolynucleosides more stable than the
197

similar structures of their deoxyribo analogues
Experimental evidence for such a hydrogen bond is discussed
at length in reference'l97. vIt includes infrared, NMR and
protonation studies on polyngcleotides and model compounds.

The evidence is *by no means Straight.forward.‘ We feel that

such a hydrogen bond ié unlikely for several reasons. Although :

this proposed hydrogen bond Can_be made‘using Courtauld
space-filling atomic models the bond is quite bent. .This
would greatly reduce the, energy gained by forming it (as

opposed to linear hydrogen bohds)lsg.

The 2' OH can

hydrogen bond with a number of hydrogen.acgeptors, including'
water, the 3! OH, the &' OH or phosphate oxygens; There
doesn't seem to be any reason to formfa hydrogen bond preferen-

tially with the purine or‘pyrimidine base rather than any

~

r



of the other choices. 1In addition, X-ray diffraction
studies of both single crysta1823’57’58’83’99’175’181’l82
and fiber54 show no evidence.of such a bond. Finally, if
such a hydrogen bond were;%ede there is no obvioue reason
why it should stabillize ordered-helical structures. It
would make the nuc¢leotide itself more,rigid.by limiting
motion about the glycosidic bend. However, it is hard
to see how this would infiuence internucleotide interactions,
especilally those between basee.

Another suggestion i1s that the 2' OH is hydrogen bonded

14’15. The choice of this explanation

to a phosphate oxygen
of the differences between 3f—5’ 1inked oligoribonucleotides
and 2'-5" linkedtoligoribonueleotides or oligodeoxyribo—
nucleotides is really one of expedience. There is no

| evidence cited which supports this contention directly. The
authors consider other_explaﬁations even less adequate. |
Other explanations of theg differences betﬁeenmthe properties -
of ribo- and deoxyribopolynucleotides will be discussed in
the second part of this thesis.

The problem of interactions of various parte of the
ribose~-phosphate backbone are treated extensively in the
second part of this thesis . Even though the choice of
formalism may vary in approaching this problem, the treatment
remains essentially the same. There are a large number of
interactions between charged and/or polarizable groups or

atoms. They must be calculated for all of the many possible

conformations. Depending on the cleverness of the investigators
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trying to solve this problém; it may or may not turn out
to be a "brute force" type of computer calculation. The
results of jusé such calculations will be discusseq later.
The interactions mentioned so far contribute to AHo 
of "stacking" and not AS®. A large part of ASO for this
transition comes from the inérease in flexibility (or
randomness) as a result of "unstacking" a dinucleoside
phosphate. ‘There are seven single bonds about which
reasonably free rotation can take place when the bases ére'
not held close to one another;'bﬁt which are greatly hindered_
when bases are "stacked". These vonds are the two glyéosidic

3 S
' bond. Neglecting the potential

3 3

bonds, the C,'-0,' bond, the 0.'-P bond, the P-0.' bond, the

4
energy for rotation about-thése bonds, the entropy gained

by the increase of configurations available is
: ®,
AS = R ln'a-
, S
where R is. the gas constant and,‘fg is the ratio of angular
v D
configurations gllowed (about a gi§en single bond) in the

"unstacked" and "stacked" dinucleoside phosphate. If Zu
' )

is 3 then there is a contribution of approximately S

2.2 cal./degree mole for each of these bonds. Multiplying

this value by the number‘of bonds, seven,.we see.that'a
contribqtion of 15kcal./degrée mole is not unreasonable.
Since the values of AS° ("unstacking") are about 20 to 30
cal./degree mole, it is quite possible that this'internal

configurational éntropy is the dominant term contributing
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to the entropy of "unstacking" .

Up until this point we have Jjudiciously avoided discus-
sing effects of the solvent on the stfucture of dinucleoside
phosphates. Water is unique in its ability to stabilize
"stacked', helical polynueleetide structures®®: 712,173
Although the bases found in nucleic acids are aromatic and
to a large part hydrophobic,.hydrophobic bonds (which are
responsible for much of the secondary and tertiary structure

95’167. The driving force

of proteins)are. entropic in nature
for this type of: bonding comes from the disordering of the
solvent when hydrephobic groups are brought together.
Increasing the temperature ihcreases the importance of
entropy changes on the equilibria among conformations and
the hydrophobic bond becqmes stronger. This is not the

case with single-strand eligonucleotides and polynucleotides.

The hydrophobic groups (i.e. the bases) interact less strongiy

" and become more exposed to the solvent with increasing

temperature.

Sinanoglu andvadulnurl7$ have developed a theory of
liquid structure around solvophobic solutes which predicts
an increase in enthalpy upon bringing purine and pyrimidine
bases together. The crux of thelr argument is that a large
base-solvent'interface has an unfa&orable enthalpy associated
with it, caused by the surface tension between the two "phases" .
"Stacking! of bases reduces the interfacial area and is
therefore associlated with a favorable change in enthelpy.

Some of our data indicate that water structure around the
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bases may be important in‘stsbilizing certain conformations,
but with a sligptly different mechanism.

There is oﬁe interesting correlation of the AHP of
"unstacking" and the apparent torsional force constant
for different dinucleoside phosphates (Table 8). Dinucleo-
side phosphates seem to fall into two groups, those with |
a purine nucleoside attachedlby a 5' ester and those with.
a pyrimidine nucleoside attached by a 5' ester. This has
some implications as to the iorces.résponsible for‘stabilizing“-
their conformatisns. Appareptly'the key factor is not
simply the overlapping area of the bases, in which case
one would expect the purine-purine dinuclebside phosphates
to have the largest values.?IPyrimidine bases;'nucleoside
and nuéleotides are considerably more soluble than théir,
pufine counterparts. This is probably caused by strong
hydration. The carbonyl and amino groups probably interact'i’
with water most strongly. if the low temperature form of
the.dinuclesside phosphate’starts a right handed helix
~with both bases in the anti‘orientation about the glycosidic

S0 (these are the orientations most cdmmoniy found

bond
in crystal and fibver structqres) then the carbonyl and

.amino groups of a 3’ pyrimidine would be over the other

base, wpile the carbonyl and amino group of the 5! pyrimidiﬁé‘
.would be exposed ts the solvént. étrong interaction with

the solvent is much more likely in the latter case. This
interaction might serve as é nucleus of some SOlvent'structdre

which would lead to a large AH® ("unstacking") and large

force constant for the oscillating dimer model.



Purine-Purine
Pyrimidine-Purine
Purine-Pyrimidine

Pyrimidine-Pyrimidine

AH

O n

TABLE 8

unstacking" (in kcal/mole)

Average
5.2
5.8
7.3
7.2

S

7

8

7

Range

.6-4.8
.3-4.8
.4-6.2
.8-6.2

k (in cal/mole radianz)

Average
200
200
260
260

Range
230-170
280-130
346—140

300-230

60T
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It is interesting to cohtrast this with the theory

175. Although they predict the

of Sinancglu and Abdulnur
solvent plays the key role in stabilizing the "stacked"
conformation the dominant features influencing this stability
is the size and shape of the bases, not their ability to
interact strongly with the solvent at one or a few specifié'
sites.

There 1is one importaht case where entropic (hydrophobic)

forces play a very important role in stabilizing ordered

polynucleotide structures. Let us consider the following

cycle of equilibria:

=

- A is a double-strand complemgntary base-paired helix; B are

the two single-strand polymers at Tm where they are partially

"stacked"; C are the single-strand completely "stacked"

5

polynucleotides. Reactions 1, 2, and 3 form a cycle so that

0 O _ Ay O
AHl + AHS = AH3
0 O _ AqO
We can estimate AHi,KAHg,,ASE, and ASS. Calorimetric

measurements of AH® are about 4 kcaL/mole vase (8 kcal/mole

1,24,149,165 The T, of helix—coil transitions
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of polynucleotiees ranges a bit but 80°C (3S3°K) can be

126

considered a representative value At this temperature

il

AF® = 0 so that 48° = AHi/Tm 11.3 cal./degree mole .base.

1 1
AHS is determined from calorimetric and optical measurements
of the "stacking' process in single-strand polynucleotides.:.
If we take as representative values -8.0 kcal/mole base for

o}

AH” ("stacking") and -27 cal./degree mole base for As®

- 5
)3,14 16’”6’106’147’203’206,_and consider the

(stacking" ,
| n3,14-16,

single-strand polynucleotides at Tﬁ to be 20% "stacked

=6,106,147,203,206 ) o AHS'=.—6.4 kcal/mole base and ASS ::

=21.6 cal./degree mol@ base.. Adding reactions 1 and 2

together we conclude that AH§f=_-2.4 kcal/mole base and

Asg = -10.3 cal./degree mole basel That means that the

transition from the single-strand "stacked" form to double-

strand form in ﬁblynucieotides is driven by a favorable

change in entropy, not enthalpy. Apparently the decrease

in exposure of the hydrophobic bases to the solvent in

the process of base—bairing forms strong hydrophobic bonds .

Hydrogen bonds between complementary bases are fdrmed at

the expense of those between the bases and water. It is

difficult to say which hydrogen bonds are stronger. |

Because the bond energy of a hydrogen bond "1s small the

change in enthalpy caused by the exchange of hydrogen

bonds is also small, probably 0%l kcal/mole hydrogen bondlsg.
It would be interesting to look for such a transitién.

Assuming that our estimates are.correct then the transition

temperature for reaction 3 (the'temperature at«whichi
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AFg = 0) is about -40°C (233°K). Our measurements on
dinucleoside phosphates showithat at ~-40°C single-strand
polynucléotides would not be;completely "stacked". This -
would cause the transition temperature to be lowered. |
However, -40°C is well above the freezing point of 25.2% LiCl.
Such é transition may very wéll be experimenfally observable.
Of course, our knowledge of fhe thermodynamic parameteré

used in this analysis is meager. It would not: be:at.all
surprising if some of these values were in error by as

much as 20%, which means thaﬁ the transition temperature
might be too low to observe.

We have seen that there is no single interactioh‘which' S .f
dominates other forces in the cése of dinucleoside phosphates | :
and single-strand polynucleotides. There are important
.contributions from dispersion interaétions, other electro-
static'interactions and solvent interéctions, both enthalpic
and entropic. This makes it difficult to prediét the
different confdérmations of dinucleoside phosphates as well
as the effects of sequence on these stabilities. It does
not seem possible to pick one or a small number of propertiés
of the bases, then describe tbe structure of dinucleoside
phosphates in terms of them. In order to calculate a
detailed multi-dimensional eﬁergy.surface (then calculate
the temperature»dependence of phyéical properties'so that
we can test it) we must take into account. all of these .
inﬁefactiéns. The second section of this thesis 1is devoteé

to just such a calculation. .-
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CONCLUSION

A number of conclusions can be drawn from this work.
First of all, the unstaéking:process is not a two state
process. This means that the thermodynamic parameters
obtained from the analysis of the temperature dependence
of the optical properties may or may not be meaningful.
They ceratinly should be considered with a great deal of
caution. '

In aqueous solutions the bases of a dinucleoside
phosphate tend to belparallel, above one another with no.
solvent between them, even at high températures. The baseé
probabiy oScillafe back and forth,,with the magnitude of
the.oscillations increasing with increasing /temperature.

The dégree'of interaction betWeen the bases of a
dinucleoside phosphate may vary greatly from one compound
to anotner. The interaction.between the bases in ApA or
CpC 1is considerably gneater than in UpU or UpC. The latter
may havé the same generai Conformation,vbut with larger
oscillations ofithe bases. At room temperaturé and above
these uracil containing dimers may have slight base-base

F4

Since the helix to coil transition in single-strand- .
polynucleotides seems to be essentially non—cooperative3’16’°

106, 147,203,206 we expect the base-base interactions in
single-strand. polynucleotides to be similar:to those=:
in dinucleoside phosphates. Therefore, a single-strand: *

polynucleoﬁide at the mid-point of its helix-coil transition -
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would tend to have all of its bases half-stacked rather
than half of its bases fully stacked and half fullyvunsﬁacked._
This means that there might be a considerable amount of
short range disorder while sfill retaining a‘fair amount
of long range order. : In aqueous solutions single-strand -
polynucleotides such as pblyédenylic acid are probably more
like wormlike coils rather than a seriés of stiff fods
connected by universal joints. .

In a polyﬁucleotide such as polyuridylic acid or one

containing alternating uridylic and cytidylic acid residues

" there should be important differences. Our experiments

have not enabled us to séyAWhether UpU at room temperature

~is like ApA at 90°C, (where the bases remain parallel to -

each other although the structure 1s still quite flexible)

or whether there are an appreciable fraction of the molecules .

vunstaéked with the two bases constrained only by the covalent

bonds connecting them. In either case, we would expect to
find hairpin turns occuring more frequently in regions
containing sequences such as ...pUpUp... or ...pUpCp...

 In additipn; sihgle—Strand{RNAsLare;probablyzdyﬁam101¢
structures on a very short time_scale, much shorter'than
implied by the tritium,exchénge studies on DNA énd transfer .

55’1%8. Although single-strand regions of RNA are stiff,

h »they.will also be in constant, rapid motion.

&

e



115

CALCULATIONS OF STABILITIES OF NUCLEIC ACID STRUCTURES
INTRODUCTION

The interpretation of the experimental measurements of
temperaﬁure-dependent properties of dinucleoside phosphates
has left the question of dinucleoside phosphate structure
unresolved. The experimental results.which we have already
discussed indicate that there is an ordered low temperature
form (or forms) of dinucleoside phesphates in which bases v
interact with the adjacent nueleotide}_ At high temperature
this interaction decreases, although in the case of ApA

(and‘probably other dinucleoside phosphates as well) there

is still appreciable base—bese interaction at 90°C. 1In

“addition, we know that neither a two-state model or the

harmonic oscillator model is compatible with the measured
temperature-dependent properties of dinucleoside phosphates

More realistic (and therefore more complex) geometries and

"energy surfaces, are needed to explain the experimental

results. In this part of the thesis we wiil describe
calculations of the energies'of conformations of nucleic
acid materials which give us a starting point for developing
new models. |

If we are successful in éceomplishing this first objective
then a second objective becomes accessiﬁle. If We can
show thaﬁ a computational techniqﬁe gives reiiable energies
of conformations of nucleic acid material, why would it not
be possible to calculate a priori nucleic acid structures?

We could address ourselves to problems such as: How hard is
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it to make a hairpin turn?  or What are the stabilities : _*&‘g
of the "clover leaf" struct@res proposed for transfer RNAs?
or What is the structure of the RNA double helix? In
spite of the fact that we hare no guarantee that this
technique will be fruitfui, it should enable us to suggest
possible structures (which can then. be looked for experimentally)
and to'comment oﬁ the origins of the differences in structure
between analogous compounds Ke.g. ribo- and deoxypolynucleo-
tides). |

In order to have chfidénce in the results of these
.calculations their reliabilify musf be demonstrated. The
easiest comparisoné with éxpérimental data which.can.be
made are those with structuréS'determined bva—ray crystal-
lography. These comparisons are not the best ones to make,
as we are interested in the structure of isolaﬁed molecules
in aqueous solution, not in‘the‘solid.stateu In spite of
the fact‘that the crystal structures of proteins (e.g.
myoglobin) are very similar io'the str@ctures of these
molecuies in solution there are extensive interactions
(such as intermolecular hydrpgen bonds and crystal packing -
forces) which may appreciabiy perturb the solution conformations
of small nucleic acid fragmeﬁts. These may lead to dif- |
ferences between the conformation of a molecule in the

crystal and the conformation of minimum potehtial energy

which we calculate for the isolated molecule. However,

the molecular conformation found in the crystal should have

an energy which 1s not much higher than the energy of the

most stable conformation of the isolated molecule.
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A more reasonable test would be a comparison of the

conformation-dependent propérties (i.e. ORD, NMR,‘etc.)

of the molecule in solution with those calculated using the
geometry of the lowest energj conformation predicted.
Such calculations of ORD are presently being uhdertaken84’9o.
Another approach is to.comparé the properties of molecules

under consideration with model compounds of known conformation. -
For example, comparisons of the ORD of nucleosides and their
analogues have led to the determination of the orientation\

of the glycosidic bonds for some nucleoside353’54’98’128’201’219.
It must be remembered that these comparisons with experimental
results will become more difficult as the compounds under
investigation become larger. In o;dér to be able to calculate

structures of larger molecules with any degree of confidence

we must be very sure that our results for the smaller

molecules are correct.

Implicit in this discussion is the assumption that the
molecules of“interest exisf in the conformations of lowest
energy in their biologically active forms. It is quite
possible that as a polymer starts "folding" it becomes
trapped in some’local free energy minimum, never having a

chance to reach the true minimum. Some studiles of proteins

'indicate that this may not be the. general case. It has

been shown that the two different chains of hemoglobin are
synthesized separately and diffuse together in order to

form the complete molecules. During the time when the chains

‘are separated they do not become trapped in an energy minimum
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which prevents them from aggregatihg properly. In other
studies ribonuclease, aldolése and\alkaline phosphatasé
have been completely denaturéd (using urea and reducing
agents to break disulfide bonds) and then renatured in vitro
(diélyzing out the Qrea and reoxidizing the sulfhydryl

)2,108,178a. Obviously

groups to form disulfide bonds
the polypeptide chains fold‘properly to form the native
‘enzymes (presumably the energy minimum) and do not become
trapped in denatured conforﬁations which are local energy
minima. These studies suggest that all the information
necessary to determine the Structure of these proteins is .

contained in the amino acid sequence. However, these

are relatively small proteiné. More complicated biopolymers

may not be able to undergo this type. of reversible denaturation.

'in the case of molecules no larger than dinucleoside
phbsphates (and considerably smaller than ribonuclease or
alkaline phosphatase) it is likely that the energy barriers
separating conformations will be low and that the exchange
between conformations will be rapid. We will demonstrate
this explicitly in the case of CpC.

Therefore we wili try to compute thé conformations
(or distribution of conformations) of ‘nucleic acid fragments
by éalcglating their gnergies as a function of varying

conformations as these conformations are determined by’

thermodynamics rather than kinetics. Many similar calcﬁlations"

have been attempted, from which we can learn a great deal. -
There have been two general approaches used in attempts

to find the most stable conformations of polypeptides,
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polynucleotides and synthetic organic high polymers. We
will call these two approaches microscopic and macroscopic.
Most of the work done up to this time has been based on the

microscopic appréacnl0r17-20,45,64,65,115,129,135,156- 156,

166’168’171’202. In this approach the polymer is considered
to consist of a series of rigid moileties, connected by single
covalent bonds about which reésonably unhindered rotation
can take place. (In the case of nucleic acids these would
be the bases, the furanose rings, the phosphate groups, etc.)
The geometry of the polymer is described by the set of
torsional angles which define the orientations about these
single bonds. A very simple éxample is ethane which can
be considered to consist of two rigid methyl groups connected
by a C-C bond about which rotation can take place. Thé
geometry of ethane (i.e. hydrogens staggered, eclipsed,
etc.) is described by the torsional angle for the C-C bond.
This formalism requires that the identity of all atoms
and their positions in the small, rigid groups be known.
In the case of simple organic high polymers this is usually
a trivial task. In the case of most biopolymers it is not.
However, recently investigatofs have determined the
sequence of many biopolymers,(especially proteins and
nucleic acidé) for which the secondary, tertiary and
quarternary structures are unknown.
In the calculations the geometry of these rigid groups

invariably have been taken from the crystal structures of

small model compounds (e.g. amino acids or nucleosides).
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It would be betggr if we couid get these data from the
structures of proteins or nuéleic acids. This is a moot
point for nucleic acids where attempts»td crystalize RNAs
have been unsuccessful. |

The possibility that bohd lengths or bond angles

change (from one conformation to another) is .usually

neglected in these treatments. Changes in conformation
caused by distortions of the supposedly rigid groups are
small compared with the changes resulting from rotations

about single bondslo.

These distortions will be gréatest’
when there are large enéréy gradients.v Because these
gradients are usually associafed with sfrong repulsive
interactions which result in high energy conformatiohs and
we are interested mostly in low energy‘conformations, these
effects can be neglected in most of our work.

The one remaining facet of the formalism of the

calculation is the choice of potential. Theoretical

~calculations on simple molecules (e.g. ethane) have shown

that the barrier to rotation-about single bonds can be
accurately approximated by adding the pairwise interactions

of the atoms on either side of the bond>" .

In order to
Simplif& calculations, workefs studying polypeptide

structures usualiy express these energies as explicit functions
of the torsional angles. Potentials of the form Acos (ﬁe) +
Bcos (2n@) + Ccos (3n8) +... (where the bond has n-fold |
rétational symmetry) are comﬁonly used. The coefficients

can be calculated by computing the potential‘as a function

of torsional angle, (assuming that the potential arises
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from pairwise charge—charge,‘charge—polarizability, London
dispersion and steric repulsion interactions of the atoms
close to either end of the bopd) then fitting these numerical
values to the appropriate Fourier series. In order to check
this approximation of the'potential energy,-calculations
of the energy barriers forvinternal rotation in the cases
of simple molecules (e.g. acetone) were madel7o. Agreement
with barriers éxperimentally measured (usually by microwavé
spectroscopy) was guite good.

This type of potential does not take.into account
interactions between atoms which are not near-neighbors
in the primary structure of the molecule. We know that
polypeptide chains (and probably polynucleotide chains as
well) are frequently folded in such a way that groups not
close to one another in the primary sequence are close to
one anbther in the three dimensional structure. In ordér
to include important interactions bétween atoms far from
one another in the primary sequence, long-range electrostatic
interactions (frequently expressed és dipole-dipole interactions)
and short range interactions like hydrogen bonds and steric
repulsions, are added to the potential.

The simplest approach to predicting the conformation

of bilopolymers on the microscopic level is one in which

structures with unfavorable short interatomic contacts

are discarded. This technique has been applied to both

[~y .
polynucleotides166 and polypeptide3135’1”6 158. We will
discuss the results of the poiynculeotide work later, éomparing

them with our results. This approach leads to two prbblems.
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First, there is‘no way of defermining the energy of those
conformations allowed.‘ Secohdly, large repulsive inter-
 actions do not arise until the atoms are well within minimum
contact distances found in cfjstalle; This fact is manifest
in the prediction that certain structures found in X-ray
studies of protein crystais éfe forbidden by hard core
contact criteria157. If the hard core radii are reduced
enough to insure that no reasonable structures are excluded,
then the method fails to eliminate enough structures which
have high energieé and looses most of its attractiveness.

In order to avoid this difficulty it is better to use a
”séft” potential such as Ae”PT or'Af"lz This way closer
'contact’distances will have ﬁrogressively higher energies
‘unless there is an importantiinteraction (such as a.hydrogeh
bond) which lowers the'energy considerably and makes the
confofmation feasible.

Present treatments of célculations of nucleic acid
structures which consider the ribose-phosphate backboné are
ihcompletel An early attempf to predict the structure of
- the acid form ofvpoly A on tﬁe basis of assigning orientatién :
angles for rotations about singlelbondslso (as found in
small model compounds) was ahead of its time in the approach
v to this .problem. However later work has shown this |
treétment to have been_incorfect in its executionlsl.
cher investigations have COnsidered which angular Qriehtations_
are "forbidden" and "allowed" on the basis of hard core
repulsionslGG. They do not include a systemafic treatment

of attractive or repulsive interactions other than the hard
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core. A number of treatments have been published which

freat ”Stacked"36’48’153 134,146,154

and coplanar hydrogen-hbhonded

bases. Thelr results indicaﬁe that these aggregates are

stable, relative to the sepafated bases and enable comparisons

.to be made of their relative stabilities. Most of this |

work 1s directed towards the broblems of the stabillities of

multi-strand polynucleotides. Our interest is largely in

single-strand oligomers, dinucleoside phosphates in particular.

On the other hand, calculations of conformations of oligo-

and polypeptides are more pertinent, as they include

reasonably successful treatments which do include extensive

treatments of backbone conformations. | |
Calculations of thecdonformations of oligopeptides

and polybeptides based on the microscopilc approach have

taken two basic forms. Both‘are essentially calculatioﬁs

of the two dimensional energy surface (There cah be rotation.

about the.Ca-C‘ and N-¢% bonds of a polypeptide backbone. ),

sometimes including the effects of varying.the orientation

of the amino acid side-chain. One approach calculates

the average properties of coiled polypeptidesl7—19’129’168,

and has good agreement with experimental results. However

these calculations may not be successful when applied to

rigid po;ypeptide'strﬁctures because the statistical nature

of the test may hide inaccuracies which would become important

in a situation where the properties of large numbers of

conformations are not averaged.
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The other approach treats rigid structures. Usually
calculations are restricted to small molecules such as

20,64 or else homopolymers where the symmetry

of the polyméf simplifies the calculationés’lls’lss’171.
Tests of these calculations have come frém comparisons

with conformations found_either in synthetic polypéptides

or in crystal structures of_broteins (i.e. myoglobin or
lysoiyme). In one respeét the agreement is good; structures
found experimentally are generally very ciose to minima of
the potential energy surfaces. It seems certain that the

locations of these minima are accurate. However, many

structures are not near the lowest appropriate minimum,

"showing that the accuracyrof?the calculated energy dif-

ferences must be improved. Because these minima are not
close to one another, one wrong choice for the orientation
angles for just one amino acid residue in a reasonably

long polypeptide chain could have disastrous effects. This

mistake might radlically change the direction of propagation -

of the polypeptide chain.

Calculation of the potehtial energy surface is dif-
ficult for molecules which a?e lbng aﬁd do not have thé
symmetry of a polypeptide compoéed of only one amino_écid.
For'a small protein, with 206 amino acids; 3 degrees of
freedom for each amino acid andvlo orientations for éacb

600

degree of freedom, we would have to try 10 different

conformations. Of course, most of these conformations

por
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contain redundancies. (We expect orientations of the side
chains of similar amino acids to be similar, etc.) Even

00

if this number could be reduced by a factor of 10 there

would still be 10-90

conformations, an astronomical number.
The two microscopic calculations of oligopeptides of 
moderate length (about 10 amino acids) take different
approaches .in getting around.this problem. The first
calculation was for Gramacidin S, a cyclic decapeptide

202. The repeated

with a repeated pentapeptide sequence
sequence and the fact that the polypeptide chain had to
return to the plaée from which it started, greatly simplified
the calculation. The structure proposed for Gramacildin-S
is compatible with preliminary X-ray diffraction studies.
It will be interesting to see how this comparison fares
when more detailed X-ray dataﬁbécomes a&ailable.

The other study was on the S-peptide of bovine pan-
creatic ribonuclease A65° In this case the oligopeptiée
was placed into reasonable conformations (such as the
a-helix), and minimization teéhniques were tried to see
if the oligopeptide would relax into the lowest energy.
'coﬁformation. If, starting from different conformations,
the same end point was found, this would almost certainly
be_the unique sﬁable conformation. Unfortunately a potential
energy surface as complicated1as this (i.e. with as many
dimensions) is bound to have a large number of local enérgy
minima.. The minimization proéedure was rapidly trapped
in local energy minima, never-having a chance to go far

enough to find the true minimum.
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The macroscopic techniq@e tries to get around these
difficultieé»by usingvadditional information about the
ceometry of the polymer. Oftén amino acids (ndt close to
one another along the‘primary sequence) are known to be
aﬁ the active site of an enzyme. Applying this constraint
would require folding the polypeptide chain to bring the
amino acids associlated with.ﬁhe active site close to one
another. 1In certain cases other amino acids not close to
one another in the primary sequence are known to ihteract.
An example of this is the casé;df the interactions of the
buriled tyrosines of bovine pancréatic ribonucleésé
In myoglobin and lysozyme the‘outside,of the molecule 1is
vlargely_hydrophilic_while thé inside is almost entirely |

hydrophobicl4l’142.

(Perhaps this rule applies to most
other proteins as well.) Using these conStraints, a model
of the.biopolymer is construdfed. Then a pseudo-potential
of a very simple form (e.g.aﬁmr_l potential attracting

hydrophobic groups to one athher) is ‘applied which can

either attract or repel certain parts of the molecule. A

search for the energy minima (using steepest descent techniques, -

fo? example) then yields thefmost likely answers.

 Two groups have been acﬁively working on the problém
of trying to predict the strﬁéture{pf proteins byvthe‘b
"macroscoplc approach. A review by'LevinthallO7 summarizes

the approaches which can be taken to such a problem. Up

to this time his group has not published predictions of

protein structures which could be compared with the results

of X-ray crystallographic studies. On the other hand

59,60,111,218
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Hammes and ScheraéaYl have proposed a structure for bovine.
pancreatic ribonuclease A~ The data used in developing
their model were the positioné of the four disulfide bonds,
the interactions of the three buried tyrosines and the
fact that the other three tyrosines had td be at the surface,
the proximity of the amino aclds known to participate at
the active site and the over all dimensions of the molecule
which were determined by preliminary X-ray diffraétion
studies. Shortly after this paper was published, the
solution of the X-ray structure‘of‘ribonuclease at the 24
level was announcedgs. The modél proposed on the basis of
chemical data is quite similar to the structure determined
by X=ray difffaction techniques. However, substantial
differences betWeén the two structures do exist.

Tnere is no reason why tne same approach used for
ribonuclease could-not be used for a transfer RNA.
Susceptibility to enzymatic attack and the reaétivity ofv
bases to modifying reagents indicate which bases are
exposed and which are protected (presumably in multiple-
strand hydrogen-bonded structures). Small angle X-ray’
diffraction studies have alreédy determined the over-all

102,200

dimensions of transfer RNAS It was reasoning with

this type of information which led:ito the proposal of the
cloverleaf model for tRNASl. Considerations of more
chemical data, along with the use of pseudo-potentials

to minimize the energy with respect to the finer points of

the structure can lead to more detailed models.
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All these calculations have been very empirical. The
number .of parameteré whiéh wg,must use will be staggering,
considering the approximate nature of all of them. Until
proven étherwise the results.must only be considered ‘as
suggestions. Another point common to almost all these
calculations is one so obvious that it is frequently missed
by a person who has never_dohe this type of calculation;
the fact that the calculafioﬁs are very long. The dif-

ference between a successful calculation and no calculation

at all is the ability of the investigator to cut corners.

It should be remembered, that in his eagerness to save time

it is very easy to discard aiconformation which may be

‘the one for which the investigator is searching. The value

of caution should not be underestimated.

METHODS -

Since we are most interésted inlthe conformations of
small molecules the microscopic approach would seem most
applicable. First the potential and the geometries of thé
rigid Segmentsvof the dinucleoside phosphates must be chosen.
In the case of polypeptides,.Pauling, Corey and fheir |
coworkers systematically determined the crysﬁal structures
‘ 120 phis
extensive survey showed the similarities and differenceé
among amino acids. It was cglminated iﬁ their'predictioh

of hydrogen-bonded helical and sheet structures for poly-

peptides. Unfortunately, no,eXtensive survey of analogous

T
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ATOMS OF A DINUCLEOSIDE PHOSPHATE
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Figure '28' Nomenclature used in denoting the atoms of a

dinucleoside phosphate.
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nucleic acid structures hes.been undertaken. This iSjprobabiy
© because a nucleetide is considerably larger than an amine n

acid and the synthesis of oligonucleotides.is considerably
more difficul£ than the synthesis of oligopeptides. This
makes the'choices of geometries of the groupS'cemposing
nucleic acids (especially the sugars).arbitrary, to a large
extent. -

The atomic coordinates ef the purine and.pyrimidine
bases were taken to be those proposed by Spencer177. bThey
are listed in Table 9. The entire base is planar, including

- the Cl' of the fibose. More recent experimental reeults sbow
that this assumption is good for the atoms of the rings
while extranuclear substituents occasionally can deviate
significantly from the plane of the ring (up to 0.0338

')42. Much of this may be

for adenine Ng and 0.3% for Cy
caused by crystal packing forces, rather than intramolecular
effects which would be present in isolated molecules. |

The coordinates of ufacil were the same as those proposed -
for thymine except for Hs_which is substituted for the methyl
group . _The_coordinates of H5Awere determined by having the
Cc-Hg bond oriented in the same direction as the Cg-methyl
of thymine, with a bond length equal to the other C(spz)-H

 bond lengths in cytosine and thymine.

For pseudouracil, the glycosidic bond (now a C-C-

3

82,193 and in the same direction as the C:—CH3'

bond) was assumed to be 1.54& long (the C-CH, distance
in thymine)
bond. The Nl—Hl bond was assumed to be in the direction of

the glycosidic bond of thymine, with a bond length equal
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TABLE 9

ATOMIC COORDINATES OF PURINE AND PYRIMIDINE BASES

Adenine Cytosine
Atom- X Y : Atom X _ Y
Ny -2.7918 4 .4074 Ny 0.0004 1.4708
C? -3.201 3.134 C2 -1.207 2.139
N3 =2.391 2.078 N5 -1.231 3.489
CL -1.079 2.298 04 : -0.070 4.132
Cé -0.604 3.583 05 1.157 3.504
CG’ -1.500 4 .633 06 1.181 2.125
N7 0.763 3.598 0 -2.253 1.511
CB 1.055 2.280 Amino N =~0.0%4 5.472
N9 0.000 1.470 Amino H -0.942 6.002
H2 -4 .284 2.943 Amino H' 0.735 6.031
AmiIno N -1.041 5.892 HS 2.109 4 .054
Amino H -1.773 6.574 . H6 2.133 1.875
Amino H' -0.067 6.117
H8 2.089 1.904 -
' Uracil
‘1:Guanine 'Nl 0.000 1.470 -
‘ ' C2 -1.207 2.139
Nl ~-2.799 4.348 N3 -1.159 3.518
02 -3.205 3.051 - .C4 0.010 4.251
N3 -2.378 2.010 C5 1.205 3.504
C4 -1.079 2.298 . C6 1.181 2.125
05 ~-0.604 3.583 O2 ~2.269 1.538
06 ~-1.462 4.702 - H3 -2 .051 3.954
N7 0.763 3.598 .04 0.010 5.471
C8 : 1.055 2.280 . H5 2.176 4,021
N9 . 0.000 1.470 H6 2.124 1.558
Amino N -4.523 2.807
Amino H -4.904 1.883
Amino H' -5.191 3.532 Pseudouracil
Hl -3.556 5.145 ‘
0 ~1.045 5.848 Nl -1.231 3.559
HB 2.08¢9 1.904 . C2 -0.073 4.311
NS 1.122: 3.620
.04 1.220 2.244
05 0.000 1.540
: C6‘ -1.207 2.209
Hl -2.184 4,066
O2 ~1.052 5.530
H3 1.925 4,203
04 2.120 1.766
HG -2.150 1.643
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to the other N-H bond of thymine (1.08A)
The coordinates of the bases were calculated with a
deék calculator using the bond lengths and bond angles given.

The results were checked by determining the position of one

atom on each ring by going around the ring in either direction.

The deviations found were *0.0lk or less in all cases.
This was to be expected as a result_of the lack of self-
consistendy (round-off errorsj in the data-frbm the |
liferature. Atomic coordinatés determined graphically
agreed with our results. |

The ribose conformation was not as easy to choose.
X-ray crystallographic stqdies have shown that four of thé‘
five members of the fufanose fing are very close to being'
coplanar, with the fifth member of the ring about 0.4 or

180,185 phe conformation of the ring

0.58 out of the plane
is described by noting which atom is out of the plane and
whether it is on the same side of the plane as‘CS"(endo)

or on the opposite side (exo):. The 2' endo conformation

has been found most frequentlj, with the 3’_endo conformation
also common. |

. It has Dbeens proposed that‘this puckering originates

in repulsive interactions betﬁeen substituents attached to

to the five-membered ring whicﬁ wbuld bé eclipsed iffthe

180. In the case of cyclopentane, the

97,145

ring were planar

molecule gains about 4 kcal/mole by puckering

The energy differences between different puckered forms of

the furanose ring may be smaller than 4 kcal per mole.
NMR measurements which indicate that the ribose ring of

nucleosides and nucleotides is in the 2' endo conformation
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in aqueous solution. It is.based on a theory which calculates
the spin-spin splitting_of hydrogens attached to neighboring
carbons as a function of the dihedral éngles between the
two C-H bonds 2. Spiittings‘of Hi' by Hy' (which depend
on the dihedral angle between C-H bonds and therefore,
the nature of the furanose puckéring) have been measured8§’86.
The purine nucleosides and n@éleotideS'seem to be in the 2!
endo conformation. The agreement of the résults for
pyrimidine nucleosides and nucleotides'with the theory
is not as good; but the splitﬁing is closer to that expected
for the 2' endo conformation than any other reasonable
étructure. As a control, thé splitting of the Hl' resonance
of 3'-5' cyclic adenylic acid (where the phosphodiester
bridge forces the furanose ring into a 3' endo conformatibn)
was measured and found to be what would be expected for a
3'" endo conformation. We feél that the furanose ring 1is
probably puckered with Cz' puckered approximaﬁely 0.458
from the plane of the other four atbms and on the same side
as the C5'. As a precaution; we have also calculated the |
energies’of conformations of compounds where the furanose
ring had the 3' endo conformation.

The coordinates for 2' endo ribose were taken from the

182

-structure of Cp. The 3' hydroxyl group was alligned

along/the 0,'-P bond of the nucleotide with an O-H bond

3
length of 1.00A. The corresponding deoxyribose coordinates

were the same with the exception of H'z' which was situated

along the 02'-02' bond of the ribose with a bond length
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ATOMIC' COORDINATES

Phosphate 0 (P-0f -1

Phosphaté o' (p-0) -1.
Phosphate 0 (P-0-H) O.

Ny

390

020
967

o
.000

2' ENDO RIBOSE'S?

Atom X

cy' , 0.000

1! . - -0.510
ST 1.350

o' | - -0.623
L' -0.262

- | .~ -2.025
2"Hydroxyl H  -2.610

- | 0.080
1 $0.017 )
C,' 1.509

" 1.816

' 2.487

5’ 3.374
H' ! 2.988
og' 1.947

S' Hydroxyl H. _ 1.883
P i ~0.441
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Y Y

0.000 © 0.000
-0.161  0.740
~0.432  0.000
-0.588 - -1.248
0.083 -1.895
-0.567 o _1.264
-1.090 . -0.593
-1.948 1 -1.316
-2.338 . -2.021
-1.595 . -0.864
_2.457 . -0.379
_1.287 4.]f -1.973
~0.735 - -1.408
2214 -2.361
-0.437  _2.999
~1.151 ~3.697
-4.410 - ':‘ -~0.467
-4.0T0 -1.170
-4.860  0.898
_4.820  -0.680
1470 . 0.000
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Atom

C t

1

H 1

1

O !

1

C 1

2

H,'.

2

05!

2

1

Cs'

H !

0
3

3
3

1

t

C4'

H,'

C 1

H

S
S

!

O 1

P

S

Hydroxyl H

Hydroxyl H

. Phosphate 0

Phosphate'O'

Phosphate 0'!'

N

1

TABLE 10 PART 2

ATOMIC COORDINATES

3' ENDO RTBOSEZS .

N N e e

K ) I (S 2T

X

.000
.7'58
.380
633
394
. 064
.625
.570
776
373
.460
.640
.502
.109
533
245
.753
.376
652

.519

.000

.000
.199
428
.581
011
912
236
642
.306
406
.161
.155
.086
. 954
.645
.393
811
306
.166
.989

470
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Atom

C '

1
HS v
O3’

3' Hydroxyl H
1 ’ '

4
1

4
.

5

H1 1

5
- 9' Hydroxyl H

Ny

. TABLE

"ATOMIC

3!

ENDO

136

207

.096 -

726 -

10 PART 3
COORDINATES |

DEOXYRTBOSE ™ .

X | Y Z
.000 0.000 0.000
402 -0.533  0.958
372 -0.429 1 0.000
676 -0.645 -1

281 -1.468 . =1.108
347 -0.163 -1.863
.519 . -1.075 R

.866 Y 7

241 “' -2-155_,,  B  _2.956
.056 ~2.999 ,‘,  _2.401
.567 -1.370 - -1.076
198 2384 -0.703
021 -1.263 . ~1.524
712 - -1.637 . =0.797
276 1805 ¢ -2.388
273 0.090 ~2.043
.058 0.232 — . 2

000 1.470 ~ 0.000

799
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of 1.018A. 3' endo ribose and deoxyribose coordinates

- were taken from the structures of pA99 and calcium thymidylate

Location of hydrogen atoms are quite difficult in crystals

of molecule as complex as nucleotides. - In the case of pA99

one of the HS' could not be located unambiguously. Since

the HS' is far from the purihe or pyrimidine base, and has
a small charge and small polarizability, we neglected all
interactions involving this atom. The coordinates of the

1821 In forming CpC the

phosphate group were taken ffom Cp
vstructure of Cp was used. The GS'—OS’ bond was formed by
aligning the'Csf—OS' bond along the same line as the phosphate
0-H of Cp, with a Cg'-0Og' bond length equal to the Cx'-0g'
bond length of Cp. |

The atomic coordinates for 2' endo ribose were calculated
by hand from the published coordinates (in.terms of unit
cell dimensions). They were checked by computing at least
one interatomic distance for'each.atom and then comparing
them with the values.listed in the paper. Two minor |
typographical errors were discoveredss. The coordinate
x/a for H,' should be -0.01349 instead of +0.01349 and the

length of the Cz“—H ' bond should be 0.99QA instead of

2

193

1.9998. Other atomic coordinates were calculated by computer

programs.. The coordinates of Z2' endo ribose calculated
in this way agreed with those calculated by‘hand. All
coordinates are listed in Table,lo.

In addition to declding on what geometries we usé for
the rigid groups which make Qp oligonucleotides we must
define conventions fof describing rotations about single

bonds. In contrast to the situation with polypeptides,



TABIE 11 ~

Bond Atoms Defining Standard Orientation  Sense of Rotation
Glycosidic | 1', C8 or CG . ;‘ | Clockwise
Co'~0,! : C;'> 2' hydroxyl H o Counter-clockwise.
C3'-0g' C,'s P - Counter-clockwise
05'-P L : Cz's Og5' ’ { S Counter-clockwise
P-0g" 05's C5' Counter-clockwise
05'-Cg' D Cu's P  £ o  1 Counter—clqckwise
QS,—C4'>"T1". o Oif, Os'r .-i»,~. ,f._ u Counter-clockwise

2 s S e s o
P PPy

8T
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=

“—

where there 1s a widely accépted convention ~, we must

develop a way of describing rotations about single bonds.

The orientation about the giycosidic bénd is defined in
accordance with the dccepted convention of Donohue and
Truebloodsg. The two regions with no strong steric

repulsions are the anti conformation in which_H6 of pyrimidines

of Hg of purines is close to Ol' (¢ -20%) and the syn

eN™
conformation in which H6 of pyrimidines or HB of purines

is far from”Ol’ (¢ o~140°).  Orientations about other

Peon
single bonds are defined in a slightly different way. Two
atoms define the ends of eaéh bond. Each of these atoms

has an atom bonded to it which defines the standard (0°)
orientation. When all.four:étoms are in é cis-coplanar
configuration the bond is in its standard orientation.
Looking down the bond, if the group closest to the viewer:

1s rotated counter—clockwiséithen the angle of orientation
increases. (According to this scheme,.Donohue and Trueblood
define increasihg angles for rotations about the glycosidic
bond in the opposite sense.) The atoms defining the standard

orientation are listed in Table 11.

The other choice we have to make is the form of the

“potential. Theoretical calculations on simple molecules

(e.g. ethane) have shown that the'barrier to rotation about
single bonds cah Be predicted on‘the basis of pairwise
interactions of atoms on either side of the bond37. We
therefore chose a potential:consisting of pairwise inter-

actions of atoms on either side of the bond. To simplify
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our calculatlons we 1ncluded only uhose interactions Wthh

change with internal rotation. Four types of interactions -
w@re considered: charge—charge, charge-polarizability,"
London dispersion and steric repulsion interactions. The"
first two terms are reasonably stfaightformerd. For'uncnérged
polypeptides 1t is convenient to express cnerge distributions
in terms of point dipoles. In the case of oligOnucleotides
this is not a good approximation. There is‘a‘charged'
phosphate groupfwhich‘is not a dipole in any approximation._.
_Also, the charge distributione‘in the rigid groups composing:.
nucleotldes are cons1derably more .complex then those found

in amino acids. ThlS is compounded by the fact that we w1ll
have to con31der conformatlons in whlch the dlstances between
groups w1ll be smaller than the dlmen51ons of the groups
themselves. Thils situation will 1ntroduce serious'errors

" even with far simpler charge distributions. The London.
dispersion interaction (r_6-attraetion) is a drastic‘aPPrOXimation; ’;f
It is derived for the case where the interacting groups . | ) ‘

are far from one anotherlzo;

6

There are appreeiable S o 1}5
" deviations from the r ° distance dependence when'atoméueome

close. In addition, the simple assumption that the polafiz-o;n'

ability is all located at a pointv(ﬁhe nucleﬁé) and is
~isotropic may cause difficulties, especially because'we »
'must consider'dfomatic electronie-systems (where'the.polarizable"v”ﬁ
delocalized elect;on dlstrlbution has a node at the nucleus)

_However, it has been found that substltutlon of isotropic v_'r:a ’hi

polarizabllltles for anlsotroplc ones does not appre01ably‘

”
'
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change the calculated London dispersion interactions for
"stacked" bases C. Since isotropic polarizabilities greatly
facilitate the calculation, we have used them. We make
no claims for the accuracy of a London dispersion potentiai
at such short range. We use it to represent a short range
attractive force which includes major contributions from |
London-type dispersion interactions. Pitzer's expression
for the Lohdon dispersion is usedl44ﬁ

The remaining term was the steric repulsion.A At first
it might seem that a hard core repulsion (one in which an
interatomic distance smaller than a specified minimum contact
distance causes the potenfiai to become infinite) is the
best way to treat steric repulsions. We feel that this is
not the case for two reasons. Interatomic distances considerably

»

closer than the intermolecular Van der Waals distances can

lO_ The second reasdn

exist without very large repﬁlsions
is that a hard core potential is.not differentiable. (It

is discontinuous at its hardrcore contacts.) Mathematical-
operations are almost invariably easier if the potential

is differentiable. The best situation is where the potential
is ahalytic. Two types of analytic repulsive potentials
have been used: an exponential potential of the type Ae™ P
and the ‘type Ar—b where b is usually chosen to be 12. The
exponential repulsion has the disadvantage that at very
small interatomic distances the dominating term of the
potential is the'attractiVe Lbndon dispersion term. We

know that this is physically;unreasonable. We have therefore

chosen the Ar-lz form for the steric repulsive potential
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with the constant A chosen so“that the r~ % ang 1%
potentials when combined haveia minimum at the intermolecular
Van der Waals distance and inérease mohotonically for smaller
interatomic distances.

No explicit hydrogen bondupotential has been included.
However, hydrogen bonds are implicity.inéluded in the
electrostatic terms. Nash and Bradley134 found very
reasonable hydrogen bond geometries for purine and pyrimidine
base-pairs using only charge-charge interactions.

Finally, these calculations are done for molecules
in & vacuum. There are no soivent‘effects and a unit dielectric
constant is assumed. Attempts to calculate solvent inter-
actions in the framework of the microscopic model have been
made for oligopeptides?s. Unfortunately the‘molecule being
considered was sufficiently complicated that no lowest
energy conformations had been reached. Since no‘comparisons |
- with experiment can be made at this time it is too early tQ'
see whether thefr method for including solvent effects will"
be successful. The experimental studies of dinucleoside
phosphates and other nucleic écid materials have not'enabled'
us to determine the manner in which water affects the

confermations of these compounds. Perhaps an empirical
~approach .correlating the solvént effects with an effective
temperature of set of dielect;ic constants can be used.

The energy of interaction between atoms 1 and J is

therefore:

P,
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|
)

Eij = 3.518x107 p.p. (charge-charge)
oy
- 5 2 2 : : . .
- 1.659x10 (piaifpjai) i (charge-polarizability)
re .
iJ
- 3.650x10° O3 %y (London dispersion)
: 6 [ a 1 a 1
r.. 1 2 + J 2
LT N
eff, eff,
L L J
5 6 a.a
+ 1.825x10 Tywi%4 (steric repulsion)
12§71 a. 1 a, X :
r.. 1 2 + J 2
| N
eff, eff

where Eij 1s the energy of ihteraction'(in calories per mole){
Py and pj are the charges of atoms i and j (in electrons),

ry is the distance between atoms i and j (in R), @, and aj
are the polarizabilities of atoms i and j (in AS), N pp and
N pp are the ”effegtive number of electrons of atoms iland

3 (sge ref. 144) and - is'the sum of the Van der Waals
radlii of atoms i and J.

In considering the four terms which contribuﬁe to the
potential energy of interactioh betweeﬁ two atoms the}
question arised: Can one or a few interatbmic interactions
be singled out as being critical in stabilizing or prohibiting
a structure? The answer to this question is usually no; |

The one exception is the steric repulsidn.(r'lz)

term. At
very short interatomic distances this term domiﬁates all |
others. All other interactions are generally smaller than’
a few kcal per mole (except in the case of absurdly sméll
interatomic contacts in which'case the r_lz term dominates

anyway) . Single interatomic interactions are frequently
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smaller than 1 cal. per mole.;

Experimentai studies of the thermal diéordéring of
dinucleoside phosphates indicate that we are looking fof
energy differences between important conformations  of
approximately 5 to 10 kcal pef mole. Because this dif-
ference originates in changes in a large number of térms;
we usually will not be able fo single out one or a few
interactiéns which are;argely.responsible'for'the energy
differences between confOrmations..

In.the attractive region of -the 6-12 potential.this'

interaction rarely exceeds 1 kcal per mole. The charge-

charge and charge-polarizability interactions frequently do.v.

. It should be noted that chargé—polarizability interactions
are.always attractivé wbile’charge—charge interaétions may'
be eithervattractive or repulsive;

The expression we have chosen to use for the inter-
vatqmic ihteréction potential fequifes the knoWledge of
atohic charges, polarizabilities, "effective number of
electrons” and Van der Waals fadii. _The‘distributidnsv
’of T electrons were calculafed using semi-empirical
seif—consistent molecular orbital wave‘functionsg’lso{'
Wave functions of this‘type (when combined with the o -

) electron Freatment whiéh was qsedvin our work) predic@
dipole moments of nitrogen—coﬁtaining aromatic compduﬁds )
(pyridine,ipyrimidine, pyrrolé, etc.) which agree well withv
"experimentally measured valueé. This indicates that the

charge distributions are probably good. The o charge



145

distributions were calculated using the method of Del Re44.

Interactions between T and ¢ electrons are introduced in
the self-consistency criteribn of the molecular orbital
wave functions. The charge distribution in the phosphate
group was taken to be that calculéted for the diethyl
phosphate anion by a self-consistent molecular orbital
method38. The phosphate group is electronegétive and is
assumed to withdraw O¢164QS electron from 03’ and Cg'.
The charge distributions are listed in Table 12.

A cursory examination of the charge distributions
shows how bad the dipole approximation is. If there had
been relatively few charged atoms in each group or the
positively charged atoms tended to be on oné«side of the
rigid group and the negativeiy charged atoms on the other,
then the approximation might have been satisfactory. The

charge distributions we calculate does not meet either

criterion. In groups which are essentially neutral

there are a number of highly charged atoms which are distributed

in a rather irregular way, making it useless (for this
calculation) to try to approximate the distribution as a
point dipole. '

The charge distributioné_uséd in our calculations weré
very similar to those used by other investigators. A
comparison of our charge distributions_with those used by

Bradley and coworkersls’134

'is presented in Table 13.
The isotropilic polarizabilities of all atoms except
phorphorus are taken from Ketelaar's monograph96. These

are the values used by almost all other:investigators.

R



Atom

Zaao=za=

=0

ZazZaoaacaz2a2
OO U N

OCO~Noui NN =

=
'_l
o]
0]

T Charge

.265
.164
273
.029
071
146
.323
.083
.368
161

.293
117
.386
.031
.068
215
273
.027
.386
.148

.428

TABLE 12 PART 1

CHARGE DISTRIBUTTONS

o Charge Total Charge
(Ribonucleoside)
Adenosine
-0.127 -0.392
0.085 0.249
~-0.128 ~-0.401
0.132 0.161
0.086 0.015
0.149 0.295
-0.133 ' -0.456
0.091. 0.154
- ~0.198 T 0.169
-0.531 ~0.3869
0.217 0.218
T0.042 0.042
0.043- 0.043
Guanosine
-0.352 -0.058
0.215 0.332
~-0.120 -0.505
- 0.133 _ 0.102
0.091 0.022
0.198 ° 0.413
-0.132 ~0.405
0.091 ' 0.118
~0.198 0.189
-0.526 ~-0.378
0.219 - 0.219
0.202 #0.202
-0.136 -0.563
-0

.043 - 0.043

o Charge

~0.127
0.085
-0.128
1 0.132
0.086
0.149
~0.133
0.091

-0.200 7

-0.531"
0.218
0.042
0.043

~0.352
0.215
-0.120
0.133
0.091
0.198
~0.132
0.091
-0.199 .
-0.526
0.219
0.202
-0.136
0.043

Total Char
(Deoxyribonucleoside

392
249
.401
.161
.015
.295
456
154
269
.218
.042
043

.058
332
.505
.102
.022
413
.405
.118
.187
.378
219
.202
.563
043

ce

971



TABLE 12 PART 2

CHARGE DISTRIBUTIONS

oNQQZEOZ mmomoaaa=zZasz

Atom T Charge ¢ Charge Total Charge 0 Charge Total Charge
_ (Ribonucleoside) (Deoxyribonucleoside)
Uridine ‘
1 0.270 -0.193 0.078 -0.194 0.076
2 0.1%4 . 0.247 0.441 0.248 0.441
3 0.260 -0.257 0.002 -0.257 0.002
4 0.185 0.025 0.210 0.025 0.210
5 ~-0.089 0.034 -0.055 : 0.034 -0.055
5 0.015 0.041 0.057 0.041 0.0586
> -0.451 " -0.129 -0.581 -0.129 -0.581
z 0.188 0.188 0.188 0.188
4 -0.384 -0.085 - -0.469 - -0.08&" -0.469
5 : 0.037 0.037 0.037 0.037
6 0.038 0.038 0.038 0.038
Cytidine 5
1 0.310 -0.194 - 7. 0.116 -0.195% 0.115
> 0.207 0.241 0.448 0.241 0.448
3 -0.297 -0.118 -0.415% -0.118 -0.41¢%
4 0.128 0.130 : 0.258 _ 0.130 0.258
5 -0.134 ~-0.011 -0.146 -0.011 -0.146
g 0.048 0.036 0.084 0.036 _ 0.084
_— . ~-0.461 -0.130 -0.591 -0.130 -0.591
Amino 0.199 -0.460 -0.260 -0.460 -0.260
Amino H 0.191 0.191 0.191 0.191
He! 7 0.033 0.033 0.033 0.033
Hy ' 0.037 0.037 © 0.037 - 0.037

v

LT



Atom

1

H
0
2
1

Cs

1
Hz

1
03
31
C4J
4

1
Cs

1
Hg

- 0g'

5!

1
1

'
1

1
2

1
2
2
1

*

Hydroxyl H

Hydroxyl H

Hydroxyl H

O 0O OO0 0O 0O OO0 OO0 OO0 OO o OoO O

Adenosine :

.127(0.1186)
.054(0.053)
.271(-0.273)
.107(-0.047)
.052(0.041)
.458
301 .
.104(0.093)
.052(0.050)
.458(-0.460)
.301(0.30L) -
.094(0.093)
.051(0.050)
.045(0.045)
.053(0.053)
.457(-0.457)
.302(0.302).

TABIE 12 . PART 3

CHARGE DISTRIBUTION

RIBOSE*

Uridine

0.127(0.116)

0.054(0.053)

0.271(-0.273)
0.108(-0.047)
0.052(0.041)

0.458

0.302 .

0.104(0.093)

0.
0
0
0
0
0
0
0
0

052 (0.050)

.458(-0.460)
.301 (0.301)
.904(0.093)
.051(0.050)
.045(0.045) -
.053(0.053)
.457(-0.457)
.302(0.302)

©C O O O O O O O O O OO O O o o o o

Guanosine

.127(0.116)
.054(0.053)
.271(-0.273)
.108(-0.047)
.052(0.041)
.458

302 ..
.104(0.093)
.052(0.050)
.458(-0.460)
.301 (0.301)
.904(0.093)
.051(0.050)
.045(0.045)
.053(0.053)
.457(-0.457)
.302(0.302)

o

{

O 00000000000 OOoOo o o

Cytidine

.127(0.116)
.054 (0.053)
.271(-0.273)
.108(-0.047)
.052(0.041)
458

302
.104(0.093)
.052(0.050)
.458(~0.460)
.301 (0.301)
.904(0.093)
.051(0.050)
.045(0.045)
.053(0.053)
.457(-0.457)
.302(0.302)

Numbers in parentheses are charges of the analogous atom in the deoxynucle081de

were done for deoxypseudourldlne

Pseudouridine
0.078
0.049

279

- 0.102

0.051

459

0.301

0.103

.052

.458

301

.094

.050

L0453

.053

457

.302

!
O O O O O O o O O

No_caleulations

8VT



TABIE 12

PART 4

CHARGE DISTRIBUTIONS

T Charge
Pseudouridine
0.270 -0.
0.194 0
" 0.260 -0,
0.185 0
-0.089 0
0.015 0
.0
~-0.451 -0
. _ 0
~0.384 -0
' 0

-0 Charge

Total Charge

(Ribonucleoside)

357

.254

256

.023
.0%0
049
.200
.128
.188
.084
.03¢

loNoloNoNoXoXoNoNoRo X&)

.087
.44.8
. 004
.208
.001
.064
.200
.580
.188.
.468
.039

67T



' TABIE 12 PART 5

CHARGE DISTRIBUTIONS

PHOSPHATE GROUP®O
Atom ' Charge
p - | 0.164
0 (P-0) . -0.552
0 (ester) | ) . -0.350
03' " 0.164 less than the appropriate nucleoside ICS'.
: CS' C 0.164 bles'_s than the appropria‘te nuc‘l.eoside CS‘ e

e



Amino N
" Amino H
gz_

8

Amino N
Amino H
0
i

8

This Work
Adenine

.392
249
401
L1611
.015
.295
456
154
.169
.369
.218
042
043

Guanine
.058
332
.505
-102
022
412
405
.118
.189
378
219
.563
.201
<043

(H

TABLE 13

CHARGE DISTRIBUTIONS

Ref.

.392
.276
.399

4195 -

.036
316
416
.194
.031
4472
223
042
0453

.052
.360
449
224
.059
ATT
375
.162
.052
431
.225
577
.093
.043

Atom

C

Amino N -
Amino H
H

5
Hg

TR OIDOoOQOQ=20=a
oM AN NN

This Work
Cytosine
.116
.44.8
=.415
.258
-.146
.084
-.591
~-.260
.191
.032
037

Uracil
.078
447
.002
.210

- .058
057

- .581
.188

037
.038

‘Ref. 13, 134

.025

.502
-.392
305
.106
.101
-.586
429
223
.033
.038

Thymine
- .044
.526 -
-.198
.451
.005
.044
-.553
.138

- .533

.038

16T

st e e,
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The polarizability of phosphorus was obtained from the
refraction of PH3184,'subtracting the contribution of
the hydrogens. The polarizabilities used in our calculation

“are listed in Table 14.

| TABLE 14

Atom | 'oPolarizability (As)

H S 42

c o .93

N (primary) s .87

N (secondary) . .93

N (tertiary) 'i . 1.03

0 (hydroxyl) = .59

0 (ether) _;é .64

0 (carbonyl)‘ | '.84

P o 3.00 o
(0.298° is added to éach atom on a double_bono.)

Van deeraals radii were taken from the review_by‘

Bondilz.

These are the values which are used in the
calculation of the conformations of polypeptides and
oligopeptides (with the excepiion of hard core repulsion

studies).. These atomic radii‘are listed in Table 15.
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TABLE 15

Atom Van der Waals Radius (R)
H - 1.20
C 1.70
N ‘ 1.55
0 1.52
P 1.80

‘The usual expression used for the London dispersion

interactions is:

IT \ [ oa

E - a’b ab
ab NI +I 6
Ta b r
-ab
where Eab is the energy of interaction, Ia and Ib are the
ionization energies of atoms a and D, aa and ab are the

polarizabilities of atoms a and b and r_, 1s the interatomic

ab
distance. Instead of having.to introduce the atomic

ionization potehtials required by this expression we

preferred to use the expression proposed by Pitzer:?
. _ Sehaaqb
ab o 6 %q 3 OLb 3
myr ab N + N
effa effb

where e is the electronic charge; % is Planck's constant

divided by 27; m is the electronic mass and Nopp 15 @

parameter describing an atom which can be considered to

be the "effective number of electrons". In this expression

we can use one value of Neff for each atom, instead of a



154

series of ionization potentials for each type of atom .
(e.g, primary, secondary and tertiary nitrogens). The

values of Ne were determineé by fitting all of the

ff
experimental data in Pitzer'sfreview144'to a straight line.
The best line by the least sqﬁares criterion going through
to origin is:

N = 1.146 (Atomic Number)

eff

These numbers are somewhat larger (up to 25%) than those

used in calculations on polypeptideslg’l7o’l7l

, Which were
based entireiy on Neff reported for rare gases . We doh't
feel that the differences betﬁeen these sets of Neff will
1affect our results very much because this number comeé )
in as a équare root, rather tﬁan being raised to a high
power. | | ’

Since the choice of parameters for these calculations
is to'a large part arbitrary We should compare these values
with others systematically chosen on the basis of other
criteria. The only study with whiéh we are familiar is
- a survey of intermolecular forces in terms of r—6 attraction :
and ah éxponential repulsion in crystals of hydrocarbbn5217. '
(The survey was no£ able to determine these coefficients

unambiguously. The four best sets of coefficients are

reported, and listed in Table 16.)
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TABLE 16
COEFFICIENTS OF R ° ATTRACTIONS (in kcai/AB)
e C-H H-H FIT*
- 602 -86 | -71 | 131
_120 -1607 -58 - 301
~437 -168 o -50 . 302
- 535 -139 - -36 186
- 645 : -182 o -53 (parameters used in
, | these calculations)

*¥ The standard deviations of the experimental and
calculated crystal parameters.

In a calculation as complicated as this it 1is iﬁportant
that scrupulous checks be made for incorrect data or "minor"
arithmetic errors which might not be obvious, but could
still invalidate the results. The atomic coordinates,.
polarizabilities and ”identification" numbers (used to
assign the appropriate Van der Waals rgdii, etc.) were
checked frequehtly against the original data. This was
very important, as data decks were duplicated frequently.
The charges were checked agaihst the original data and |
also added to see if they totaled O in the case of nucleo-
sides or -1 in the case of CpC. The routine which changes
atomic coordinates in accordance with rotations about
single bonds was tested by rotating by 120° 3 times, or
20° 18 times, or, by 10° 36 times and being sure that the
atoms returned to their original coordinates.  Also,
starting at the standard orieﬁtation, rotations were made
- around bonds to reproduce the conformations found in

crystal structures. These were checked against the atomic
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coordinates of the structures which were calculated
independently. Hand calculations of single interatomic
interactions were made and uséd to verify fesults of the
energy calculations. In the cases where derivatives |
were calculated analytically, they were checked against
derivatives célculated by computing the difference in
energy between two conformatibns differing only on a
small change in one torsional angle (in the case of a
first derivative), etc.

Calculations were performed on either the CDC 6600's
at the Lawrence Radiation=Lab§ratory, Berkeley, or the v
CDC 6400 at the University of'éalifornia Computing Center.
All programs used were writteﬁ in Chippewa FORTRAN.
‘Listingé and descriptions of the important»programs and

subroutines used in these studies are given in Appendix B.

RESULTS AND DISCUSSION
NUCLEOSiDES

Our first calculations wérevthe variation of energy
-with changing ¢CN' This is a good place tq start.because
a number of checks for our calculations already exist.
The crystal structures of é number of nucleosides,
nucleotides and other suitable compounds have already been
determinéd23’57’58’73’76’77’82’83’99’172’173’181’182’193’212.
In addition, we expect the ORD of nucleosides in the
region of strong base absorption (~260 mu) to be very
sensitive to the orientation of thé base with respect to

the sugar. The ORD originates in the interaction of the

hase with the asymmetric ribose. Calculation of the ORD
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of nucleosides as a function of ¢ are presently being

CN

undertaken84. In addition, there are experimental studies
of the ORD of nucleosides and suitable model compounds
(in which the base is locked into a conformatioﬁ by
covalent linkages) which can:be used to make meaningful
checks of our calpulation555354’98’128’201’219.

The first nucleosides fof'which:calculations were
made were cytidine and uridiné. In order to consider the
possibility that the furanose ring was not in the 2!
endo conformation, calculatibns for 3' endo conformations
were carried out as well. We also calculated the potential
energy for rotation about the glycosidic bond for the 2!
endo and 3' endo deoxyribose analogues. The results of
these calculations are presehted in Figures 29—32;

These results are clear cut. The pyrimidine nucleosides
are much more stable in the anti conformaﬁion, with the
syn conformation approximately S kcal per mole higher.

In these calculations the orientation of the 2' 0H was

that found in the crystal structure from which the dtomic

coordinates were taken.. The possibility existed that the

most stable conformation of the isolated nucleoside would

be with the base syn and the;Z‘ OH oriented in a direction
quite different from that’foﬁnd in crystal structures. |
To eliminate this possibility we performed the following
calculation: Cytidine and uridine were oriented in each of

four conformations, with bases syn or anti and the 2' OH

' aligned approximately as it is found in the crystal or

with a 180° rotation about the C,'-0,' bond. Then rotations

Were permitted about the glycosidic and CZ'-OZ' bonds which
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Figure 29 Calculated energy as a function of ¢CN for:2‘
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enable the compound to minimiZe its energy and seek a
potential'minimum. (The progrém,.FIﬁDMIN, wés used. )

These calculations indicate that the anti forms of cytidine
and uridine are energetically MOre stable by approximately
S kcal per molo.

The origin of this energy difference is reasohably
straight forward. In the anti conformation, the small,
alﬁost uncharged, H6 is close.fo the large and'nogatively
chargéd Ol'. The repulsion befwéen these two atoms is
relatively small.. In the syn conformation,‘the large,
negatively charged Oé is closeito ol'. There is appreciable
- repulsion oetween these two‘atoms, both steric and coulombic.

For this reason, the puckering of the furanose.ring (so
long as 0;' is not puckered) or the éubstitution of
deoxyribose for ribose does not change this différence
very much.

We'have also done similar calculationé for 2' endo
pséudouridine. (To the best of our knowledge no other
studies of 1its conformation have been undertaken.) We
thought that the longer glycosidic bond (1.54& for the C-C
bond rather than 11474 fom-thovC—N bond) might substantially
eliminate the unfavorable close contacts which tend to
destabilize the syn conformation relative to the anti.ﬁ

- Apparently this reduction is not significant. Again,
the anti conformation is more étable than the syn forﬁ oy

approximately 4.5 kcal per mole. (See Figure 33.)
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Figure 33 Calculated energy as a function of ¢CN and the
cz'-oz' torsional angle for 2' ends pseudouridine.

Contours are at every 2 kcal per mole.
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The majer results of ouf calculations can be summarized
qdite simply. The anti forms.of pyrimidine nucleosides
are considerebly more stable"than the syn forms, with
both 2' endo and 3' endo ribqse and deoxyribose; We expect
this will apply to other pyrimidine nucleosides as well.
In the case of pseudouridine this has implications about
its-:ole in determining the three dimensional,strucfure of
“transfer RNAs. It is possible that pseudouridine may
participate in hydrogen bonds in which uridine can not.
Hl can participate}in hydrogen bonds as well as Hs,foé,
and O4 (which'ére also present in uridine). It is possible
‘that pseudoufidine~can hydrogen bond With two different
bases, thereby fbrming the nqeleus of a triple-strand:
‘structure, something uridineicén.not do. Hs'a.nd.o2 can
particibafe in hydrogen bonding schemes similar to those
 of uridine. Hl and O2 can also form a second set of hydrogen»v
bonds.. B | |

There is one result of ﬁhese calculations which must
be interpreted carefully.‘ The.energy barrier for the anti
to syn exchange is high, about 30-50 kcal per mole, which
corresponds to approximatelyihalf of bond‘formation
.energies. There will be»appfeciable distortions of-a
"rigid" ‘group with that‘lérge a force put on it;. These
distortions will tend to minimize the total potential energy_,
of the system. The barrier heights we calculate are upper “
limits (assuming our calculations have been executed
correctly). Calculation of the actual barrier heights

requires knowledge of the potential energy for large
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~bending and stretching movemehts which is not available.
For this reason‘ye can not say'at this time héw fast the
exchange is between the syn and anti forms of pyrimidine
nucleosides. The.possibility does exist that such an
interchange.may be very slow. If -this is the case then
syn conformations in pyrimidine nucleosides will not,be
significant even as biological intermediates because their
formation and return to the more stable anti conformation
are too slow. |
A number of experimental studieS have also found that
pyrimidine nucleosides are in the anti conformation. Of
the lérge number of pyrimidiné nucleosides and nucleotides
for which molecular conformatipns have been determined by
X~-ray diffraction techniqués,iall have been in the anti}
conformation, with values of ¢CN which we caiculate to
have low energies. These results are summarized. in Table i7.
Measurements of sblution.properties also agree With
ouf results. The ORD of pyrimidine nucleosides and pyrimidine :'
nucleosides in which covalent;ribose—base bridges lock
the base into the anti confromation (e.g. 02—2' cyclouridine)

[~
are substantially the same”4’201.

This implies that their
conformations are the same (i.e. antij.

In addition, a modelTbui;ding considération‘of nucleo-
sides (in which ‘the basic criterion for stabiiity is maximization
of interatomic distances smaller than the usuél Van der Waals
interatomic distances) also predicts that the anti conformation
should be considerably more stable than the syn conformation

forvpyrimidinenucleosides75



Base

SBrC

- SBruU

SBrU

5BrU

Crystal Furaﬁoée
Puckering

3' Cytidylic Acid- 2' endo
3' Cytidylic Acid 2{ endo
Cytidine 3! eqqo
S Bromodeoxycytidine =~ 2' endo
+ Deoxyguanosine o
S5' Uridine phosphate,; 2'. endo
Ba salt o
Adenylyl (2'-5") '3' endo
Uridine
Adenosine 3' endo
+ 5 Bromouridine '\

.S Bromoﬁridine 2' endo
5 Bromodeoxyuridine 2' endo
5 FluOrodeoxyuridine_j 2' endo
Ca Thymidylate : 3' endo

| CALCUTATED
Cytidine | 2' endo

Deoxybytidine 2! endé
Cytidine : 3' endo
Deoxycytidine 3' endo

o Uridine 2' endo
ﬁeoxyuridine 2' endo

Uridine_ : 3' endo
Deoxyuridine - é._S'bendo
Pseudouridine 2'.

TABLE 17

endo

-42.
-39.

- ~-18

-61

-43

-20-

_56

-60
~48

~-33

-30

42
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~ Reference

~43

to

-32.

-30

-3

...4:5

-20

182
23 .
58
7T

173

i_“‘172
76
-
83

73
193
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The situation is quite different in the case of purine
nucleosides. Figures 34-37 show the potential for
rotation about ghe glycosidic bond forfguanosine and
adenosine. The 2' OH (in the:case of ribose) is in
the orientation that is found in the crystal strucutfe
from which the atomic coordinates of the ribose were |
taken. There is only a small difference in energy between
the syn and anti conformationé. Because this difference
is so small it‘is necessary to be sure that the torsional
angle for the cz'—oz' bond is in‘its'potential minimum as
an incorrect orientation of the Cz'—oz' bond might shift
the energies enoﬁgh to exchange the relative stabilities
of the two conformations. The results of calculatioﬂs of
the.fwo éimensional energy'surface for rotations about
both the glycosidic and CE'"OZ' bonds for 2' endo adénosine
and 2' endo guaﬁosine are presented as energy‘contour |
diagrams. (Figures 38 and 39). |

In the cases of both 2' endo adenosine and 2' endo

guanosine the syn, conformation is slightly more favorable

4 than the anti form. The energy differences for guanosine

and adenosine are approximately 1 kcal per MOle and less
than 1 kcal per mole, respectively. The potential energy
barriers for the syn—anti‘intercbange are low,'abbut ) kcéi
per mole for édenosine and 6 kcél per mole for guanosihe.
Thereforevinterchange between the two conformations should
be very rapid. The energetically unfavorable_conformaﬁion

may still be biologically impdrtant as an intermediaté in
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Figure 39 Calculated energy as a function of ¢ and the

"CN
C,'-0," torsional angle for 2' endo guanosine.

Contours are at ecvery 1 kcal per molic.
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a reaction, as i%s_formation and return to‘the favorable
conformation widl not appreciably slow a reaction (és may
| be the case with pyrimidines).

There are important differences between adenosine and
guanosine and their deoxyribose aﬁalogues. The éyn forms
of deoxyadenosine and deoxyguanosine are not always more
- stable than the anti forms. ;The differences between'the
syn and anti forms (which were about 1 kcal per mole for
2' endo adenosine and guanosiﬁe) now range from,the anti
form's being more stable by.l kcal per mole (2’ endo
. .deoxyadenosine)_to the syn fojm's being more stable by
5 kcal per mole (3' endo deokyadenosiné). This may have
an impoftant effect onvthe structure ofvribo and deoxyribo—_
polynucleotides. TILet us assume that the orientation of
a base in a single-strand poiynucleoﬁide (e.g.bG‘in a
- single~strand DNA or RNA) isiﬁhe same as in the nucleoside-
(i.e. syn). (Although this is by no means a certainty,
it is more likely than not.)é In order to form Watson-Crick
compleméntary bagefpairé (efg. double-strand RNA or DNA)i
fhe bases mast flip over to ﬁhe anti form. (We already
know that pyrimidines are inithe anti-conformation.. In
.order to maintain the symmetfy of the double-strand helix
purines ﬁust assume_this‘confprmation aiso,) ;Although
energy is lost in flipping thé base‘from syn to anti, more
than‘enough energy is gaihed'in double-strand formétion |
to make up for it. But it takes more energy to flip

guanine from syn to anti in dG than it does in rG.
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Therefore if all .other effects are equal the same RNA
complex will be more stable than the DNA complex relative
to the single-strand species with the same conformation.
It is found that complementary double-strand polyribonucleo-
tide complexes are more stable (have higher.Tm) than

51’32. Of course, everything

their deoxyribose analogues
else is not the same in both cases. Single-strand
polyribonucleotides probebly have -slightly different

197,206 Also

structures than do their deoxyribo analogues
complementary double-strand RNAs and DNAs have slightly
different structures (as indicated by X-ray diffrection_
studies)é. Obviously the energetic differences between
syn and anti conformations in ribonucleosides and deoxy-
ribonucleosides are not the only important effects. in
any case, they should be considered. |
X-ray crystallographic studies of adenosine and

adenylic acid indicate that the anti cenformation is more

Stable77’99’l72’181’212.

We predict that the syn conformation
.should be slighfly more favored than the anti, Intermolecular -
hydrogen bonding or crystal pecking forces could easily
make the anﬁi'cqnformation more stable.

Only one structure of a hucleoside or nucleotide
containing guanine has been published up'te this time77.
By TOT doexyguanOshe(hydrogeﬁ bonded to 5 bromodeoxycytidine)
is in the syn region. | |

The results of crystal structure studies of purine

nucleosides and nucleotides are summarized in Table 18.
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> e = e

’TABLE 18
erstal | | Furanose
Puckering
5' Adenylic acid 3' endo
’Deoxyadenosine ' 31 exo ‘
3' Adenylic Acid 3' endo
Adenylyl‘(Z'-S') 21 endo
Yridine - :
Adenosine 3' endo
-+ S Bromouridine -
) Bromodeoxycytidine“ 2' endo
+ Deoxyguanosine _
CALCUATED
Adenosine . 2' endo
Deoxyadenosine 2' endo
Adenosine 3' endo
Deoxyadenosine 3' endo
Guanosine ‘2' endo
Deoxygﬁanosine 2' endo
‘Guanosine 3' endo
Deoxyguanosine '3’ endo

+138

+128

-45°

+73

+118

+120
+128

+75

+130

176

Reference

99
212
181

172
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Both syn and anti orientations are found indicating that
there probably isn't a large énergy difference between
the two. That agrees with our calculations.

Some ORD studies similar fo those on pyrimidine
ribosides seem to indicate that the anti orientation

. , 1.28
is more favorable .

However, the evidence 1s not nearly
as clear as it was in the case of pyrimidine ribosides. Purine
riboside optical rotations are so small that perturbations
on the chromophore by the covalent bridges which lock the
base rigidly into the syn or anti conformation, may be
large enough to change the sign of the rotational strength
associated with the base absorpfion. Much of this
ambiguity may also result from the lability of these compounds98
Arguments based on the ORD of adenosine with various
substitutions on the 5' carbon (which are bulky enough
to force the base into the anti conformation) indicate
that the orientation of the bése in adenosine is syn98
NMR studies on ApA indicate that both“bases are in the
anti conformation, but that the syn conformation is
approximately kT higher in energy54

The ambiguity of these studies still leaves unanswered
the question of the orientation about the‘glycosidic bond.
in purine ribosides. Our results seem reasonablé; theb
syn and anti conformations of A and G are very close in

energy. It will.be interesting to see if a syn adenosine

conformation or an antl guanosine conformation will be
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found in future X-ray diffraction studies. Hopefully we
will be able to test our results more critically when
calculations of the ORD of nuéleosides (as a function of

¢CN) are available soon.

Structures of polynculéotides determined by fiber

diffraction techniques also offer checks for our_resuitsf

The two proposed structures for ribosomal RNA fragmentsez’l78,

161 ,nd the A form or DNAS® al1

have values of ¢CN which we found to have low energies.

ranges from -14.4° to 0.9° for these structures. The.

104,122

B and C forms of DNA seem to have anomalous values.

for ¢CN’ -86.1° and -73.3°, fespectively, considerably
- more negative than those found in X-ray crystal studies
of nucleosides or nucleotides. These values of ¢CN seem

- to correspond to regions of maximum rather than minimum

energy. We have no explanation?for this discrepancy

presently.

INTERNUCLEOSIDE BONDS ‘

Advancing to more complicated\systems, we made éOme':
calculations ofbpotentials fér rotéting arbund the bonds
which connect furanose ringsi(i.e. Cz'-0z', 03'-P,

P-0g', 0g'-Cg' and CS‘-Céﬂ). Only those atoms on either

- side of‘the.bonds interacting in a way'completely determined |
by the one or two torsional angles being treated were
considered. For example, if rotation around the Cy'-05'

- bond were being considered’as the only degree of freedom,

then Hg' or H,' of the ribose could interact with the

dna
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phosphate phosphorus; but nof‘the phosphate oxygens (as
theilr positions also depend on the orientation of the O3{-P
~bond). Since the bonds in the middle of the phosphodiester :
bridge have a few atoms close”to them their potential
barriers for rétations are low. However, bonds near the
furanose rings (e.g. Cz'~0z') have many étoms near them

and may have orientations of high energy. Elimination of
orientations of these bonds néw because of their high
energy, greatly reduces the large number of conformations
we would have to try later whén calculating the energies

of dinucleoside phosphate conformations. For these reasons
we have calculated two dimensional energy surfaces for the
Cz'-0z', Og'-P (voth ribose and deoxyribose) and C,'-Cs's

Cg'-0g' systems. In the former case the following atoms

>
were considered to interact: Cz', O,', 2' hydroxyl H (or H'zf),

HS', H4’, H5', H' ', O', 5! hydroxyl H, 03', P, phosphate O,

5 5
phosphate 0O', 05‘. In the latter case the following atoms
were considered to interact: 04', H4', Ol', HS', 03’; .
3' hYdroxyl H) CS' k) H ! E] H' 5' s 05' k) and P- It'ShOU.ld be

noted that not all atoms which have their positions defined
‘(by the bond torsional angles being considered) are
included. Only those which were thought to be able to
interact strongly were included. For example, the disfance
between the phosphate P.and Cl”fof the S!' linked nucleoside

. is determined by the orientation angles of the 04'—05" and
C.'-Og' bonds. However, it is highly unlikely that there

will bé a strong interaction between them. On the other

hand, it is easy to see that there will be a strong inter-
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action between the phosphate{oxygens,and the Ozf of the
3' linked nucleoside in the Cg'-0,', O;'-P system.
The results of these calculations are shown in Figures

40-42. Figure 40 shows the contour map for rotations about

the C,'-Cg' and Cg'-Og' bonds of 2! endo ribose. Since

the 2' OH is far from C.' we expect the analogous energy
surface for the deoxyribose compound to be the same for

all intents and purposes. The contour in the middle of

' the figure which has the shape of a dog-bone surrounds

the region of lowest energy. - The regions of high energy ‘

-are for orientations of Cg'-Oc' near 0° and the orientations

B

of C,'-Cg' near 0°, 240° and to a lesser extent, 120°.

These are caused by repulsive steric interactions of thev

phosphate phosphorus with atoms of thé ribose group. At
0° orientation of the CS'—OSY bond a rotation of the

C,'-C.' bond brings the phosphorus atom closest to Ol’

4 S
at approximately 0°, H,' at approximately 120° and Hz'

at approximately 240°. Theée interactions can be seen.

easily in space filling models. The surface is generally .
flat with a few steric repulsions causing high energy

regions. More extensive calculations 5f sterically allowed
conformations have been made:by Sasisekharan 33.3;.166.

Conformations are forbidden if interatomic distances

become smaller than the sum of the hard core radii for the

two atoms. In their analysis the allowed regions are

approximately Cg'-0Og' orientations from 150° to 210° and

(9

C,'-Cg' orientations_fromeO° to 80°, 140° to 200° and
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Figure 40 Calculated energy as a function >f the C,'-C.'
£ —
and C.'-0.' torsional anzles for 2° ends ritose.
Contours are atv every 2 xcal per male. The

circles indicate poiynucleotide astruciures.
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280° to 310°. These are compatible with our calculations,
although they eliminate far more area than we are able to
on the basis of our calculations.

Torsional angles that are found in fiber structures.
of nucleic acids (by X-ray diffraction techniques) can
also be compared with our results. These angles were
determined by taking the coordinates of the proposed
vstructures, then usingfa compnter program, converting the
cartesian coordinates to a cyiindrical coordinate system,
where the z axis is in the direction of the bond in question.
The difference in the cylindrical angles, 6, of the two
atoms used ‘to define'the orientation of the bond, was the
torsional angle for that bondi The orientation angles

for some polynucleotide structures are listed in Table 19.

They are indicated on the energy contour diagrams as circles. -

It is somewhat surprising and a little discouraging
to find that the torsional angles of thesebstructures |
are not near the energy minimnm which.ﬁe calculated. It
should be remembered that thie region is only about 3 kcal
"per mole higher than the lowest-energy found for thisb
particular calculation. Since we have'not included all
possible interactions, those which are dependent on the #
orientations of bonds other‘than Cy'-Cg' and C5’-OS'

(e.g. base-base interactions) could easily make a3 keal -

per mole difference. We will see later that this is the

case in our calculations of the energies of the conformations

of CpC.
The energy surface for rotations about the 03'—03' and

0

3

'-P bonds is quite different. (See Figures 41 and 42.)

s
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2' ENDO RIBOSE
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03'-P

Figure 41 Calculated energy &s a function of the Cg’—OS'
and 03'-P torsional angles for 2' endn ribose.
Contours are at every 2 kcal per mdole. The

circles indicate volynucles*ide siruciure.
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Figure 42

XBL6711-5740 960

Calculated energy as a function of the C5'-0;"

and 03'—P torsional angles for 2' endo deorjrikose.

Contours are at every 2 kcal per mole. The circles

indicate polynucleostide stiruc-ure.



Structure
A DNA

B DNA

C DNA

oly A
%acid form)

RNA

10 residues/turn
RNA |
11 residues/turn

Pon
~14

_86

-73

1

‘-11-“

TABLE 19

TORSIONAE ANGLES OF KNOWN STRUCTURES

Cz'-0

3
221

147

211
216

203

'223

! 0

3 =P

3
279

282

212
293

282

!

283

315

28¢5

341

284

05'—05'

168

211

143
168

134

163

c'-¢C,'

)

(V]

312

299

289

314

287

309

Reference

63

104

122

161

62, 178

62, 178
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Unlike the CZL'—CS'Y system, rotations are quite hindered.’
Instead of being a flat surfaqe with a few forbidden areas,
it is a surface which has much high energy area and low
energy valleys with reasonably steep slopés. ‘Because many
of these close contacts involve the 2' OH group, there_

ére considerable diffgrences'ﬁetweeh the fibose and deoxy-
ribose energy surfaces, the létter having considerably less
forbidden area. 1In both cases there are two bands: of high
energy conformations across the contour diagram. One band;
centered at a ?3'—03'.torsional anglé of approximately
350°, results from interactions of the phosphate oxygens

with the H/".. The lérge forbidden region, (in the case

of ribose) centered at a CS’—Qs' torsional angle of apprdximately;:

130°,vresults from the stericiand charge-charge interactions
of the phosphate okygens withlthe 2' OH group. This region
is greatiy reduced in the deoXyriboée sdgaf‘where a H'z‘ |
is substituted for the 2' OH. The regular oscillations

of the edges of both forbidden regions (with a 120° period)
result from interactions with'the three phosﬁhate oxygens.
As rotation occurs about the_bS;—P bond, first one phosphate
oxygen reaches 1ts position of minimum distance from the_
ribose, then thé second and finally the third.

The earlier work on thé'éterically'forbidden regions -
(calculated on the basis of hard core repulsions only)
predicts that the only orientations about the Cg'-Og'

‘bond allowed‘shduld be approgimately 260° to 270°A166.v

Qur calculations are compatibie with this result. The
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allowed region is very close to the lowest energy area
on the two dimensional energy surface. However, none of
the structures determined experimentally (by fiber dif-
fraction studies) fall in this region. This illustrates
the point that a great deal of care must be taken in hard
core repulsion calculations.

It.should be noted that the orientation of the 2' OH
ueed in our calculations 1is ﬁhat found in Cp. It is pos-
sible for rotation to take place around the Cz’-OZ’ bond .
That means that the steep increase in energy close to the
Cz'=0gz" orienﬁation of 190° may move up or down as rotation
takes place abqut the CZ'—OZ' bond and the 2' OH is mowved.
Therefore we can not say thaf.the—ll residue per turn
structure proposed for double-strand ribosomal RNA is much
more favorable than the 10 residue per tﬁrn structure.

If there were a rotation about the Cz’-Oz' bond and/or
" small changes in the geometry assumed for the furanose
ring, the position of thevloyresidue per tdrn structure
may no longer be in an excessively high energy fegion,

The torsional angles for Cs'—OS' which are found in
polynucleotide fibervstructures are all in regions of
reasonably low energy on the deoxyribose surface (See
Figure 42.) As was the case with the C,'-C.' surface
- they are not at the minimum. The energy difference between
the polynucleotide coordinates and the energy minimum is
only about 2 kcal per mole. The B form of DNA is in a
strongly forbidden region of the energy surface in that -

case where ribose is the sugar (Figure 41). Using
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Cortauld space filling molecuiar mbdels an RNA oligomer

can be put into a structure very close to that of the

B form of DNA. Unfortunately,ispace filling models do not
indicate coulombic repulsions. In this stfucture_oz“,

a phosphate oxygen and Ol’léré veiy close to one another;

A structure of double-strand RNA similar to the Bform of
DNA would be energetically unfavorable because each of these
atoms has a charge equivalent to approximately 0.5 electron,
causing a very strong coulombic repulsion.

It is surprising that amid all the discussion of dif-
ferenceé between ribo and deo#yribopolynucleotides no one
has mentioned this, interaction aé a possible origin df _
'differences,between these comﬁbﬁnds; Exactly what.effecti
this will have on the structu:és of polynucleotides.is hard
to say. It may cause the low temperature limit (ordered
'fbfm) of single-strand ribo- énd deoxyribopolynucleotide.
structures to be quite differént. This will affect both

the low temperature limit of the optical properties as

" well as the thermal disordering process. Such differences

in the disordering (”melting") process have been observed
for ribo- and dedxyribooligonﬁcleotides and polynucleotides
| The next calculation invblved is the elimination of-.
additional orientations of thé internucleoside bonds of such
high energy that they do not have‘to be considered for

further calculations. If half of the angular ofientaﬁibns'
Qf'eéch bond éould be'eliminaﬁed,.then calculafibns of |

the conformations of a dinucleoside phosphate (where there

197,206
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are 8 bonds about which rotatlon may take place), could .

be reduced by a factor of 286. We therefore considered
larger parts of the Sugar—phosphate backbone . Calculations
on a 30° grid (12 orientations per bond) were done in two
cases. In the first case we calculated energies of
conformatlions which were generated by rotations about the

'-C.', and C C,' bonds in which inter-

3 5'-Cg'> 5 ~C4

actions were considered among the following atoms: Cs',

O 1_P, P—OS', O

03‘, P, phosphate 0, phosphate 0O', 05', CS', HS’, H'S', 04',

H 0 Hsr, 03', and 3' hydroxyl H. In the second case

1 1
4: 3 l 2
‘we calculated energies of conformations generated by rotations

about CS'—OS’, 03'—P, P—OS' and 05'-05f in which inter-

actions were considered among the following atoms: CS‘,

0,', 2' hydroxyl H, H H H H'_', Oz', 5' hydroxyl H,

2 2 4o Hg's H'g's Og
03', P, phosphate O,lphosphate o', 05', CS’, H5’, H'5’ and C4l.

Hs‘,
The results of these calculations are presented in Figures
43~-46. These results were anelyzed to minimize the chance
of disearding a conformation which may (including all
possible interactions) have a low energy. The results are
presented as two dimensional surfaces (two consecutive
torsional angles; 03'—05' and_Os'—P for example). The
surface was defined by assigning to each point the lowest
energy for those two angular orientations and all possible
orientafions for the two other bonds considered in the
calculation. Those points with energies greater.than

20 kcal per mole more than the lowest energy were discarded.

s

Unfortunately we were not able to eliminate very many
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conformations. The 03'403' surface had the highest

fraction of conformations which we could discard, 49%.

Most had a far smaller fractiOn.

The next more complicatéd structure tolbé calculated - |
was a dinucleoside phosphate; CpC was chosen as the dinuclebf.
. side phosphate to be studied for a number of reasons.' First'
of all, the two bases are thé'éame. This symmetry simplifies‘
 the calculafion sémewhat andiénables us to make some |
comparisons bétween the 3! aﬁd St nucleosides._ If the
bases were not the same, we would not be sure if any
differences wefe caused by the diffefence in base or the' 
difference in location of thé phosphate.,.Since wevknow
more about the orientation ébout\the glycosidiéabond for -
pyrimidine nucleosides (where'only the small anti region
need be considered) than we db about purine nucleosides
(where all orientations wouldvprobafly have to be treated)
the choice of a éinuclebsideiphosphate with two pyrimidine o   ' ;
base$ is advantageous. Alsof.ﬁhe best X-ray diffraction o |
data availablé for nucleosides and nucleotides are those
for Cp. ‘Two such studies haVe recently beén reported for . _
the orthorhombic and monoclinic forms of Cp25,182. Althoﬁgh ‘ _ 
"the crysfal‘denéities‘ahd inﬁermolecular hydrogen bonding - c

schemes are quite different in the»two cases, the'mblecular
conformations are almost idehtical. The only appreciable : : ;

difference between the two structures is a.rotation about

the 03'—P bond, a change that does not affect our calculations.
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Because the conformation of the molecule is so similar
in two different environments we ‘hope that it is the_éame
in'a third environment, part of a dinucleoside phosphate
in aqueous solution. That is a very big extrapolation to
make. (The furanose conformation in cytidine is 3! endoSS.)
However, we feel that our chances of chobsing the appropriate
crystal structure for our calculations are best for CpC.

The first attempt we made to find the conformations of
CpC corresponding to the lowest energies, was to orient
the dinucleoside phosphate in a conformation which seemed
reasonable (a conformation fbund in polynucleotides by
fiber diffraction techniques; or.a structure which seemed
most promising on the basis 6f model bullding with space
filling molecular models) and then to allow it to relax to
lower energiés.~ Starting frqm a large number of conformations,
if only a few minima were found, we could be reasonabiy |
confident that we were not missing any conformations pf
low energies. |

Two types of minimization routines were tried. One

 of them (FINDMIN) took the molecule at the starting

conformation and systematically calculated energies for
torsional angles (one bond at a time) a specified increment
larger and then smaller than‘the torsional angle'for that
bond in the starfing conformétion. If it found a lower
energy, it changed the cohformation of CpC to the new

lower energy conformation and continued trying other bonds.
When no lower energy conformation could-be found (i.e. the

routine thought it had reached an energy minimum) the
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computation etopped The other routine used was based
on Davidon's variable metric 1:echnique4’l (The program,
_VARMIT, written by Eric Bea.ls_‘;of the UCLRL Computing
Center, is in th;t computing eenter's library.) Neither'
techniqhe was euccessful. In?ariably the routines were
trapped in local minima’?ery.?apidly- (The iowest minimum
found here was 17 kcal per mole higher than the:lowest
one.we were eventually able to find. )_ There was ‘almost
a l l correspondence of starting conformations and local
minima found. That meant that we had no idea whether other
choices of starting conformations would lead to lower
energy conformations. Similat techniqnee have met with-
the same type of failure in oeleulationsbon oligopeptides65
In that case, the approach‘giVing the most success was
Davidon's variable metric technique, one of the two we
h tried. Since we had novsucceSS using the technique of
direct minimization of energy, starting with_conformetions
apparently having low energiesvwe abandoned this meretricious
- short-cut and proceeded by other meansob o
The approach taken towards finding the lowest energy
conformations of CpC was a bfute force calculation of the
~energiles of}eseentially'all oossible conformatione. ( BRUTE)
We tried'to eliminate as many unnecessary calculatione as
possible in two ways. The fi}st Way was not to calculate
the energy of any conformatimiwhich was shown to have an
unreasonably high energy by the extendedAcalcqlations on
the orientation of the internucleoside bonds, etc. Because
we were convinced that C could only exist in the anti

conformation we chose only values of ¢CN‘in that region.



[N

’ 197
Farlier minimization attempts‘gave 02'—02’ orientation
angles of 230° to 350° so that only orientation angles
in that range were considered. Operationally this was
done either by not introducing torsional angles which
guaranteed high energies (e.g. for any torsibnal angles
for the other 7 bonds a Cz'-0z' orientation of 120° would
lead to a high energy) or by sorting through the sets of
angles in the program (Subroutine SORT) and discarding
those sets of torsional angleslknown to have unfavorable
energies. (As listed in Appendix B, SORT eliminates
orientations for CpC.) The second criterion for discarding
a conformation was a short iﬁteratomic distance. If an
interatomic distance less than 65% of the sum of the Van
der Waals radii was found; then the conformation was
discarded immediately. Interactions were calculated in
an order such that small intératomic distances tended to
occur early.) An interatomic distanée that short gives

12

rise to a strong r repulsive energy term which is at

least 20 kcal per mole in the case of H-H.interactions and

considerably greater in other cases. The orieéntation  angles

tried are listed in Table 20. They comprise approximately

a 40° grid.
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TABLE 20
Bond _Toréional anglés tried
Glycosidic -20°, -60°
Cp'-05" ' | - 260°, 300°, 340°

5'-0z" 20°, 60°, 210°, 250°, 29of,'34o°

05'-P 0°, 40°, 80°, 120°, 160°, 200°, 240°, 280°, 320°

C

.v P_OS] . OO, 4:00’ 80'03 "12001 1600, 2000, 24:00, 2800’3200

0g'-Cg! ~0°, 40°, 80°, 120°, 160°, 200°, 240°, 280°, 320°

CS'-C4‘ | 0%, 40°, 80°,:120°, 160°, 200°, 240°, 280°, 320° '
In-all?i?i,iéi different conformations were calculated.

'This required approximateiy'é'hours of centralvprocessing
time on the CDC 6600's}at thévLawrence Radiation_Laboratory
Cbmputing Cenﬁer. The lowesﬁ’energy”coﬁformations which
were found arevlisted in Table 21. The energy scale ‘is
arbitrary to an additive conStaﬁt.

Starting with these oriéhtationé, minimization of the
 energy was performed.v In order to save time, minimiéationv
(using FINDMIN) was done first with 10° steps, then with
5° steps. The result of these minimizations are presented:
in Table 22. |

Although a large number of local mlnlma were found
many of them have s1m11ar tor31onal angles and are grouped
together. (Conformations number 1 and 3 of Table 22 have
tor81onal angles whlch dlffer by no more than 5° for any bond. )
Within 9 kcal per mole of the lowest energy found there . e -
are 18 local minima which fall into 6 different groups . | '
 Since the molecular geometries of conformations in the

same group are soO similar we need only discuss one member

r.J



TABLE 21

TORSIONAL ANGLES OF.LOW ENERGY CONFORMATIONS ON THE 40° GRID

CONFORMATION 3'GLYCOSIDIC | 5'GLYCOSIDIC  ENERGY
NUMBER bay  Cp'-0p' Cgl=0g'  0g'-P  P-Og' Og'-Cg' Cg'-C,' o (KCAL PER &

1, - -20 340 290 120 120 240 320  -20 -122 .4

2 -20 300 290 120 120 240 320 20 -121.2

3 -20 300, 290 280 160 240 520 -20 -120.8

4 -20 340 250 240 240 120 280 -20 -120.6

5 -20 300 . 290 280 160 240 . 320 -20 -120.3

6 -20 260 290 280 160 240 520  -20 -119.2

7 -20 260 290 120 120 240 520  -20 -118.9

8 -20 1300 210 0 240 160 240 -20 -118.53

9 -20 260 210 240 240 120 280 -20 -117 .4

10 -20 260 210 0 240 160 240 -20 -117 .4

11 -20 300 210 320 160 240 280 - -20 -117.1

12 -60 260 290 280 160 240 320 -20 -117.0

13 -60 300 290 280 160 240 320 -20 ~116.7

14 -20 300 210 40 200 160 280 -20 -116.7

66T



TABILE 21, cont.
TORSIONAL ANGLES OF LOW ENERGY CONFORMATIONS ON THE 40° GRID v
CONFORMATION 3'GLYCOSiDIC ' | | SY'GLYCOSIDIC ENERGY

NUMBER  @gy  Cp'-0p' Cg'-05'  0g'-P P-Og' 0g'-Cg' Cg'~Cy' by (KCAL PER MOLE)
15 - -60 300 210 - 40 - 200 160 280 -20 . -118.4
16 -20 340" 290 280 240 120 280 =20  -116.4
17 -20 500 210 240 . 240 120 280,  -20 . -115.9
18 ~20 340 210 0 240 160 240 -20 - -115.6
19  -20 340 290 120 160 240 320  -20 _ -115.5
20 20 260 250 240 240 120 280  -20 -115.3
21 © " _20 300 2% 120 160 240 320 -20 ~115.1
22 .60 300 250 200 280 120 240 -60  -115.1
23 20 260 250 160 40 240 0 -20 -115.1
24 :  aso': 260 250 160 40 240 0 -20 | -115.0

0

25 - -20 ‘340 - 2%0 - 240 ~ 160 240 . 320  ~20 ° ~115.

00¢



TABLE 22

CONFORMATION 3'NUCLEOSIDE ~ S'NUCLEOSIDE ENERGY GROUP

NUMBER be Cy-0h  C4-0)  O4-P PQOE O5-CL  CLiChp by (KCAL/MOLE)
1 | -10 335 290 120 100 245 320 -15 ~134.3 I
2% -25 30 280 220 125 255 320 =35 ~134.1 TT
3 - -10 335 295 125 100 245 320 -20 _133.5 I
4% -15 335 290 265 160 255 525 - 5 -133.2 1T
B -15 340 295 115 105 240 320 -15 ~132.7 I
Cex -25 35 275 230 130 . 250 320 . =35 . -132.4 . II
7 -15 355 280 285 160 245 320  -15 -132.1 11T
8 | 15 335 275 285 165 245 . 320 -10 ~131.6 ITT
9 -20 40 280 290 240 120 280 -30 ~131.4 v
‘10 -10 335 285 125 100 250 320 -20  -131.1 I
11 -10 310 200 320 160 235 290 - 5 © -131.1 v
12 -5 295 200 5 235 165  240.  -10 ~130.8 VT
13 _15 - 335 275 290 165 240 320  -10 ~130.3 IIT
4 =25 40 270 235 135 245 320 -30 -130.2 1T
15 25 5 285 275 240 115 280  -25 -130.2 IV

% . Found in the search for a low energy path from conformation 1 to conformation 7.

102



TABLE 22

CONFORMATION 3'NUCLEOSIDE - v : S'NUCLEOSIDE ENERGY GROUP

yUMBER | SN VCé-Oé Ci-0f  O4-P P—og" O%—Cé _-Cé-ci oy (KCAL/MOLE)
16 -25 30 270 240 - 130 245 320 -30 -129.5 1T
17 20 335 285 135 115 | 450 320 -25 -128.2 I
18 - -50 285 205 5 235 160 240 “10 -127.7 VI
19 | -40 265 240 300 175 éso . 310 -10 -125.2 VII
20 -35 250 200 240 250 Jos 280  -10 -125.0 VIII
22 .50 280 260 200 280 Jzo 240 . -50  -122.9 X

202
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of a group. Figures 47 and 48 are photographs of conformation
number 1 constructed with Pauling-Corey-Koltun space-filling
models. Figures 49-58 illustrate the lowest energy conformations

of each of the ten groups we have found. The view 1s

- perpendicular to the plane of the 3' cytosine with the

5' nucleoside indicated by dashed lines.

It is very difficult for the experimentaliét to measure
torsional angles for CpC in Solution. A more -easily
determined characteristic of a dinucleoside phosphate is the
relative orientationvof the two bases. (Major contributions
to ORD, ultraviolet absorption and NMR originate in conformation-
dependent base-base interactions.) Comparison of conformations
with this criterion in mind show even more similarities.
There are three:major types of 5ase~base orientations,

with large differences between them.

GROUP I

The conformations represented by group I are not what
we expected as the most stable conformations of CpC. We
expected the start of a right-hahded helix (because all
polynucleotide fiber ‘structures determinédvup to this time
have beeﬁ right handed helices) with considerable overlapping
of "stacked" bases. The two cytosine bases of this conformation.
are almést parallel to one another with left~handed helicity
and almost no %ase—base overlap. (The orientation of the
two hases 1s shown in Figure 47.) Instead, the cytosine |
of the 5' nucleoside is essentially the minimum coﬁtact

distance from the 3! ribose; (See Figure 48) with the other
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CBB 670-5957

Figure 47, The lowest energy conformation of CpC built
with Corey-Pauling -Koltun space-filling models
showing the orientation of the two bases.
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CBB 670-5947

Figure 48. The lowest energy conformation of CpC built with
Corey-Pauling -Koltun space-filling models showing the
proximity of the 5' cytosine to the 3' ribose.
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cytosine is almost completely-éxposed to the vacuum. Only
very minor modifications of this structure are needed to
extend it to form a polynucleétide. This helix would‘bev
very tight, with fewer than sik (possibly as few as four)
residues per turn. There is énly one obvious‘specific“
interaction in this conformatibﬁf' The 2' OH of the 3
ribose may form something resémbling a hydrogen bpnd with
the'carbonyl_axygen of thé otﬁer'cytosineQ .Howéver, this
would‘be an unusual hydrogen ﬁond. We will cOnsidef it

in more detail when we discusé the role of hydrogen bonds

- in a single-strand polynucleotide structure.

 GROUPS II AND IV

In conformations of groups II and IV there is almost
no base-base overlap, but there is not enough room to fit

a layer of solvent between the two bases. Because of this

we still consider these conformations to be "stacked".

. The two cytosines are approximately perpendicular to'eachr

other, with the carbonyl of the 5' cytosine down and away
from the 3' cytosine and the amino group of the 5'
cytosine close to the carbonyl of the other base, approximately

the minimum contact distance away. It is difficult to

_imagiﬁe a regular polyﬁucleotide structure having nearest

neighbor nucleotide interactions similar to the ones in

these structures.

GROUPS III, V, VI, VII AND IX-
The third type of conformation is found in groups III,

V, VI, VII and IX. In these conformations the bases‘are



approximately parallel to one another with the 5' base
about 4R underneath the 3' base. The entire S' nucleoside
is rotated 180° about the glycosidic bond. The analogous
parts of the bases (e.g. the carbonyls) are fér from one
another, rather than being close which would be the case
if the bases had been oriented in the same manner. As

was the case‘wigh the two Other types of orientations
already mentioned; there is very little base ovérlap with
the &' cytosine apparently interacting strongly with the 3!

ribose.

GROUP VIII

If we accept as our definiﬁion of an "unstacked"
dinucleoside phosphate, one in which a layer of éolvent
does not completely isolate bne béée from the other then
the 18 lowest energy conformations are "stacked". The
conformation in group VIII is the only "unstacked"
conformation we have found. Although one can build
reasonable models of conformations whefe the bases are
further apart, this conformation is definitely "unstacked"
with the bases approximately 7R away from one another, far
enough to permit a layer of solvent to exist between them.
The energy of this.conformation is about 9 kcal per mole
higher than the lowest energy conformation (having bases
close to one anotﬁer). This1comparesnwell with values of
| 6H® ("unstacking") of 4 to lé.kcal per mole determined
from temperature dependent properties of dinucleoside

phosphates. (These results are discussed at length in
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Filgure 42 The lowest energy Group I conformation. The

2 nucleoside is indicated hy dashed lines.
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Flgure 30 The lowest energzy Group II conformation The 2!

......

nucleonside 1s indicated bty dashed Lircs.
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Figure Si The lowest énergy Group III conformation.v The E!

nucleoside is indicated by dashed lines.
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XBL67141-5748

Figure £2 The lowest energy Group IV conformation. The &'

nucleoside is indicated by dashed lines.
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Figure 53 The lowest energy Group V conformation. The &'

nucleoside is indicated by dashed lines.
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Figure 54 The lowest energy Group VI conformation. The 5!

nucleoside 1s indicated by dashed lines.



st s e

il S ket s

s eren e

214

. . '
- R [l /] 1 1 1

v

Figure 85

XBL6744-5751

Tbe lowest energy Group VII conformation. The.S!

nucleoside  is indicated by dashed lines.
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Figure S6 The lowest energy Group VIII conformation. The 5!

nucleoside is indicated by dashed lines.
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Figure 7 The lowest energy Group IX conformation. The 5!

nucleoside is indicated by dashed lines.
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Figure £8 The lowest energy Group X conformation. The &

nucleoside 1s indicated by dashed lines.
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the first part of this thesis.)
Summarizing these descriptions, 21 Qf the 22 lowest
- energy conformations of CpC ha&e the two cyﬁosinés élose
enough to one another so that the solvent can not completely
iéolate them. The energy ofbthe single "unstacked" conformation
is 9 kcal per mole higher thén the lowest "stacked"
conformation. This compares Well with the wvalues of;AHo
("unstacking") which have been determined from various
physical measurements. The ﬁstacked"-conformations vary
considerably amongst themsel&es, with the 5' cytosine found
on either side of the 5' cyt@sine{ A number of these
strqctures indicate strong iétefactions between the &
cytosine and the 3' ribose. jNone ofAthese confbrmations
corresponds to structures fo@nd.in polynucleotide fibers.
Table 23 lists the torsional angles which we have
- calculated to be energetically most favorable (i.e. those
found for the 22 low energy'conformations of CpC), thoSe

"allowed" by Sasisekharan et 1.15% on the vasis of hard

- core criteria and those found in X-ray diffraction studies

62,63, 104, 122,178 he agreement

of polynucleotide fibers
betweeh our results and thosé of X-ray studies are generally
guite good. In most caseé we predict a wider range.of low
.energy torsibnal angles than are found in the double-

strand speéies.. This is to be expected, as the polynucleotide
fiber structures. represent only one special type of oligo-

nucleotide conformation. The noteable de&iations of the

two sets of results are: the glycosidic bond, where the



TABLE 23

- TORSIONAL ANGLES FOUND IN NUCLEIC ACID STRUCTURES

Bond These Calculations Hard Core Repulsionsl66 Polynucleotide Fibers
(22 lowest energy 62,63,104,122,161,178
conformations of CpC)
Glycosidic -80 to -5 not calculated ’ -90 to -70
‘ -1 to +5
CE'—OZ' 5 to 40 g
250 to 340
CS'-OS' 200 to 290 260 to 270 ~147
, : : ’ 200 to 223
24 )

0:'-P a5 not calculated - = ~212.
100 to 135 : A : ; 275 to 295

o 200 to 320 |

P-0,' .~ 100 to 135 not calculated 280 to 290
160 to 175 .' - ©a318
200 to 300 - ' 341

0"~ Cg' 105 to 120 150 to 210 130 to 145
160 to 1%5 : 160 to 170
235 to 250 _

CS'*-C4l - ~240 : : S0 to 80 285 to 315
280 to 325 140 to 200

280 to 310

612



B and C forms of DNA deviate unexplainably from both our -
,predictions and the results df crystal studies of small

mOlecules, the CS'—Os’ bond,ZWhere the B form of DNA has

a torsional angle which we cgnsider to be strongly forbid-

den in_RNA structures becausé of repulsive interactions

involving 02‘, and the 05‘—05f bond, where the barrier

to rotation is reasonably low (See Figure 40) and our

‘results may‘be limited by the small number of conformations

we have considered. The agreement of the torsional angles
allowed on the basis of hard core considerations and those

found in polynucleotide fivbers is not as good. In the

case of the 03'~03T bond the’two regions are mutually

exclusive. '
Table 23 illustrates the point that the energetically
favorable torsional regions vary in size from one bond'to
another. There 1is considerabie ?ariation in the torsionélb;
angles of the 03'-P and P;OS’ bondé among the conformationé
of CpC while there is little variation in torsional angles
for the C4’—CS' bond. The laﬁter is in contrast to the
calculations of near-neighbor intefactions in potentialsv

for rotations about internucleoside bonds. (It is a

result of interactions of atoms which are not close to one

~another in the covalent bonding scheme.) This information

will be of great help if thisftype of calculation is to
be extended to larger moleculés. We may be reasonably

confident of not missing any low energy conformations if
we limit the calculation to torsional énglés of 280° to

328° for rotations about the 04’-05‘ bond. Almost all
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orientations will have to be surveyed for the P-O.' bond.
An intefésting feature found in these calculations
is the change of ¢CN in going from nucleosides to dinucleoside
phosphates. The values of ¢CN for either the 3' or 5'
1linked nucleoside in CpC are épproximately -10° or -15°,
about 20° more positive than the value found in C. Since ’
this occurs in both nucleosides we can say that 1t is not
simply caused by a change in the orientation of the 2!
OH. (In the 3' linked nucleoside the 2' OH is allowed to
seek its lowest energy orientation while in the 3'
nucleoside it is held in the,position found in crystals of
Cp.) This effect is:caused by interactions between the
nuéleosides. The nature of these interactions is not
obvious.
This has implications concerning the origins of the

ORD in dinucleoside phosphates. In the case of CpC,

~the ORD of the component nucleosides is approximately as

large as the ORD which is caused (either directly or

21l ppe

indirectly) by interaction of the nucleosides
two ORD's aiso have the same qualitative shapef Since
we expect the ORD of nucleosides to be dependent on
¢oy> the contribution to the ORD caused by a 20° change
in ¢CN may be important and sbould be considered when

~comparing the ORD caiculated for dinucleoside'phosphates_'

with the experimehtal ORD.
The results of these calculations seem reasonable
when considered one torsional angle at a time. Our

calculations of ¢CN generally agree with the results of

i
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both crystal and solution stﬁdies. Qur predictions'for the
most stable torsional ahgies seem to agree well with those
found in polynucleotide fibefs. Why then do we not calculate
right-handed "stacked" conformations of CpC to be energetically
favorable? Experimental studies indicate that CpC probably
does'exiét in this structure in the low temperature limit.
There are three possible cauées for this discrepancy wbich
occur to us at this time: those assoclated with the

execution of the calculation, the choice .of geometries

and the choice of potentials;.

We may'havé introduced efrors into our calculation |
by using a 40° grid to search for the low energy conformations;
 Because this grid is coarse,fthere is a chance that no
point on this- grid, when minimized, would lead to the true
low'energy conformation. There is also the possibility
that we missed low energy cohformations by choosing only
the lowest 2& points on: the grid for minimization.
~ In addition, our choiqgé of geometry were to a lérge
part, afbitrary._ The computétions of CpC‘were so lengthy
that we did not try alternative geometries. Modest changes
in the furanose structure (i.e. puckering) may lead to
»'different conformations. On the other hand, it does not
seem likely that small_diffefences}in the base of phosbhate
geometries would affect our éalculations appfeciably»

We feel that the most likely cause for this discrepanéy
comes from the choice of poténtial. In pafticular, the
absence of any solvenﬁ effects is probably a major source

of difficulty. The most unexpected result of our calculations

Aone?
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was the strong degree of base—ribosebinteraction. Ribose
is a very soluble, very hydropbilic molecule. The sugars
will be strongly hydrated, greatly feducing interaction of
the ribose with other groups (e.g. bases). On the other
hand, the baseé are not as hydrophilic and will not be
solvated as strongly. These two effects should result in
the water reducing base-sugar interactions more than base-
base interactions, tending to‘stabilize structures which
are sdggested by experimental results (i.e. those with
strong base-base interactions).

Solvent effects might be introduced into calculations
by reducing the charges and learizabilifies of the ribose
atoms to approximate the damping effect of the solvent.

An alternative method would be to introduce a set of
dielectric constants, with higher dielectric constants for
interactions involving ribose.atoms (as opposed to base-
base interactions). We.maké no claims for the advantages
of these methods over other possible ones. Since the
approach to the problem is an empirical one, approximations

must be tested before a best approach can be chosen.

- PATHS BETWEEN CONFORMATIONS

It is important to know'whether some conformétions
are separétéd from others by essentially impenetrable high
energy barriers. To see whether thié was the case, we
found a path between two very different conformations .
{Numbers 1 and 4, Table 22) Ih order to get from one

conformation to the other, one cytosine must be brought
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around the other base. This movement is as radical‘a change
as we can imagine5 If high énergy barfiérs are to be
encountered, we would expect;them in this case.

We searched for the path by Considering a>Straight
line between the two conformétions in the eight dimensional

configuration space.  We chose seven points, approximately

equally spaced and at the‘nearest 5° interval from the line.

Starting at each of these points the minimization routine,

FINDMIN, was used to find a close local minimum. This

| gave us a number of short paths in the region between the

two conformations, all leading to local minima. Considering

the problem in Just one dimehsion, the situation can be

- pictured in the following way:

\Lj

ENERGY

COORDINATE >

The arrows -indicate the paths of the minimizations. They

specify‘the energy over the compléte path from state 1 to
state 2 with the exceptions of small régions A} B and C.::
Because our problem is in eight dimensions, the choice

of path determineé the barriérs which must be crossed.

When the straight line path seemed to be going over very
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high energy regions we tried to circumvent them by trying
slightly different paths as indicated by these or previous
minimization results. This cén_be illustrated by considering
the changes in torsional angles for the 02'—02'—, CS'—OS'

and 03‘—P bonds in the starting and final conformations.

The torsional angles for 02'-02' and CS'-OS‘ are the same

at the beginning and end of the path, 335° and 290°
respectively. The torsional angle for the 03'-P bond

changes from 125° to 265°. Considering contributions of

near neighbor interactions to the potential for rotating

about the CS'-Os' and 03'—P bonds (Figure 41) we see that .
a path going frdm (290, 125) directly to (290, 265) goes -
through a region of reasonably high energy. It would

seem much more advantageous to take a slightly more |
circuitous route, with the torsional angle for the 03}403'
bond decreasing slightly neartthe middle of the path. Not
only does this happen, but during the minimization pfocess
the 2' OH group swings out of the way (The torsional angle

for the C,'-0,' bond goes fromv335° to 35°.)‘ which has

2

the effect of moving the edge of the high energy region to

larger values of thé torsional angle for the CS'-OS' bond .
The lowest energy path we were ablé to find for bringing

the 5' cytosine from one slde-of the 3' cytosine to the |

other is outlined in Table 24. The arrows indicate the

paths of direct minimization (starting at the tail and

ending at the head). There are five gaps in ﬁhe path.:

that are unaccounted for. However they are small gaps.

We do not expect them to add appreciably to the heights of

saddle points.



TABLE 24

'PATH FROM GROUP I TO GROUP II

TORSIONAL ANGLES - | | ENERGY
3'GLYCOSIDIC Cp'-0,'  Cz'-0g' 0z'-P  P-0g! 0c'-Cg' C'~C,'  5'GLYCOSIDIC (KCAL/MOLE)
-10 - _ 335 290 . 120 100 245 . 320 -15 -134.3
oo [
-20 340 290 125 110 245 320 -20 -129.0
~20 335 285 135 115 250 320 -25 -128.2
B N A R O R R
~15 330 285 - 155 125 250 . 320 . -15 ~119.1
-15 335 280 160 130 250 320 . -20 . -120.9
N T T N N !
-25 . 30 280 220 125 255 32 -35 . -134.1
-25 35 275 230 1130 250 320 '-35 -132.4
(I T T T A |
=15 340 . 285 240 140 250 320 - =15 - -lei.s
-15 340 290 245 150 255 320 -15 - -123.1
. ' . , N
-15 340 - 285 255 155 250 320 410 ~122.5

Vool ! o Lo

-15 335 290 28 160 255 325 -5 -133.2

Sy

[N



227

The path from conformations of the group I type
to those of the group III type turns ouf to be one Which
can be visualized easily. First, the 5' cytosine slides
over the 3' cytosine until they are no longer overlapping
(group. IT). (Figures 59 and 60) Then the 5' cytosine is
pivoted (with the Cc~Cg region moving less than the
carbonyl region) until it is tucked under the 3' cytosiné
with the orientation of the two cytosines opposite each
other (group III). (See Figure 51.) There are barriers of
approximately equal height (~15 and ~13 kcal per mole) for
the sliding motion and the pivoting motion. |

Using-the Arrhenius unimoléculaf rate expression (with
an approximate frequency facﬁbrs) we can estimate the rate

of exchange between these two conformations.

«OH/XT

Here K is the urimolecular rate consfant; k is Boltzmann's
constant; h is Planck's constént; T is the absolute
temperature; AH is the energy of the highest saddle point
which must be crossed in ordef to get from dne state

to another (15 kcal per mole). This/gives us a.value of
K = 60 sec . A reasonable time would be very much
shorter: than the unwinding times of short DNA segments

6 39
)

(.5 sec for MWALO , making this the calculated

relaxation time considerably longer than expected.
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Figure £9 The moveuent of the 5! cytosine from Group I to Gro@p II.
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XBL6741-5756

Figure 80 The moyement of the 3! cytosine_ from Group II to

, Group III.
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There are two reasons for saying that the actual rate
will be fastéf. First, there is no reason why there can |
not be a very different'pathvbetween the two conformations
having lower saddle points. If a more favorable path
existé, then the overall rate constant will be approximately
the faﬁe constant for that péth, rather than the one already
discovered. The second reasoh for considéring the rate
of ekchange as being the slow‘limit comes from considerations
of possible distortions of the.presumably "rigid" groups.
Large energy gradients (usually assoclated with high
energies) will tend to deform the ﬁormally "yigid" groups.
The resulting deformations will have the.general effect of
reducinglenergy differenées bétween_high and low energy
confbrmations. That means‘that the heights of the saddle

points (which must be traversed in going from the starting

'tQ final conformations) are lowered. Calculations on

-dipeptides have shown that these effects may be quite

pronounced64. Unfortunately it is not possible now to
quantitatively estimate how much lower the true saddle
points are. We expect the exchange rates between theée
two very different conformatibns to be considerably faster

1

than 60 sec ~, probably rapid enough that we do not have

to consider the possibilities that some conformation of

~ . CpC 1s not attainable for kinetic reasons.

One added benefit we got from the calculations of this
path was the discovery of thfee new low energy conformations.
Originally we thought that‘tﬁe conformation described by
the vector (-15, 335, 280, 160, 245, 320; -15) of torsional
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angles was the lowest energy conformation in group III.
(See Table 22) We also discovered two new low energy
conformations in group II. This illustrates the fact that
we have no guarantee that we have found all conformations

corresponding to low energy minima.

ENTROPY
All of our work up to this time has been directed
towards calculating the energies of conformations of
nucleic'acid fragments. We have neglected contributions
of entropy. It is the free energy, F = H—fS which determines
the population distribution among different conformations
at constant temperature and pressure. If we consiaer'a
conformation to be the rigidvstructure described by the
set of torsional angles then there wili be no entropy
term. (All conformations have unit degeneracy.)u However,
if we define a conformation aé the region in configuration
space which is easily accessible to the rigid structure
by small, thermal oscillations (which is What the experimentalist
studies), then an entropy term must be added to the energy.
Theoretical studies have shown that the éontribﬁtion
to the entropy by internal roﬁations is approximated well
by the classical expression, ?rovided the moments of inertia.

143

are large Since this is usually the case with dinucleo-

side phosphates we have used the equation:

S =R ln‘/.‘e-E/RT ar



to compute the entropy differénceszbetween the different
.types of conformations which we ha&é found in‘theée calcula-
tions. In this equation R is the gas constant, E is the
energy of the conformation, T is the absolute temperature
and the intégral is performed over phase space. Since the
' enefgy, E, depends only'on the geometry of the compound
(rather than the momentum aléo) we need integrate only
~over conflguration space, rather than all of phase space..
Unfortunately ours is an 8 dimensional Spacé. Multiple
integrations of this type aré very time consuming. If
we were to do the integratioﬁ numerically using energies
for S orientations of each bond near the equilibrium
position (which would only gi&e us a hint as to what thé
answer might be) it would require 58 new enefgy calculations
' anq the very laborious 8 dimensional integration. This
corresponds to hours of compoting time. Because the large
investment might not yileld any worthwhile results (i.e.
we would have no reliable estimate of our error) we tried
to estimate the entropies in a different way.

If the power series describing the energy surface
was additive in terms of functions of the individual
torsional angles, ¢, ¢2...¢8'(i.e. V;V(¢l)+V(¢2)&wa-V(¢8);
then the integral for .the entropjpwould be réduced_to thé'
product of 8 single integfals for each conformation. Even’.
if these integrals had to bevévaluated numerically the |
task did not éeem‘too difficult. The assumption of thé
additivity of the potentials is equivalent to assuming

that partial derivatives of more than one variable (e.g.
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BZV/8¢15¢J) are zero. Preliminary calculations showed
that terms.of’the type BZV/B¢iB¢j were frequently larger
than'ézv/6¢i, indicating that the approximation of
additive potentials could not be used without introducing
considerable errors.

We felt that the best we could do now would be to
make a Very crude estimate of the variation of the
entropies among low energy conformations. This was done
by assuming the potential as additive and quadratic in
form (i.e. V = §ﬁ ai(¢i-¢io)2). This is a bad assumption,

i=1
but all we expect to estimate is how much entropies may
vary from one conformation to another The coefficient of

the quadratlc term is defined. by

These derivatives are easy to calculate analytically.

The key step is the use of the chain rule:

}”}” éb 3V

where the double sum is overall pairwise interactions.

" Since V is an explicit function of the interatomic dlstances,

dr
ab .
rab’ the cglculatlon Of'S?““ is trivial. 5. is

ST
calculated by converting from'ca;tegianatéigylindrical

coordinates with the z axis along thé it-h bond, with LR
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now a function of the cylindrical coordinates of atoms a
and b. Since ¢ (usually denoted as the cylindrical coordinate
® ) is the only cylindrical coordinate to change when

rotation takes place about the bond, the. defivative is

"easy to compute. The second derivative is determined

by applying the chain rulé aéain. The second partialb
derivatives for rotations abdﬁt the 8 bonds for ihe lowest
energy conformations (see Table 22) are listed in Table 25.
The size of the second derivgtive does not vary much

among the members of each group of conformations. Table 25

also lists average values of the second derivatives for_

“groups I, II, III and IV.

The expression for the entropy of a conformation:

8 8. |
o Y -E./RT
S—Zsi—ERlnfe i dd>i
i=1 i=1

: a 52

becomes: 8 - Ti.d

- ’ ZRT
S=FR In f,e dcbi

i=1

when the quadratic poﬂéntial is inserted. All that

remains now is the choice of the limits of integration.

+. Since the exponential function decreases very rapildly

we do not introduce any appreéiable error by integrating

»

from -» to «. (Normally the integrals would bexdone from
-180° to +180°.) This integral of the error function is
well known and is .proportional to JET . Thus, the expression
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TABIE 25 ;'6““5 (CAL PER MOLE DEGZ)
2
CONFORMATION GROUP 3'GLYCOSIDIC C,'-0,' Cg'-Og' 0g'-P P-Og' 0g'-Cg' Cg'-C,' 5'GLYCOSIDIC
'SEE TABLE 22) '
1 I 43 8 160 219 455 666 1070 57
T2 IT 33 4 132 41 146 631 111 37
3 T 31 7 208 158 -~ 155 666 746 48
4 III 13 3 LG50 536 170 802 653 143
5 I 49 6 180 235 199 644 1456 70
5 1T a3 e o7 a8 140 434 730 29
7 IIT 13 3 240 = 334 383 334 612 88
8 v 12 '3 139 420 116 435 605 114
9 v 74 6 120 . 33 1639 446 2105 93
10 I 28 7 165 175 293 1047 1206 62
° ” | AVERAGE | |
I 40 T 175 190 200 660 1100 60
II : 33 4 115 . = 45 145 Soo 400 30
TII 13 3 240 400 170 400 630 115
v 74 6 120 33 1640 450 2100 93

Sge
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| | TABLE 26 - N
RELATIVE ENTROPIES OF GROUPS OF- CONFORMATIONS

I 1.0 ~ cal/deg mole
T 6.0 | "
III | 2.6 I
o o R
s
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for the entropy of a conformation becomes:

S = ; R ln.’ 2V
- 2 6¢

- 1

L~l

Using this expression we have estimated the relative
entropies of the conformations of groups I, II, III and IV.
These entropies are listed in Table 26. |

Entropy differences of 5 e.u. may be commonplace in
this type of situation. At 300°K this corresponds to a
1.5 kcal per mole contributidn to the free energy which is
appreciable compared to the energy differences between
. conformations. (The energy difference bétween the two
lowest energy conformations We have found for CpC is only
0.2 kcal per ﬁole.)

It is unfortunate that mbre accurate treatments of
the entropy are so difficult'to carry our.. Once a reasonable
degree of confidence is developed in our dility to calculate
energies of conformatiqns accurately it may be worthwhile
to make the investment nécessary to determine more precise
values of the entropy differences between conformations.
Until that time we will have to remain in the unsatisfying
situation of knowing that entropy differences between
conformations may be appreciable but that they are extrémely

difficult to calculate.

CONCLUSION
Although the original goal of these calculations was

the determination of realistic potential energy surfaces
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for dinucleoside phosphates (so_that we could develop
models to explain the temperature dependent properties
which have been measured already) we can not separate

this from the attempt to calculate a priori structures:

of nucleosides and dinucleoside phosphates in evaluating

our success. Such an appraisal will indicate some of the
weaknesses_of our methods, as well as the directions to
go in order to improve them.

Our first results indicate the pyrimidine nuclebsides

should be in the anti conformation, while purine nucléosides

: may be either syn or anti. Because the purine nucleosides may
be in the syn orientation and consequently would have‘to

- flip to the anti orientation to form a double-strand nucleic

acid structure, differences in the energies of the syn and

_anti forms (which depend on the sugar)fmay cause different

stabilities of double-strand ribo- and deoxyribopolynucleotide

structures. Experimental studies agree with our prediction

- of the structure of pyrimidine nucleosides. Unfortunately,

the question of the structure of purine nucleosides has
not yet been resolved.
Calculations of the 6rientations of the internucleoside

bonds (03'-03', 0. '~P, P—-Os',. 0:'-Cg' and 05'-04') indicate

"that the repulsive interactions of 0,1, Ov' and the phbsphate

1
oxygens are probably important in causing the observed

differences between ribopolynucleotides and deexyribopolynucleo—

:tides (both single- and multiple—strand)‘ We found no

indications that hydrogen:bonds involving  the 27
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OH group played an imﬁortant.role in stabilizing structures.
Calculations of the orientations of CpC yielded some
unexpected results. It seems ' likely that we have not found
the true energy minimum. Although the two c¢ytosines were
close to one another in the low energy conformations there
was little base-base interaction, with the bases exposed
to the solvent. In many structures there was much overlap
between the cytosine of one nucleoside and the ribose
of the other. This may be céused by our not including
solvent effects in our calculations, effects which would
reduce any inﬁeractions involving the sugérs. In addition
preliminary calculations indicated that entropy differences
bétween conformations may be apprecilable.

The calculations on CpC:did give us much information

necessary if we are to improve and extend these studies.

For some bonds almost all torsional angles must be considered,
while for . other bonds the barriers to rotation are high
and only a small fraction of the torsional angles need be
considered. This will speed future calculations.

There are two ways for getting around the problems
caused by the omission of solvent effects. The first is
to try to include such effects in our calculations. We |
have'alreadylmentioned reducing the charges and polarizabilities
of the ribvose or introducing.sets of dielectric constants.

The other way would be to do calculations on systems in

which solvent effects may be smaller. A dinucleoside

phosphate with two pyrimidine bases may very well have

been a poor first cholce. Perhaps a dinucleoside phosphate
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with two purine bases (e.g. ApA) where there is a greater
opportunity for extensive baSé—base overlap (which would
exclude the soi&enﬁ)'would have been better. Other structures
which would tend to be more compact with less afea_exposed_
to the solvent might include longerAoligonucleotides‘(e.g.
trinucleoside diphosphates) ér double—strahd or triple- .
strand complexes of small oligomers.

Perhaps the greatest prdblem in‘these calculations is
the lack of suitable checks 6f these preliminary calculations.-
.The only reasonably conclusive check of our results which
exists now is the experimental work on the orientation
of pyrimidine ribosides. If there were more checks availabie
we ¢ould see which of our caiculations gave us reasonable'k
aﬁswers. Using this as a.stérting point we could staft
varying parameters.or introdﬁcing new terms. We anxiously. .
'_await the results of such tests which hopefully will
demonstrate that we havé alréady made substantial progress 
towards understanding the stfuctures of single-strand
oligonucleotides: and will gréatly aid us in e#tending this

technique to even more interesting systems.
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APPENDIX A

The following are some symbols and abbrevwatlons used
frequently 1in the text :

A

2 QQ o <o

NpN

poly N
poly‘(A+U)
DNA

RNA.

tRNA

ORD

02D)

NMR

(o]

Aden081ne
Uridine

Cytidine

‘Guanosine

. A general nucleéside

Deoxynulceoside

3'(2') nucleotide

5' nucleotide: |
3';5' dinucledside phosphate
Homopolynucleotlde |
1:1 complex of poly A and poly U
DeoxyribonucleiC'acid
Ribonucleic acid

Amino-acyl transferbRNA
Optical rotatory dispersion
Circular dichrodsm

Nuclear magnetic resonance
Molar rotation per residue

Force constant of the torsional spring as
defined in the oscillating dimer model

Temperature of the midpoint of an ordered
to disordered transition

. Torsional angle for rotation about a single

covalent bond -

Torsional angle for the glycosidic bond

Enthalpy

Entropy

Gibbs free energy
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APPENDIX B

In this appendix we list some of the more useful

programs and subroutines which we have used. They are

all written in Chippewa Fortran for use with CDC 6000

series canputers. These listed are:

DELRE

LEMON

BRUTE

Sburoutine DERIV

Calculates the o charge distribution

by the method of Del Re.

Calculates the torsional angles

. for rotations about bonds in-

known structures.

Calculates the energies of
conformations generated by rotations
of rigid groups about single

covalent bonds.

Calculates the first, second and
third partial derivatives of the
energy with respect to the

torsional angles.



ST TYY Y Oy Yy

]

o

Y YN

~

o

YNy

MY Ty

i18

117

ion

oq

101

125

116

Ny

N

X7 .
OIJlth[\\ \It).\l \.MA‘Q(w (40) e EPSTLON(40 440
"I(\(

|n*ll

CUAAGM

BN ICHNFANEH

‘(

RMax ()
R

Tad)

Ted)

CONT I NUF

PR

IEaN

118

FORMAT (141

k2

I}

117

NEURMAT (99H

1RG
R
=0
18]

ix0

i
«l)
RIA

[aN e}

G

1% O i

AT (212

IZ] ’N
lee\}

(1sJy=0.

EESTLOM(T,J)

sJ

N
10

TS2B)

LN

I
FE

*

)

5 1210 |
ATOMIC DESCRIPTIONS ANUD'

Ml ENG

b

et e et e ema T ST
N

1V

N

.;)p[- A
fa17

1 PT I‘\Jt.‘i‘

0—')

FORMAT (OFE 1

(30}

(K8

10z

Ur

V{TseTl)e F
STLON(T 1 2)

e}
‘e

(P «GilPut )

CouniPuros jer («,l"i/\-i'\‘i_;“ L]

;
onth o

STRIGUTION 13

STRIVBYTION Ui
(S L CTRONTC AR

r

A S TOMA
a Uf‘ B35 1

PIROGRAM '(f\N TREAT
L[L \mN QH/\t\bL-

THE UNIT L

LIST OF VARTABLES USED
AT OM

HARGE OF THL TH
D&L RET1S !P\T

IF la=na

.o . v
L w15

MUMIER OF

LAGEL DESTONAT II\.
THE TTH ATOMe

BOLLER
HOLLER
DEL REYS CAPTTALY

S DELOR r_"_':: LOWER CAGE

PiTHNUS DL REr's GA

CASE TT7T 1S 2ul REY

DEL RE'S DELTA -

-})-(H(QO)-(./2(4(‘),0/”":(/-& 1.4(\),
/ LIMC/V(QO 41) '

)
ATOM. -

10

=10« ®R3IN0:

f\'iua"i,_ NDELTAG, NUMBER

._.1,().’%3' 512)

3

TH FliLw i

NETGHGBORS OF THE TTH

CTHE ITH LBONDE

Q

PR

s
Y

)e

CRIBING THE

I
TTH FILLP |)_L..v.j)£|{ TBING THE
'

0

v

EXCEPT FOR

S DELTAO

NUORMAX (40

QSAR(404540) 9 X

PARAMETERS .

OF

NE IG;—{"I,Q.{" )

L NEIGH

ITH ATON
ITH ATO:

J=N+1

LABELS

"7Y
DCH

I(‘

» és.o

Al

~
W2

40 e

AT O

LOR

1o

Mo

IN

/77

OF

POTLON(TST1)y V(TaT2)s FPSTILON(TST2)s

O [..'

WiHIC

(41),1L(41)

TRY}

H

CHA

)

AT WLCTIYs W2(1)e VITeK)a NBRMAX(T) s (wrlbp(iaJ)9' J=194)
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(Y (Y i

!

_.4
NP
N e

Ty VI1elZ2)a
FRATLON

( 3aH FRROR TN TRPUT. )
114 e )
s
e VAT ell)e ERSTLON(TISTLY
(JE1TOW%)
1005
R N
sy T24e V(T ell)s Tell)y ([ 912,

EPSTLON

Sl B
T L) I /4‘)

FOURMAT (411067
ViTeTya+lan o
SOLVING LINFARN STt JL:/\A\LQ« S LQUATIONS,
CALL FLIN{NaMaDET)
NS
DO 11no "191\‘

(IY=V(I.K N
CUMPLTING (, HARGES
SOHARGE =0 '
0 112 I=1aN
\r-“')r: (}):(\In
DO 110 J=1 4N :
GABCT )= IX () =X(I) )Y/ { 2% FP‘"ILON(IQJ))
s'_.i::;.uu:,( r.J):*fM-.H (Ts )/ (SQRTF (1 e+ (QABCT o J)%%2)))

{ARGE (1Y =CHARGL { LY +GaANY I o J

m:Mr lls QLETY s Q2(1) s CHARGE(I)'
FURMAT (10X s 2ZA10,

20X€1043)
SCRHARGE+CHARAGE (1) '

\(HI\"G— '
SCHARGFE ' '

PRINT L1730,
FORMAT (200 THE TOTAL CHARGE = FZO 3)
PRIMT 113 ' .
FORMAT (/  50M ENRD OF CALCULATION FOR'
TF O (10) 1ibd, 115y 114 h
CONTTNUK '
cTnp
N
SULROUTIME FLINCING TMDFT)
COMMOM /FLINC/ V(40441 ‘

‘ MATRIX DIVISION o
FUPLACLS B oY (A INVERSE)*De UESTROYS A
AOTSONOBY Ne 3 TS NCBY M. A AND BUOARE 5TOR
INTUAER P
=

LY
:

H

FEAT 2]
MY mhie )

C

HIS COMPOUND.

|

£D

JTLONET T2

IN

EPSILON(TI,12)

'

VINyN+M) o
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200

Na

NN N\
L5 Ot
O Wi

2an

FIND PIVOT

PIVOT=0,
OO20n 120N

SAV = ALY (I.P)
TFLSAVE JLF, PIVOT) 6O TO 209

SRR AT

CONTME x -
TE(PIVOT WGTe Nen ) 6O TO 210
DLIERM=0.D -
nOOTO 290

PIVOT=V(THIG,D)
M "‘::i'\“.\v’:nf T’ o /11\PIVO|

DO 210 J=DaNPM
CAVE =V TB31G.I) /P IVOT

MBI, J)Y=V(Ped)

VIR ed)=2AVE
CONT TNGE ,

TF(T610 oKEe P)Y DETERM==DETERM
I'F (P «GEe NY GO TO 250
V(PsPy=len ' ' SR
. BLOCK REDYCTION - °
SO 230 T=IMINGN
DO 23R JTIMINGNPM

(IsJ)=V(]sed)=V I-D)*V(PsJ)
CONT I NUE : \
VITaPy=nen
CONTINYFR

SR =ba]

GO 10 202
BACK uUB‘ ITUTION
CONTINYFE '
TEF (M JLEe NY GO TC 290
0259 K=NP1 JNPM
DG 253 P=1lyniM]
T=MN=P
NGO 252 J=TNMIY
\/(I~\!—\/(Iq&)-V(J+lan\)’fV(IaJ+l)
CONT I MUE ‘
CONT T NUF

CONT T NUE

&

COMITITNYE
NET=NETERY
P TUURN

C.:‘\‘f)

ROW EXCHANGE “AND ROW REDUCTION

262



i | 263
) DEILRE input:

1lst card number of atoms, control number indicating

if this is the last data set.

At TN ARMTNG N FLJHNNU =013 414173 o : :
._1>.m/\q,r:_.~.‘1,,.'g.n_’\,m;‘?.fr.n..?. NANE ]l g B f\n(—-ﬁl-_ (\’h.h‘ﬂ_‘”-.-n];qo%mnfﬁ-ﬁl
Aw%hfww LETNG A +OL0000+0n 112 T g
—u OONTawl ] dd o HONE =N ' .
Al :HY'; ALETRO L NGO E RN 112

TNEL SN = w5 NNE -0

UL +NL0AF 40N ]2

2nd cargd description of atom, Del Re's 06, number of
nearest neighbors, identification numbers-
of the nearest neighbors.
3rd card minus Del Re's ){ Del Re‘s.€(repeated for all
nearest neighbors). Cards 2 and 3 are repeated
for all atoms in the molecule.
15 ‘
AOFENTNE N1 o 424400 =-n1 2 2 6
—1a0NNE=N LY ANAFLNAA=] L ANAT AT L] NN eAn
ADERING (2 +7.000F=-02 3 1 315 : o
—lennnF=nlt+l,nontbnn=3 ,annt-nlsl nnnt+nn=3 nnn¢—dl+].nhhﬁ+nd ,‘_,:‘;
x\l’){.h\»r N2 ) +2.[‘QQE_O1 2 2 4 . : ’ : .

-1

-1

SV

—_—

ADEMINE S CA +7eNNNFE=-02 25 9 .
=1 NNANT A 4T g annt 4nn=] (P ARl enT 4] gAnnFaAn=]1 ARl cnl+] ennAT+AA

PR
R

-1

Al

AN~

.f"‘.’\ﬁ(;t-—f‘]-&T.
ADE

R RVE B G 08
AAAT e ) 4

MINE C5

.ﬁf‘."‘r.—'\"+1 -

SINETT

NINE Cd

NN 4+nn=1,

+7.

,nn«E+nn—1

+7.
AN 4AN=]

. _‘_2

NN NN,
+ 1 O0OFR-02 3 7

LW N
P

CNANT AN

512

Arnfenla]
0a0E-02 3 3

ANAE—nT4+] anAnfanns -1a nnnF*n1+],nﬁhF+ﬁﬂ‘

N00RE=0N2 2 4 6 7

ﬂl%].n”nn+ﬂﬁ41.mﬂnr—hl+1.man+oﬂ

annE-nt1 2z 5 8 .
~eAE=nlalannnFean

911

~1 el it nonniipnn—- ., hﬂnt—n1+1,mAnF+hn—J.man—ﬁ1+1 nﬁﬂ‘+nn
ADEMTRED NG +2.400F=-01 3 6 810 , '
=lenonf=rislonnnienn-g, “‘“‘—01+L.0Anf+nh~3.nnnﬁ—nl4a Aanf—-nl
LODTTNE oG ' +0 NN enn 1O : - . ;

=l g IO =N gy B ANT o)
AGETNING A ' 18

T RARAREIE TR BN e kel AR et

‘
-4

{

AN =N T4

A Tatar S aYal

+eNNOE4+0N



ava

N

[S3

.

Libiwne Uil Wi Ty
?115;w D CHTIPEPEWA FURTRAN
lﬁ CAnTES AN

‘ A ST OARY  DUNLe - THE
NOOWRIPRE Thic Wl ORTENT ING
COCRDTNATES ARE CYLTRBRIC

th TNPLT,
TN THE T ir” i1 e
COURDINATES OF TH

IO THE MUMBER UF ATURS
THe JUND S

i-
e e
AdNis T

e DR OF
frontjenisising 1)
DLCRELZE Y. T

oL Loe ] T VARTAGLLE

fhe i

PN DEs
Lo A HOLLURT T VARTARLE D
TR ATUMG DEFINTRG THE BOND-
o4 DILF Tis URTIERYATTONS
fU ATOM 4, ATOM 2.70 ATOM 3
ATOHLHLILI0N e 2)
MAXLONU s - (

AN

FTRG

G L IIRICUTY

Poylanide MAXATOM

S TALD) v

“_.MAXATOH - Vo
.

BLiLsl) s ATUBLBL(LSZ) s (COORD(L,

CUURDIRATES
ANGILLE

ALy 1F

£ ATUMS

CRIBING THE
LCRIBING THE
D2

264

5 T COMPUTES
MEASURED

ARFE

1
19
AT M5
NMOTs CARTELIAN,
FMAX TMUM - 100
NO MAX MM
CITHER XeYsZ

ATUM (URACIL CO)
MULECULE (B DAY
AT EITHER £ND OF

COURDI(1INNT)
STRUC(TY s

1=1s7):

t)9 l;lsa)

GIRAT (ZAlﬁp 3R1ie4) ,
TEOCTCOYLIND ) Delre® . o -
\qufMTING FU CARTES TAR COORUINATts,IF NEC E, SARY -
Uuo A L= . ~\/\/\|u|z oo : R .
f:"ﬁ?'.?‘-l.i‘\'UUi\u(L,Z)'2 1415¢ '46)4/](30.

\ L-/ )—LL)UL'\:./‘(L’J.)"‘ ';IN( ”“_ T,«)

(L,L =COORD(L 1) *COSITHETA)
Te {STRUC(I s 1=1a7) :
AT Lol 336 THE S*?U(TIRL b%lﬂu ANALYZED 15 "TAL1Q 1/ /)
o B JBONDEE L W MAXBUND ' o : . i
Widhfs Se JATUeLy JATUMZy JATUM3 s JATUMS
FORMAT (4135) v ‘ SN
ALLTONTNG GOND ALONG THE Y AXIS . =
FIRST TRANSLATING TU THE ORIGIN C \
BU10 T=1y3 - |
Jei+3 ; co
(uudu(JATuwggJ)—CUUhP(Jﬂ1O%Z-[)—CUORD(JATOH19I)
COURD (GATUNB 4 J) =CUURD(JIATUMB. [ ) =COORD (JATOML 1)
Cuvhis (IR Tumb s 5y sCCURD (I Arumu,l) QUUQD(JATUMI,I)
e,,/:;mc
AT Ui o)(J\(um,))' Z+(UU[\1J(JAT\)[\Z Gy HRE2)

»‘\1(A“"d+uuth(JATUm2,6)W“¢) : '

”HG&U(JATUN2 5y /A ' .

TOORDLIATOMZ s ) /A .
‘/"’Uw))(JA(O‘? 6) /B

Ch=

Cwule

Nk

ﬁ(qArg

G (JATU 'fl_)X"CUUl\x)(J/\!UHJ 4)—(:/"' » X ¥

2)=l7

/“‘ {(}url)(J;ﬁn\Jlniu('))

'3,7>=cuuvn<JATUMBQai*C2¥sz"foow>(JATOW3,5)

COO D{JATOM3 45 +

TQMS

A\l (‘» \J\/:\ﬂ)(folunK’)g/)

*2+cuuRD(JATuM3,9)%*2)

= LONPDLIATL
SURTECUUR

)
’ “(:{'\,-;,.;m,( JaT

ZW(J&{QA@,))

34s7y7C

.a.h;/g
“<Jﬂx“~a,a)n(fv CC7T=OXFQYRGT Y~
L7486X%

'r((_Y"

fyxrz,+(UO&D(JATOMh,6)”(CX*»Y)

e

)
)
!
!
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ROCJATU G gy R (PR YRR ECOY RAT Y 4 .
¥ FY e CUIRDUJATUNG 6y *CX*CY
TAN G L ACeURD s XCUURDI T80 e/ 34 LE1L 52006 _ )
Ple (ATUHLGLOIATUmIeT ) s T=is2)s (ATUMLELIJATOMZ 3T ). 1=192) s
(S TU IS T e T2 led)ye (ATOUNMLLLLJATUOMG T Y s [=162)

(/727 P URIENTATTON ASUGUT THE 2A10e 3H = 2AL10. 185H AS DEF

Y /" N1 e Sel g PI.L) /_) I ] N )

{ st 1S F20e7s 3954 DRGREES COUNTER=-CLUCKWISE. - )
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LEMON input:

lst card

'2nd card

1astccards

266

ICYLIND=O if'the coofdinates dre Cartesian,

£ 0 if the coordinates are cylindrical,

-number of atoms, number of bonds, name of

- structure.

Atomic description, atomic coordinates. (in

& and/or degreeé)_‘This format is repeated

»for all atoms.

1st atom on bond, 2nd atom on bond; étom

_conhected to thé 2nd (used to define standard

orientation), atom cdnﬁéctéd to the-istl-

(used to define standard orientation) This. =~

format is repeated for all'bonds to be

consldered.

L zv DRDU RIDCHE FROM CYTIDYLIC ACID

RIROLE 70

MATE 2R
yo T

o v
e
DT fs
IS I

2
-

DLe D2
ODRT G2 0

SLE !

—HW2310E=N1 =0 8TONFIN]=] 2680 4NN
=2eN280F400=5 JARTOE=01=] o2640E+0N"

FNaNAANT+AN+N e ANANT 2anen gAAnAE+AA

I‘—)o (w"*()(\.r+""‘—} .f\Q 5“?#-{')/\'—") 0()35(}{7-—01' W
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PROGRA S GRUTE CTRPGT 2 OHTPUT « TAPT L)
PRduits it TR QomP TS T LNORGILS OF VARTOUS CORFIGURATIONS
U i)zf‘\f‘A;\_‘l_L_uUlc.zl': 'r"‘i1\)53?"}‘}:’\'“:5. Ylf‘,\'\i{) IN(‘L'J")L:‘) ARE (.,}I/\I\\Jl_" HARG )\_9

CHARGE=FULARNIZABILITY AND A 6-12 PUOTENTIAL. AN CFFURT 15 MADE TO
SPEED THE CALCULATTION BY THROWING QUT CONFIGURATIONS TN TwO
OIROINDS I=THEY WERE FLIFMINATED IN TARLTER WORY ON PARTS OF  THE
DINUCLIOS T PHOLSPHAT . THIS CAN Bt DONERY EITHER NOT INCLUDING
THD CONFITGURATION TC LEGIN WITH OR-SORTING IT OUT IN SUDBROUTINE
SURTy 2= THROWING UUT CUWFluumanu“" IN WHICH THE INTERATOMIC
DISTANCLS ARG LESS THAN 62 PLR CENT OF THE suUM OF THE VAN DER
VAALS Q\UTT. ' '

QuUTPUT CF LENERGIES 1S ONM MAGNETIC TAPL WITH APPROXIMATELY 25000

DFCO“DQ flh REEL

DRRGHTINFES USED ARE —-=
TN1AK{ - RtADS TN DATA
POSTN - ROTATES ABQUT 'THIL BOND OF TNTEREST
SURFACL — COMPUTES THE ADDITIONAL ENERGY CAUSED BY

INTERACTIONS BETWELN TWO 5IDCS OF A BOND. :

[T SHOULD $BE NOTCEUL THAT IN ORDER FOR THIS SCHEME TO
WORK THE BONDS MUST 8F IN LINFAP ORDER! AS THEY APPcAR
IN THE MOLECULE.

SORT - SORTS QUT THE UNWANTED CONFTGuRATIONS.
EXHALIST READS QUT THE FINAL DATA, :
SETUP COREADS IN PARAMETERS AND INITUALIZES THE BOTTOM
: ARRAY o _ : : v
GRAPHIC PICKS THE MINIMUM ENERGY FOR EACH POINT ON THE
COTWO DIMONSIONAL SURFACE. ‘ ' ' A
VIEWER PRINTS OQUT THE TWO DIMENSIONAL. SURFACE WHERE THE
. FUNCTICN 1S THE LOWEST ENERGY OF A CONFORMATION FOR

THE TWO SPECIFIED TORSIONAL ANGLES AND ANY VALUF
CALCULATED FOR THE OTHER ANGLES. :
VIEWER PRINTS NUT THE SURFACE.
VARTAZLLS USEL IN THIS CALCULATION ARE -
THOSE NEXT TO AN' % ARF INPUT DATA ’

A EITHER THE R6 COEFFICIENT OR THE DISTANCE FROM
THE 7 AX1S OF AN ATOM ON THE END OF A BOND.
Allshllsees MATRIX ELEMENTS. FOR THF ROTATTON MATRIX
AGROUP (T 9 JsK) AT ONE TIME THE XsYsANDZ COORDINATES OF THE JTH
: ATOM OF THY I1TH GROUP ‘ '
ANGLE (1) THE ANGLE WHICH POSTN ACTUALLY ROTATES ABOUT

THE ITH BOND IT MAY EITHER BE THE sur OF ONE OR HORE

THETA(T »Jd) OR.IT MAY BL THE ORIGINAL ORICNTATION OF
THE BOND.

3 CITHER THE R12 COEFFICIENT OR THE DISTANCT FROM
THE X AXTS (GFF A) '
FOTTOM(T sdyK) IS THE MINIMUM. VALUE OF THE ENFRGY FOR A

GIVEN SHET-OF ANGLES WHERE WE CONSIDUER THE JTH ANGLC
FOR THE FIRST BONU AND THE KTH FOR THE SECOND ON THE
ITH SURFACL. THERE CAN BE UP TO 2_ SURFACES.

CXxsC2 COSINES OF THE ANGLES OF ROTATION ABOUT THE X
AND 7 AXES '
Wi : 65 PERCENT OF THg‘VAN DER WAALS DISTANCE

SDTHLTALT) THE CUMULATIVE ANGLE OF ROTATION (IN DFGREES)
ABOUT THIE TTH BONDS - : : ‘
S O N A S PAIRWISE IRTURATOMIC CHARGE-CHARGE, CHARGE=-
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BY RUTATING ARO

Flel2aet ) ) WUNNT MG TO
'ka\/ 1 (e J..\) ‘ T (_\_,g_:RDI

INDEX OF T J7
THE TRDTX

11slleces - SANE AL T
TCULINT A COUNTER

READRD QUT.

TEIRSTSTLADT THE FIRSLT

OTAI'—“.V
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A0 B=12 THTERACTION . -

L \T ul\i"‘ OF AN ATOM

OrF IiNTi TION Wil CAMN DU CHARNGED
MDA 3yr3Lf GORDe : o
TALS CF i) - . )

NATE A\-('sl'\.',(L -P(‘I r\fo?l\f TLITY AND ATOM

H O ATOM OF THE TTH GRUOUP W ' :

i OR TIIL, ANGLE OF ROTATION

LUT FOR Tl"" INDICATED ANGLE '
\“Jrk ATTNA THE NUMBFR OF CONFORMATIONS

RN

AND‘LAST GROUPS HMOVED WHEN A BOND 15

ER AT THE END OF THE UOND NOT ATTACHED

1 GROUP NUMB
TO ATOMS WHICH ARE TO BT RUTATCD. _
w1k \<1+LQ7,1>., ARL Trd INDECES OF THE IPLOT;TW fquAcE
I=1 15 THE FIRST BONUTAND 122 15 THL SECON
IROIN{L a0y REFIRS TO THE ITH BOND .TO BF nOTATED.
Jxly GROUP. GF THE ATOM AT THC UTHER END.
J= L,.uumuaa OF THE ATGM AT THF OTHER END.
TROTM(T43) BETNG THE FIRST AND TROTN(T,4) BEING
. ‘rup LAST . B » g o :
1S10P ‘ CSAME AS T : -
iz LABEL FOR THE BOND NUMBER - - L
Jo _ S VARTARLE USED TN:ISUMMING OVER XsYsZ POSITIONS
J/E\TUI'";_JsJ/“\TUSV‘IZ ’ . J\l\)ln?)Fl\ OF /’\Tk)f"tl OR ATOMZ ) ) B
JORPLILJGRPZMZ - NUMBER OF THE FIRST OR-SECOND GROUP
S JJ ’ CCATOM NOe AT THE END OF THE BOND NOT TO BE MOVED.
JPRIME A DODGE 80 THAT T CAN SUM OVER GROUPS IN THE
" REVERSF ORDER, L - ,
JuMp. -~ VARIALBE WrllH 1F 0 INOICATES THAT THE o
~ CONFIGURATION UNDER CUN IDLRATIOR 1S5 TO BE ABORTCD.
K- : . A VARTABLE USED 7O DO OVER A SET OF ATOMS.
KK . NUMBFER OF ATOMS ;N THE GROUP yUNDER CONSIDFRATION
L ' . LADBEL FOR GROUP NUMBER o
MAXAT (L) NUMBTR OF ATOMS "IN THE ITH GROUP  MAXIMUM 20
MAXATYZMAXAT2 . NUMBER OF ATOMS IN GROUPS .ONE OR TwO
AKX 9 MAX2 s e e NUMIBSER OF ANQLE% TO BE TRIED COR THE ITH BOND
S OMAXIMUM 36 o : ‘ ‘ o
CPAXGRP ' NUMBER OF GROUPS. OF ATOMS IN THU -CALCULATION
o . MAXIMUM 9 o - K
®MAXPLOT [S THI NUMBER OF TwO DIMENSIONAL SURFACES OF
C BOTTUM TO PF PLOTTED CUT. - MAXTMUM 2n
R - INTERATOMIC DISTANCE
RUTSIMNGROTCOS THE SIN AND.- COSTHNE OF THE ARNGLF oﬁ ROTATION:
: ' ABGUT Tk “Ohu UNDIR CONSTDERATION) ;
ABOUT THL DBOND UNUER QUN'IU’LATIUN. .
SXe&7 - S}Nﬁﬁ OF THE ROTATIONS ABOUT THE X AND 7 AXES
. ; USED IN LINING A OOND - UP ALONG THE Y AXISs .
FTHETA(T o) THT JTH ANOLE OF ROTATIUN ABROUT THE 1TH ROND
. IN DREOREZSe  NOTE THAT THESE ARL INCREWENTAL ANGLES.
mu:L‘f-\T UNE CRITERTA WHICH MUST BE MET IN THIS PROGRAM 1S THAT
ARGLES MUST COMPLETT A CYCLE WHICH ROTURNS THIEMGELVES TO THEIR
ORTGINAL POSTITIONSe (0 DIGREFES) : o o
TUTALYNLT) Trl FRERGY TERMS WHICH DON'T CHANGE UPON



GO0

~

TUTiAClsiving

Vi 1AM AT ANCE

VWRA T Vi RAD . VAN U( WAALS RALTT
X THETA IR RADTANS

CUin i/ LU R A /HAX T oA KZ 3 MAK D 5 IAX L 9 1A LS 3 HAXG 9 MAX T o MAX S
COMOMZBLAOCKHZTHETA L8 436) _

CulN O/ BLUCR D/ TCOUNT s 119 129135145 154165174518
COMFON/DBLOCKE /BTHE TA (8)

G/BLCTOKG/ZJUsip

~

i
COMMON/TLGORE /T

CUMMUN/BLOCKU /T2 o
TORUMN/BLUCKR ZANGLE (8), .
ONTITNUE

1TCOUNT =N

('A'-LL Y‘a /\\L

OC 1 Tl=d e mAX )

\
s
{

1.=1

=11

ANGLE (1) =THETA(T 5 1)

LTHnTACL)Y =0T :Tx<1>+Aerr<1)

CALL DPOSTN

CALL AuURFACE

TF (JUYPLEDL0) GO TO 1

MO 2 1221 4MAX2 ’
17=2

rzzz n
ST 'rp< ZY=DTHETAC 2)+THFTA(L 251)

ANGILF(2)=THTTA(291) ‘ Co
(/"LL D\)C-]I\' 4 . B T

CALL SURFACH '
TF (Ji4P.FO.0) GO TO 2
DU 03 Tzl aiMAXY
1z=% :
=17
S

ETAL 3 =DTHETAL 3)1+THETAL 3.1)
ﬁmﬁ;t(%):THﬂTA(ggl) )
CALL POSTHM. .

CALL SURFACH

IF (JIriP L EN.0) GO TO 3

O 4 14=14MAXS

7=

T=i 4 :

DTHFETAC 4)=DTHETAL 4Y+THETAL 4e1)
CAalLL A0URT SRR
Tr NP GEGe0) GO TO 4

CrLL SO5Th :

CALL ~URFACE

TF (PTG a0 TG 4

DU S Th=14MAXS

v
v

~g

)
[ »

v
3

[}

]
i

DTHETAL SY=DTHETAL S)I+THETA( 541
CRLL SGYT

TUTALEN = THE CHARGE-CHARGE ,
CITY OAND 6-12 PUTENTIALS

269
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WD O~ D

— N\

Qg
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70 5

T2 =6 N

1=16 S L

CIHETAL &) =DTHETAL 6)+THETAC 6910~

OALL sORT . S

TF (JUPLlNe D) GO TO 6 : L Ty )

CALL PUATN S

CALL SURTACE

IE (JiiPeaFGa0)Y GO TO 5 .

DO 1T=1 e MAXT - S P

17=7 _ _ S .

1=17 . ‘ A o

DIoLTAC 7Ty =DTHETAC T)+THETAC 791y 0 0 o o
CALL SORT ST T e T e

TF (JUu¥iPetQen) GO TO 7 . C e

CALL PUOSTN , : St _

CALL SIRFACE ' - o ' h

T (JUMP.FL.0) GO TO 7
DU B 1321 4MAXS

1728 o

=18 : : U S AR . o
DIHETAC BY=DTHETAC 8)+THETA( 8,1) .~ . . o . e
ANGLE (8)=THETA(Bs1) ' B R ' '

ALL POSTN : R o

CALL SURFACF R o

18 (JMP.EGe0) 60 TO 8- ' ' S

CALL FXHAUST ' e . .
CONMTINYE , - e R O
CONTINUIE - . LU e : R - s ’
CONTTNUF : o h

CONTINJE . o

COMTTNUE , , B

CONT {NUE ' o '

CONTINUE . . Co i

CONTTME o e

PRINT 949, ICOUNT" ‘ o

WRITE (1,99) TCOUNT * L L S

FuietAT (/7 31+ THE NUMBER OF DATA ON TAPE- IS 11n).

CaLiL VIFWER , ' - S ‘ ,
FRNDOFILFE Y : i
fOOTO NG00 ~ o AR I o

2T

SUBICIITTNG  TNTAKE

DAY TN O DATA

DIMSNSTUN QPR TIAT (_,/) .

Cummol/BLoCnALMARL o1 AX2 ,H/\)(BQHZ\XQ'QWU:\/(D 9l\’I/\x s MAXT ¢ MIAXE

CA OB LOCHEB/THETA(R436) o . : S
COFMNMON/PLOCHE/DTHFTA () - ' a o . e
U/ LGRS ORGIE (T 9 20, 6)9~AXAT(9)’TFOTN<8 ) o
COMMON/ZIILOCKG/, JuMp




5

Yo Y

N

R

YT RVIIG Al

1

1

10FCRMAT
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A R IS VA

NZUGLUORR/ZANGLE (8)

CUMEGON /B LR L/ AXGRD ,

VART AL 10 1D XA Th ARE AR FOLLOWS - - _

WA G2 o= HMULLERTITH VARTABLES DESCRTIIING ATOMS (FeGe URACIL C6e

GRUUP (T adel)s ORULIP(Tede2) AND GROUP(T «Js3e = THE Xo Y, ARND 7
COORDBINATLS OF THE JTH ATOM IN THE TTH GROUP (1IN ANGSTROMS)

GRULP (T edya) = Thin CHARGE GF THE JTH ATOM . OF THE ITH GROUP
(PN ELICTRON CHARGES) ' S . , R

GRUUM (Tadeb) = Tih PULARIZABILITY OF THE JTH ATOM OF THE ITH GROUP
(TN CUBTC ANGSTROME) ' ,

GRulliP (T eade &) = THiE CCUF NUMSIR OF THE JTH ATOM TN THE T1TH GRQUP
WiHTOH TUENTIFIES  THE TYPE OF ATOM (EeGe CARRON 15 200)

FORMAT (1t11) '

ORMAT (412 2/\](‘9 "B ael) ’ .

FORMAT (610 FOND 11s 184 TS TOFNTIFIED AS 2A10)

FORMAT (10F8e1) o S ,

FORMAT (28+ANCLES TC L TRILD FOR UBOND 12+5H ARE )

FORMAT (38X +9r17.1) -

550 KUTATION DUES NUT RETURN TO -ORIGINAL POSITION FOR BOND

[WIBTN:

SR ‘ - ~— = "INITIAL COO

- - - )

{
{
21
{
S

RULINATE

ZOFOKMAT { Q8H GROUP ATOM  IDENTIFICATTON X Y

-

i

(Y]

Ji

~i

60 Ui

1

o}

z CHARGE C POLARIZABILITY

FORMAT (912) o ' |
FCRIAT (14 ) e
FORMAT (2617
FORMAT (ZALN,5E11434F4.1) ' S - _

RYMAT { LXs 134 3Xs 134 1Xse 2A10s 1X, 511.3,‘2X, Ell4'3s 2Xs Elle3"
s 2Xs F1lleds 2Xs Flle3) o ‘
PRIMT 100
PRIMNT 1 -
WRITE (1ls1)
PRINT 2
WRTTE (1e2) . :
RUAU 3 WAXGNPQMAXl9MAXZQMAX3QMAXQQMAXB9MAX69NAx79MAXS
READ Ba (MAXAT(JGRP ) 3 JGRP=1 4 MAXGRP)
30 R UNRP =1 4MAXGRP
FAXEMAKAT (JGRP)
PRINT 4
WETTE (1eh)
DO JATUM =) o NMAX
READ Tadlowl e (GRUUP(IGRP « JATUMIN) s [W=156) ,
PEINT G JORP s JATOM e QL o W2 o (GROUP (JGRP s JATOMy QYo lQ=145y. "
WHITFE (Lef). JGI(F’,JAIUf'Hlesz(GRUU (JGRPQJ/\TOI'I,IU)alQ 195)
PRINT 4
METTE ()44
=1
DU @ 17=1,48 ' Co
PLi0 10 e {TROTROIZ10)T0O=146)901+Q24ANGLE(T17)
OTHETACT7 ) SANALE(17) '

\- - . . -

CORRIHCO Y = ANGLE (1 7)

.D’\';'\ET TN e Y79131 9‘{\/—)
WETTE (39 172) 17401502



2072

N
[}
|\

st
Ly

204

LLTONTING SOoLECULE FOR START OF CALCULATION.

CALL POSTN ' : :
O TU (10 lleldsldeltneiLelOelTyels:
AT TN e (THETALTZ T ) e =1sMAXYLY .
Gozan =l e MAXT

TPl E T+

LERIME (TPLUST) =DPR I.J (1Y +Th ‘TA(l,I)
CRITF(Laingy 17

PRINT in&Ga17

MmiAX 1+ 1

PRINT 109 (DPRIMECT ) 1=24M)
WMRITHE (1 a105) (DPRIME (])-4—2-"1)
PEONDRIMNE (M) =DRRIME (1)) 1849418

ERINT 106417
MRTTE (1e1N6) 7
sioP B . -k
RICAD 173, (THETALT 29109 I=1-0MAXZ) -—?
DU 202 T=1aMAXZ oo
PLUAMT=T+]
BPRRTEECTPLUSTY =D
WRITE (Le10%4) TZ
PRIMT 104417
=IAAX 2+ : A
PRIMT 1003 (DPRIME(T) 91=2,4)

WRITE (1e1Nnb) (DPRIME(T)91=24M)

g (i_‘)Pi’-’sz"_':F'(.‘»"i)~l")Pi’QI'\"aF’(3)) 18542418
READ 1N3, (TH’TA(129I)9I-1, AX%)
DO 203 1=14MAX3

F! ""1‘:1+l
DPRIMOCIPLUSL)Y=DPRIME (] )+THFTA( 9I)
WMRITE (Y e1n4) 12

P.?I.f\T 1049![,

M= AX 34 ‘ o
PRINT Iﬂ),(r)r)tr”'(l)yT—Zsf“'!)
LWRITE (14106) (DPRIME(I)YI=24M)
TF (DPRIME(MI=DPRIMIECI)) 18,9418
READ 103, (THETA(LIZ 1) e I=1siMAXS)

ST e

DO 204 =1 4MAXG

TRPLUSYE=T+1

DPRIMECTIPLUSY) ~WPRIMF(I)+THFTA(4,I)
WRITF(14104) 17

PRINT 104417 '

A X G ] '

PRINT 109 (DPRIME(I) 91=224M)

WRITE (1e1058) (DPRIME(T)4T=24M)

TF O A(DPRIME(M)=DPRIME(L)) 1849418
RLAD 1175, (IHFTA(I7,1),I—lsMAX5)
D205 =1 JMAKD

ITPLUS =T1+1

UPRRIWECIPLLST) OPRIWr(I)+THfTA(59I)

CHRITE (T 104) 12

PRINY Inh4]7

MAXS4+1 '

PRIMT 10D (DPRIME(T) 3122 4M) g
HRITE (1a170) (DPRTME (1) 51=24M)

PRIMFE(IV+THETA( 2 I)

272




J06

an7

17

208

-
= , &

407

U P S

TH (2 r i (U = TR (7)) 1 8eN e 1R
ROAD U IN3s THETAETZ o T )Yl =1l aMAXO)
N 20 =1 00MAX6
TELbs =1+ : S
GRRTSME CTRLUS )Y =DPRIMECIY+THETA (O, !.)
”Q]M* 1nh 417 :
\w"‘ (i,l‘:\q) 17
MeMAY G+ -
PRINT 105 (DPRIME(T) o1
WRTTE (L1l ) (DPRIME(
Th O (DRRZIME(M)-DPRIME (]
RLAD 1Ay (THETALTIZ o 1)
B0 W07 T=1HMAXT
TR Y= T4 4 .
PRI OIPLOSIY =DPRIME(IV+THETA( 74 1)
DRINT 1na,a17
RLTE L ING) T7
MEMAX T+ L
DRIMT 105 (DPRIME(T) 122, )
VRITE (1aln5)y (DPRIME(T) ¢ I =24M)

1Y)

I

1840418
=1QM/\X7)

e e PO
»
=
—

1 (\PPIuC(W)—DPkIMf( lS,Q,IR
DEAD 102, (THETA(L7 1) sI=1+4MAX8)
NG 2na T1=1,MAXS8

IPLUSI=T+1
3PRI‘:(IPlb%])=DP“IMF(I)+THF.A(89T)
VRITF(L,1n4y 17

PRINT 1Nn&4,17-
,‘\."g:,‘\.",[\_xg.;.l

RINT 1NAG L (DPRIME(T) T =24M)"
CYRITE (14175) (DPRIMF(1)4T=2,M)

TF (DPRIME(MY=DPRIME(1Y) 18,9418 .
CONT T MUFE S
JUMP= ' N
CALL SETUP S

TETHRN

END
suUBrAyTINE SORT : .
CO“”ON/”'“CKH/TH?TA(B,?G) . B

CUMEON/BLOCEE/DTHETA L 8)
CQMHAN/3LU(kG/JUMP
CONMON/BLOCKHZT
COMIOIM/BLOCKILT2

(it ””'/UL“CVK/AN(LF( )

J""D—]
AJGLI(17)—ANGLF(I/)+THITA(I7QI)
GDOTO (1IN0 a2493043546e748) 17

COMTIAE

nGoTO o 1nn

CONT T HHIE

cO TO lon

STHITAZ=0THITA{3)

PTHTAL=DTHTTA (L) - :

TF UDTHETAZ .00 o (100 ) JANDJDTHITAZ, LT.(BOn.)) G0 70
TF ADTHETAZ=IRN Y40 44024 40% '
TELOTHETAZ+DTHE TA4=5060,.) 430,904,431

10n
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R COTHTINA LY L ANN Yy A0 TO 00
(DTHETAZDTHETAA=60600) 100,99,99 : _ Ny
A30 1E (CTHETAGLLE. (60.)) GO TOT435 S S SR
PR DTHETARRLORDTHITAG) LT (380.)) RO TO 1100 '
TE O (UDTHETAZ=DTHITAL)Y T (14%.)) 6O TO 100
LS (DTHETA4DTHI TAG=600.) 99,990,100 ' =
435 1F ((RTHETAG+OTHLTAZ) S L. (380.) ANP.(DFHLTA3+DTHFTA4).GE.(320-))
a0 T g S
VRIS Nele! - : . . :
EDTHETAG L e {340 e e ANDDTHETAGLGE  (260e)) GO TG 99

502 .
' PO THETAG e Ll e (220 ) e ANDeDTHETA4 «GEL (1506)) GO TO 99
TEONTHITAG e L e Oﬂ.).\N(.DTH Txu.mr.( 2ne)) GO TO 99
GO 10N - : o '
LAY TF (RTHITAZ=AN () LAANJ4AAN 4NN ]
an0l TF (DTHFTAG=T0.) 1NN, l0n, 4400
G400 1F (DTHETA2=904) 4401,4401,00 T
4401 TF (DTrETAb. Gi.(zﬂ.)..NH.uWHLTAa.LE.(loo.)) GO 71099 - =
: TF (DTHETALGE {140 ) vANDGDTHETAGLE L (2104)) GO TO @G
TF (DTHITAG e Gl e (2706 ) « ANDDTHETAL WLES(3504)) GO T0.99
O TO 1on : : ' . 2
40NN TF (NTHETAL=200.) 40N3,00,4N0N04
4004 TF (DTHETA244GR.(30N0.)) GO TO Q0 R »
IF ((20%DTHETAL/30+DTHE TA3).LE.(180-)) Go'To.99.”
: GO TO 1M
4n03

TF (R e#DTHETAZ+DTHETA4=150.) 4n1n 4ﬁ1n,1nn TR R A
4010 1F (DTHETAR=20.) 4011,4011,100 ° e R
4011 1F (DTHETA4-60.) 4112,929,99 i
4012 1F (”.erf3+)THrTAa—?ﬂ.) 994995100

O TO 1nn C

5 DT HFT«R DTHETA(S)Y

501 1F (DTHETA5-200.) 100,100,510
510 IF (DTHETA4=TNL) 520,100,521 -

520 1F (DTHETA4=DTHETAS+270.) 99,96, 100
521 IF (DTHETA4+DTHETAS=660.) 100,99,99 o :
50N TF ((DTHETAG+DTHETAS) JLF4(604)) GO :TO. 09 Ll
© IF (DTHETA4=DTHETAS= -300.) 100,99,99 .

. O TO 100

"6 DTHETAG=DTHETA(6) ,

IR (ATHETAG=40.) 600 ,1NN 601 R o s o
601 TF (DTHETAG6~2204) 100,100,602 L - R
602 1F (DTHETAS LY. (30.)) <0 TO a9 T“' , S ,-}~~;' I

IE A(NTAETAS . G:.(l&ﬂ.).AND DTHETAS sLEW(1506)) GO TO 99 -

.60 TO 10N T
600 TF (DTHETAS=150.) 6ﬁ4.00,100
604 1F (OTHETAS=DTHETA6-30.) 605,99, 99
685 TF (DTHETAS+DTHETAG=3Ne) 90,99, 100<

cCoTo 1nn :
7 DTHFTAT=DTHETA(T)
1TF (DTHITALG=1N0.) T0NTAN,T5N S .
750 1F (UTHETAAKLLTW(260.)) GO TO 100 .
IF (DTHITAT=C0e) TT754780,780 oo T
775 1F (DTHETAL=2.%DTHETAT=140.) 1nN,29,900 "
760 1F (DTHFTAOGENDTHFTAT=620,) 781420,99
781 1F (2 ¢#DTHETAT=DTHETAG6=240.) 782,782,100
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TE ({2 #0THLTATHOTHETAG) aGL o (BNNLY )Y GO TO 99
TE (DTHFTAGLLT (34040 GO TO 1nn ‘

TE (DTHETATLLT«(200.)) 60 TO 1an0

GO OTO 90

T (DTHETAT=DTHETAG=2004) TN1 499,99

TF D THITAGHDTHETAT=-80.) 99,99,100

A0OTO 100 '

CONT INUE

GO TO 100

Jump = n

DETORN

NI

SURROUTINE POSTN

NIWMTNSTON AGROUIP (D420 ,3)

COMMOUN/BLOUKF/7GROUP (942046 9MAX/\T(Q) ’IROTN(89’+)
COMRON /B LOCKH/ T

COMMON/BLOCKIZT17

CUIMMOM/BLUCKE /ZANGLFE ( 8)

XEANGLEC(17) %3, 141592654/ 1804

PN

[FIRST=TROTN(1Z43)

TLAST=IROTN(17+4) : ,

I1=1R0TN(T751) e Lo
JI=TROTN(17,2) . ' [
DO 2Znn L=T1F IRST4ILAST
KK=MAXAT (L)
NG 200 K=1,1< N
DO 200 J=1,3 , '
TRANSLATING TO THF OR}G!N : -

AGRUIP (L K3 J)=GROUP (L, K,J>-GROUP(TI,JJ,J)

ROTATING o

AZSURT (AGROUP (TFIRST 51,1 ) #%2+4AGROUP (IFTRST 5 142)%%2)
C7=hGROUP(IFIRST142) /A - i
S7=AGROUP(TFIRSTs141) /A _
N=5NRT (A*%2+AGROUP ( rfrPcT,1,3)**2) : L 5
CX=N/P :

<x=AfﬁOHP(IFIIST,1,3)/H
POTCOS=COS(X)
”“T’IN-’IN(X)

Alls= QJrrb"(C7"'7)+kOTFO‘*((‘7*%X)**2)+(CX*S7)**2
Al2==RUTHIN#SX=ROUTCOSHG7ZRCT*(CX*%E2)y+ C7k57%((x*%2)
AlZ3=C7RCXFRUTAINFCXHEXHS7 =87 X CX*SX¥ROTCOS
AZ1==RUTCULHETRC7H(CXX%2)+GXFRUTS rN+r7M%7*(Cx**2)
AZZ=ROTOQGR(G7%22) +ROTCOSH((C7HRAX)HED Y (CXICT ) #%2
A2?=~¢7*rxxu0731N+cx*r7%fx CX*C7REY*ROTCOA

AR ==RUTSINFCXHC7+87 XOXFCX=S7 ¥ SXRCHXRROTCUS

NBR2= ST RO XK ROT‘IN+f7*"XwFX C7%*SX¥ROTCOS*CX

ARR=EXH# 24 (CX##DVERQOTCOS .

DO 2NY1 L=TFIRSTLILAST

KE=MAYAT (L)

ND 201 K=1,4K : o ' :
GkufVcL,myl)»AG<UUP<L,K91)*A11+AGRUUP(L Ke2V#AL2+AGROUP( L, k,B)*AlB
CivuiP (L e g2 ) =AGRULUP (LK e 1) XAZ2LI+AGROUP (L sKe2)%¥A22+AGROUP (L oKy 3)¥A23
CRUITPIL K 3)=AGRUUP (LK 1)rA3]+AnROUP(L,K9?) “AB24AGROUP (L sKe3)1#A33
DISEV LR BNV ES I '
TRAMSLATING BACK TO OR[GINAL POSITIONS

A
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100

101

102
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COLHID L e K e d )y =GIRDUR (L ‘,\9'J)+(}r"\f()l_1p(TT!JJ,J)

ANGLI(IZ)y=na0 .
NETHRN
END

CURROUT NG SURFACT
«\u\tON/TLu(K(/THTALFN(B),TOTALl(S)9TOTAL?(8)-TOTAL5(8)
CORMON/BLOUKF /GROUP L9920 46) e MAXAT (D)3 TROTN(B44) '
CUl \nr\/‘ L 2 K’w/\P}W(’ e ST

CUMUMON/BLOCKH /T :
CxN' N/ RLOCK I/ 17

Juvip =1

Fl=0N

F2=0,n

Fa=ngn _

TENDG=TROTN(IZ 1) SR : o S
TENDA=TROTNCTIZ,2) - oy
JORP1I=LROTN(174+3) I I

1STOP=JGRPI=1 T o : T

MAXATI=MAXAT(JGRP L)
DU 1646 JATOMI=14MAXATIL

DECTDING WHAT THE /\TOM 15 v .: o - = o '. .‘ \
T (GROCUPIJGRP L1, JATOML, 6)—2.) 1”09 ]019 lO?‘frf" v S
ASHTONTNG THE YEFFECTIVE NUMB R OF FLECTRONQ'

ELFCNI=14146 v :
ASHSICGNING THE VAN DER WAALS RADIUS
VHRADI=1,.20 .
GO TO 106

FLEONTI=6.876

VHRADTI=] 470

GO TO- 106

CONTINUFE r R I
¥ (FRUUD(JfRPl,JATOVl,é)-S.) 103,1104, 105 i
FLECNL1=8.n22 o '

VERAD1I=1455 e .ff'*;;:!uTﬁg;}ifif'ﬁgw”
GO TO 106 : o BRI

FLECNI=9.168

VURANDI=1,.52

GO TO 106

ELECN1=17419 L B
VHRADI=1,80 ; T I TR
CONT I NUE ' o

S0 165 UPRIME=1,1S8TOP

SGRP2=16TUP=JPRIME+] - T
[F (JORP2.C0TENDG . AND . JATOML.EQ. 1> 50 TO 165
EAXAT22MAXAT (JGRP2) S

0 A4 JATOM2=1,MAXAT2
CIF (JORP2.C0 TENUG e AND o JATOM2 o tO.IENDA) GO To 64

THIS 00 LOOP CALCULATES INTERATOMIC DISTANCES, MINIMAL CONTACT
DISTANCES AND THE ENERGY OF INTERACTION OF PAIRS UF ATOMS, EACH

U UN A DIFFERENT GRUUP. IN URDER TO DETERMINE MINIMUM CONTACT
PARAMEIERS THE PRUGRAM MUST RECOGNIZE THE NATURF OF THE ATOMS e
INVOLVEDS  IN ORDER TO DO THIS THE ATOMIC CODE NUMBERS ARE USEDe

THEYV ARE —mee

1 - HVOROGEN 2 -~ CARBON . 3 — NITROGEN
— OYYGEN L. 7 = PHOSPHORUS :

RN
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ROTROTHE INTERATOMIC DM ATANCH
B DECQUTNG ATOMIC NUMPEIRS TN ORDFR TO CHECK (FOR VIOLATIONS OF
CLUSEST ALLOWED INTERATOMIC DISTANCES AND TO ASSIGN INTERATOMIC
“) Ay M E”I?I’I:f; - .
VAN OFR WALL'TS RADIT ARF TAKEN FROM  A. BONDT, Jeo PHYS, CHEM,, ,
Vidhe H8e a4%4ls (1964) MINTIMUM CONTACT DISTANCES ARE TAKEN TO BE
&2 PER CENT OF THFAM VALUFS,
‘ (AROUP (JARP23JATOM246)~2+) 1074 .108s 100
L07 FLECND2=1,146 '
VO RATIDE ] g @0
(v TOO113
108 LOOND G
ViRAN )
GO0 013
106G CONT TNE :
TF (ARUUP(JIGRP2s JATOMZ2, 6)=54) 110y 111, 112
110 FLECN2=8.022 C *
VERANZ2=1 455 , ;
60 TO 113
111 TLFOND=0,148
VHERANDD=ET (62
AOT0 113
112 FLEON?2=17.10
VERAN?=1 .80
Viris ] An=y “QAP1+V”FA02
PISTNG TS THE MINTMUM ALLOwFD CONTACT
DMINz YD TAMS .62
RIS THE INTERATOMIC DISTANCE
OR=SURTIIGRUUP(JGRP Ly JATOML ,l)—GROUP(JGkPZ,JATOM?,l))**2+(GROUP(JGR
‘1P19JATJH192)—GROUP(JGQPZ,JATUI2 2))*r7+(GRUUP(JGRP1,JATOMl,B)—GROU'
ZP(JARPZ 3 JATOMZ g3y ) %%2)
CHeCKING TO sk It THUE OISTANCL I TOO SMALL
CTF (R=DMINY 24241 :
2 Juiip=n .
GO TD 1onn , ;
10A=3650004%GROUUP({JGRP 1L JATOM 195)‘GRUUP(JGRPZ,JATOMZ,b)/(SQRT(GROUP(
lJ(nrL.JAlunl,))/[L((Nl)+sdkT(GROUP(JGRPZgJATOMZ 5)y/ELECN2Y)
l»-—/‘\'ﬂ(\/“,[)IA 4% "())" oL)
CALCULATIUON UF CHARG t-CHARGt ~NFRGY. UNITS OF ENERGY ARE CALORIES
PER MOLE

o
[
W

Y 5¢-(JDLOL@.‘GKUUP(JGNPL’JATUMIQQ)fGPUUP(JGHPZ,JATOMZ’Q))/R

CALCULATION UF CHARGI "—r’ULA\K7AL$]LITY ENERGY FOLLOWS
O 7a=160 ymﬁ.c((GRUUP(JGRP].JATOHl94)**2)*GRUUP(JGQP2 JATOM?95)+
VOCRGUPLIORP2 s JATOMZ 9 4 3 %% 21 XGROUP (JGRP Y 3 JATOMI 35 ) / {R¥%%#4)
CALCYLATTON OF STX=TWELVE POTFNTIAL FOLLOWS.,
FRabi (RE#{=12) ) =At(REX(=F))

b TON
164 CONTINIT .
fooL NG T HI nk(LNTLY (ALCULAT[U rNF GY TO THAT CALCULATED FOR
OTHTR BORDS f«ﬁLI : o -
FeFl14F247%
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(T17=1) 10004344
,j TUTALFNC Yy =F
TOTALY(Ly=F L
I\’H‘L”( 1y=F2

Gorivi=rr-1 : R NI RPI
TOTALEN(I7)=T O1AL‘N(I7H])+F S T
TOTALY(T7y=TOTALLLIZ7MIY+F1 s
TUTALZETZY=TOTAL2(17M1)+F2
TuTralLa(l )ZTOTAL%(I7‘41)+F— . . e

10An RETIEN . > ST
‘T‘\‘;r . . .

SHE x"’\'!l TNE TXHALIST
Cu.:pm/HLuCKC/TUTALFN(P)sTUTALl(S)9TUTAL2(8)9TOTAL3(8)
COMMON/ \LU\ KD/ ICOUNT 9T 1LeT2913014,15 9169179T8 ) ) o .
COMMONZBLOCKE/DTHETAC8Y - . . e e LT
COFn Om/RLUCmJ/IZ B S S - 1
1 FORMAT (B8T12e64717.10) S S T S
HRITH (1s1) I1912313914975916917)IB,TOTALEN(S)9TOTAL1(8)9TOTAL2(8)‘
s TOTALZ(8) ' ' S o '
TCOUNT=T1COUMT+1
CALL GRAPHIC
”rTUQM'
CEND
QUhROJTYVr 5rTUP :
CONMMLC N/SlTUP/“AXPLOT;INDFX(209Z)9BOTTOM(2099 Q)
1. FORMAT (8110 '
READ "1, MAXPLOT |
DO In5 TPLOT=1,MAXPLOT
DO 1n4 11=1,9 o S , A B
DO 104 JJ=1,9 ' . ,1‘,. [ T
104 BOTTOMUIPLOT 911 eJU)1=10%%300 - S B T '
105 ?EADL,_IAD X(IPLOT l),TN?[X(TPLOTyz)
RETURN
NP -
SUBROUTINE GRAPHIC 5 ' o
COMMON/ZBLC CKC/TOTALEN(8)9TOTAL1(8)9TOTAL2(8)9TOTAL3(8).
COP”ON/‘%LOC D/Irf)d'\lT9I191391391491)9163I79[8 R -
COMMON/SETUP/ZMAXPLOT s INDEX (20, 2);BOTTOM(2099 9)
DG 1o IVLO|*19NAXPLOT'
TCHOTCE=INDEX(TPLOT, 1)
GO 10 (1979;9‘095969798) »ICHOIC'E'

—

N

-

U
e
H

o

Sy i
i

b ores
\:\
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FETHU AKX CIPLUT s ) Lo
Pleiaalislaginylfhal7elt) TCHOLCE

PPV sl e ) SATND (BUT TUM(TPLOT oM142) s TOTALEN(8) )
. . s ’

Vol OUTINE VIcWHR
‘;‘;"‘ GHZ SR TUD/MAXPLOT o INGEX (20 62 9[’\OT '0M(2()9‘790)
ol /177)

" e
40

( S :

& r (AT 19 SURFACE NUMBER 12 .0 - /)
R (62Xs 6H ROND 12 . . ) '
4 1

‘ (15X, GRE1%45) : L

5 & (G4s 5H BOND 12y 4Xe 913459 ’
. LU=l o MAXPLOT ‘
i 1
i 2 1PLOT

3 TRDFX(IPLOT,L1)

LU 101 J=le4b v R L '
0L FRTHT G (udTIOM(YPLUTglo J)e1Q=1, 9) _ ’ L
PiRIT D, TwuL 1PLul,d>,(Buttum(ILLuT.Iu,b),tu 159)

EJ In2 J=64¢
102 I*‘”‘ Gy (od1704’If>LOT,IQ,J),IO ]9Q)
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BRUTE input:

lst card number of rigid;groups,‘nUmber of ahgles to’

be tried for each of the 8 possible vonds .
-2nd card number of atoms in each grbup'

3rd card = 1st atom of the 1st group-label, X, Y, and

'Z coordinates, Eharge,bpolarizability and
number to identify type of atom This format
ié repeated forfall'atoms'in‘groupvl, then

-group 2, etc.

Next card group number at?one end of ﬁhe first bénd_
(the smaller number), atom number at that end
'of the bond, gfbup nuﬁber at the other end
of the bond, last group to be rotated, bond

label, starting torsional angle

Next card incremental angles (in degrees) to be tried for
the 1st bond. The angles must sum to zero or
- the program exits. The previous tworformats

are repeated for the other 7 bonds.

Next card' . number of 2 diménsional surfaces to be generated:f

by Subroutine ViEWER

Next card - bond numbersvfof-the 1st 2 dimensional surface. _

' This format is reppated Cor other surfaces.
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N WAL ANN=0 QA ENEF N1 ~N g3 3BTE+NN=A ¢ ONINF=N]14+6,40NNF=N]
N b NAT =N] =0 g LF40F 40 =N g 1310F+0 1426 0810F=N14+9,300NM=N]
NeldGeBn e g 425G ]

D4 DBEH0N=N G L2OGLEFNL N2 1RAT+01=Da516nF=n1+84nNNF=n]
Ne@31HF+00=1 4732 +0]1 N 1lnn3FR4enl=H4916nr=n14+8,4nNNF-n]
01D +NT1=N 24820401 N gB2T4F+nN=3.5030F=-N1+6,4nNNF=-N]
0;182?i+91—0.16535+01—n.3091F+nn-2.nBQOE-m1+Q.3oogﬁ-nl

Nl TLGE+n1=N, 200NF+N1=n, 26385 40N15 299N =n24b  2N(AT=N]

+ 20 e (33U |
p)

+100.000

+ e N :

+NgN000N R . \ , .

+NeNONN0

*ne00000 e

\ +0.00000 !
+0.00000 - )
\ {

NeIBOEIE N1 639N =N 143 rnnnFenn
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v AV Trie o ansdh MEANTRG AA ;H( Y. D1 IN ..W(.LEU,UK JTL,FIND‘;"“I{\I’ETCO
WINZTLOURS/GT (8) 32 8) $6308) _ B :
DLLL ARE THE FIRST. SECOND AND THIRD )LRIVATIV 5 IDV/DTHETA o ET1C.)
ﬁ)iOH'CCOHD(99£093)9 CYL]ND(” ZO q, v

W
T NE DR Y ' ) . . ‘!.
e/ PLOUK L/ TROTN OB 94 ) o MAXGRP s MAXAT(9) 9 17 C\UUV(991896) : TN

TU CYLINURICAL CUURDINATES
PFOROND ALONG THD Y AXIQ

- T7e1) ,
= 173)
i {742
R 15‘1-,,} ; . ) o i c e R . RE
i uvf?it?hhi,1.$)=GNGuP(IFan;lsI)*GROUP(TFNol,xATOM,xy
TOT AT TG - ’

i=buwi<conkh(t“W”ﬂ,i,l)vu’4<b0hn(r‘wu?.1,/>**?)

P N CAR RS COURD(TIND2 4 193 )"'7) :
COECOORDCITND2 e le2) /A L .
. 'LUCWH(Ylmﬁdsi,l)/A : - o

THILD RUTATION MATRIX

~CFPREX
Jf,u»i =] 9 AAXGRP
i‘}*(:'rn'-.r\/\ (Jfl""’)
w3 JATOME L e AKX
230 2 13143 _ co . . ; S E _
2 muJW”(JUlV,JA}JH,T)3GRQUP(JGRP9JATUM9T)‘GQOUP(I&NDlQTATOMgrf
ACCGURDECVL D (JGRIP . JATOMN , 1) #C 2 =COORD (JGRP, JATOMS2) %52 o
7(»u$ﬁ:rquD(JGNW.JpTuH,1' AZ1+COURD(JGRP , JATUM 42 ) %A324+
'-’JU"\';‘:,JX’ ‘D’ J/\TU ’3)
CYyL TMnRiICAL (Uu&UTNA|b R : '
( L INDLJORP g JATOM G 1) = SORTIXCOORD*% 2+7C 1'2
CALCULATING COS(THETA)Y - _ I .
LYLINQ(JG&P,JATUM,EW:ZCUOPD[CYLIND(JGRP,JATOM{l)v, o .

: STN({THETA) . ‘ o o
JATUeie 3) = ACOORD/ZCYLIND (JORP o« JATOM, 1y o T
174) ' ' o Co '
JERP L= g MAXGRP : e o
T 00D el e I INUZe AND e JGRP 1oLt e] LNDS) 60 TO 4
fﬁXATETVAXﬂT(JuAHl)

v AT I E L e i AXAT L ' . .
PP L0 et TEROLa AL« JATUMY o EWo TATUMY GO TO. 7
T CROHELINRP Ly JATOML, 6)=24) 100 101y 102

H]
v

—
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: /J ; a [P IFR N P 1 SN BN TR S “oe ) 0% 10 . 1 0 )

00
NDP e TENDS
JaRyZ)
MAXAT2 :
TeAllD Jnri?.Lu.ILhua) GO TO 6 :
c ALCULATES TNTERATOMIC DISTANCES, MINIMAL CUNTACT
C PHE cldERGY OF INTERACTIUN, OF PATRS UF ATON5. CACH
€ EREHT GROUPS TN GRUDER TO DUTERMINE MINIMUM CONTACT
. FOPRCORAN MUST RECUGNIZE THE NATURE OF THE ATOMS
< TvOLyE CROFRS TC DO THIS THE ATOMIC CODE NUMBERS ARD USED.
. Trtly ARE . '

. D= HYDROOERN 2 ~ CARBON : 3 - NITROGFEN
o Bo— OXYGRE 7 - PHOSPHORNS
PhTHE ;mwr \TOMIC . DISTANCF

A
3

< N} VDTG ATuMIC HUABERS TR URDER TO CHECK FOR VIOLATIONS UF
C CEULERT ALLWWED TATERATUMIC DISTANCES AND TO ASSIGN INTERATOMIC
¢ AT TERS, ' ’ .

< " wAAL'S RAGLT ARE TAKEN FROM A BONDIs Je PHYS. CHCo s

i
Violle H3y #hly (1964)
> 70 P CENT OF THESE VALUES , :
17 (GROUD(JGRPZ2,JATOMZ246)=24) 107+ 108,. 109
107 VLECNZ=1al46 , L 0
' VARAD?=1 420
GOOTG 11s
FLLCN?=64RT6
VHIRADZ=1eTD
GUOT0 113
100 CONTINUE , : : o
TE (GROUP (JGRP2, JATOMZ » 6)‘—‘).') llo, 111’ 112
110 ELECN2=64022 : , - -
VHRADZ=1 655 . ' :
CGu 10 112
111 ELECNZ=M4168

VHRAD2=1.52

GOOTO 113
1i2 SLiCNp=)/.10

YRRAD 2= 1480

Vo 'QDI+V”be

MINIMUM CONTACT DISTANCES ARE TAKEN TO BE

D=5 TIG u}r\JC»:],JATuml,l)~UnuuP(JGRP°,JATOt?al))“‘2+(G\QUP(JG“
iPl9JﬂTJ--9 )”Ghuuf(JGRPZOJATUML’Z))‘“2+(GROJP(JG Plsd ATUM193)~GAUU

£P(Jdin vffA,J,uU‘ 3y )2

1JGRP ] guniiud 4,))/fL(C’\Jl)+>uh1(G.(uUP(JG&P/, /\Tonlz )/F—LL'(NZ).)

Pz (YD ] ARG ) fy
. Giﬁi-yz:dlu.*ﬁmuuP(Jﬁ&Pl9JATuml Q)WGROUP(JGRPZsJATUMZ,Q)/R*"L
D2El==Le#NLI1/R \

Oh=3&6507 ) e Y UJ‘)(J(hV ].’J/\-IU l,b)“Gi\u()P(JG‘{})ZQJATUI\"l?’b)/(Q(:/r\T(G\OUT {
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i

mﬁtlz;%;*w2[1/w
JRIE2=-0630132, (((\UU}(J(“”l,JA-umI

DR Dzem o %2R 2 /R

DIV A=—G R AR (RER (=T
2P B==T %D 6/

DA Oz=in g ¥D2EH /R
NIF1I2=]2i%ns (R¥% (=13
D2EV2E=1%0%D2R1D /R

DR 1 72==14%D2F 12 /R

QP THETA=CYLIND(JORP Y » JATU”l’l)h(YLIN)(JG“pZ,JATOHZ l) (CYLIHD(JGhPl _
TadATOML2) CYLIHD(JHKP“,JATuMZsZ)”CYLIHD(JGPPlsJAIUIl Z)fCYLIND(JG.AU

C2RP2LUATOMZ . 3))

6

5
7

4

PRIz I+UIFE2+DLERA+DIEY D

%uﬁuvuﬁ St OF TriF FIRST fNIVnTIV‘

tizy= ~\|\J"PJI‘LH/€+UL('7)
P TiRWIAD CONTRIZUYTION 10 DJ*ZV/D\**
NRZ=N2FET+D2024N25 /4N
PATRWTSY CUNTRINRYTION TO Dn“jm/hknr
DR3I=D2E1+DACE2+D3E6+D3E12 .

4y )

2

3

(HITH
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CGROUP (JGRP2, JATOM2 45 +
LOGRUUP CUGRI 2 s JATUNZ o ) 552 ) % u"‘Ur’(J(h\L* PUATGML 5 )/ (R¥¥5)

ANGLES

N

RADTANS)

WP’H|T\A CYLIND(JGRPL s JATOML g1 CYLIND(JG?PZ JAT042,1>*(CYLIND(JGR o
1P 1lsaJATUML d)"(\LINU(JGRPZ,JATUA/ a)+cyLIND(JGhP1,JATO\1,3)%cyLIND(;a~

2IGRPZ g JATON Z,,))
PTHFTAZR==PTHETA
N#%2R /DTHE TA%%2
RTHI TAZ=PTHETAZ2/R~( pTHET/\**Z y ('R*"’f.."(
NRAXIAR /DHTHET AR

w

~3))

ORTHEIAB:PTH?TA%/R—B.WPlHrTAWPWHFTAZW(R**(-E))+3 *(PTHFTA“3)*(N**(

1=5919)
RUNNTNG Sum UF Thi SECOND )&\IVATIV

t (‘h

TH

ANGLE S

GZ(IZ)=—DR1*RTHETA2—((PTHETA/R)“*ZWKDQZ+GZ(IZ)

RUNNING SUM OF THE THIRD DERIVATIVE

(WITH

ANGLES

IN

IN

RADTANS )

RADIANS)

QG3(17) Dml"hTH#IA5+RTHF*A2*FTHrTA“DR2*3 / +(L9THETA/N)**3)*DR3

1+62(077)

((uMI TN!,;‘
CONTINYUE
CONT NI

CONT INUP

CONVERTING FROM RADIANS T0 DEGREES

GI(IZ)=G1(IZ)*(3r141592654/180.)

ﬁL(I7s“GZ(I7)*(3.]41592654/180.)**21A.‘.
C2L17)=63112)%(3.141592654/1800)%%3 .. "

2 TURN
D
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A.

Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained 1in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the

Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee

of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.






