
INFORMATION TO USERS

This reproduction was made from a copy of a manuscript sent to us for publication 
and microfilming. While the most advanced tech? ology has been used to pho­
tograph and reproduce this manuscript, the quality of the reproduction is heavily 
dependent upon the quality of the material submitted. Pages in any manuscript 
may have indistinct print. In all cases the best available copy has been filmed.

The following explanation of techniques is provided to help clarify notations which 
may appear on this reproduction.

1. Manuscripts may not always be complete. When it Is not possible to obtain 
missing pages, a note appears to indicate this.

2. When copyrighted materials are removed from the manuscript, a note ap­
pears to indicate this.

3. Oversize materials (maps, drawings, and charts) are photographed by sec­
tioning the original, beginning at the upper left hand comer and continu­
ing from left to right in equal sections with small overlaps. Each oversize 
page is also filmed as one exposure and is available, for an additional 
charge, as a standard 35mm slide or in black and white paper format.*

4. Most photographs reproduce acceptably on positive microfilm or micro­
fiche but lack clarity on xerographic copies made from the microfilm. For 
an additional charge, all photographs are available in black and white 
standard 35mm slide format. *

♦For more information about black and white slides or enlarged paper reproductions, 
please contact the Dissertations Customer Services Department

T TA/f.T Dissertation VJ1V11 Information Service
University Microfilms International
A Bell & Howell Information Company
300 N. Zeeb Road, Ann Arbor, Michigan 48106



8629713

Maye, Peter V.

MONTE CARLO COMPUTER SIMULATION STUDIES OF THE AQUEOUS 
HYDRATION OF THE NUCLEOTIDE BASES AND SUGARS

City University of New York Ph.D. 1986

University 
Microfilms

International 300 N. Zeeb Road, Ann Arbor. Ml 48106



PLEASE NOTE:

In all cases this material has been filmed in the best possible way from the available copy. 
Problems encountered with this document have been identified here with a check mark V .

1. Glossy photographs or pages.
2. Colored illustrations, paper or print _
3. Photographs with dark background .
4. Illustrations are poor copy_____
5. Pages with black marks, not original copy _
6. Print shows through as there is text on both sides of page.
7. Indistinct, broken or small print on several pages.
8. Print exceeds margin requirements_____
9. Tightly bound copy with print lost in spine _
10. Computer printout pages with indistinct print.
11. Page(s)________ lacking when material received, and not available from school or

author.
12. Page(s)________ seem to be missing in numbering only as text follows.
13. Two pages numbered . Text follows.
14. Curling and wrinkled pages____
15. Dissertation contains pages with print at a slant, filmed as received.
16. Other _______

University 
Microfilms 

International



MONTE CARLO COMPUTER SIMULATION STUDIES OF THE

a q u e o u s h y d r a t i o n of i h £ n u c l e o t i d e  b a s e s a n d s u g a r s .

by

Peter V. Maye

A dissertation submitted to the Graduate Faculty in 
biochemistry in partial fulfillment of the requirements 
for the deqree of Doctor of Pnilosopny, The City 
University of New York

1986



This manuscript has been read and acoepted by the Graduate 
Faculty in Biochemistry in satisfaction of the 
dissertation requirement for the degree of Doctor of 
Philosophy.

date 

da t e

of Examining Committee

Executive Officer

ervisory Committee

The City University of New York



iii
Abstract

MONTE CARLO COMPUTER SIMULATION S1UDIES OF THE 

AQUEOUS HYDRATION OF IHE NUCLEOTIDE BASES AND SUGARS.

oy
Peter V. Maye 

Advisor: Professor David L. Beveridge

Monte Carlo computer simulation studies of the 

hydration of the five nucleic acid bases and derivatives 

of ribose and deoxyribose were performed in order to 

obtain knowledge of the microscopic nydration of these 

systems. A comparison was made of biomolecular hydration 

descriptions obtained with the use of three available 

biomolecular solute-water potential functions. Such a 

comparison, of primary importance in the improvement of 

the computer simulation of biomolecular hydration, has 

not previously been performed. Direct comparison of 

simulation produced transfer energies witn experimentally 

obtained values for nine simulations distinctly 

demonstrates that the Berendsen-Van Gunsteren and Kollman 

sets provide excellent reproduction of transfer 

energetics in the molecular cases examined; the Clementi 

potentials, however, were found to greatly overestimate 

solute-water interactions. Examination of the first 

shell energetics of thymine and uracil using BVG and 

Kollman potentials suggest that an average first shell



iv
solute-water pair interaction of about one fccal/mole is 

reasonable for tne nucleic acid bases- Molecular first 

shell coordination numbers are found to be essentially 

independent of the choice of potential functions. 

Functional group coordination numbers do not show 

definite trends with the variation of potential function 

and rouqhly correspond when rounded to the nearest 

inteqer- Finally, tne simulation results provide 

qualitative microscopic characterization of the hydration 

of the five nucleic acid bases and two sugars in 

derivative form.
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CHAPTER I



Hydration plays a leading role in the structural 

chemistry of DNA. Ihe structural integrity of a nucleic 

acid duplex is strongly dependent on ambient humidity. 

Ihe stacking of ONA bases, which contributes to a regular 

and rather rigid helical form , is encouraged by 

hydrophobic base-water interactions. Ihe hydration 

chanqes occurinq upon base pairing can also be a 

significant factor in tne formation of duplex DNA in an 

aqueous environment. Ihe secondary structure of DNA is a

direct function of ambient humidity. Indeed, the

structural regularity of polymers obtained by hydrating 

the DNA fibers used in early X-ray studies was critical 

in enabling crystallographers to obtain the sharp 

diffraction photographs crucial to the subsequent 

deduction of the three dimensional structure of DNA 

(1.15).

A complete understanding of the role of hydration in 

nucleic acid chemistry requires a precise microscopic 

description of polymer-water interactions in structural 

and energetic terms. No experimental techniques are 

currently available which are capable of providing a 

complete high resolution (on the order of atomic) 

description of solute-water interactions for even small 

solute molecules. Statistical theoretical computer

simulation techniques, such as the Monte Carlo and 

molecular dynamics methods, provide data on the required 
microscopic level by generating high probability solute-
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solvent configurations and computing average solution 

•properties from a large series of such configurations. 

Computer simulation is a relatively new technique, 

however, and problems still remain. The choice of 

solute-water and water-water potential functions is a 

critical factor in the quality of a simulation.

Ihis project focusses on the computer simulation study 

of the hydration of the nucleic acid constituents as a 
preliminary to study of polymeric DNA hydration. Ihe 

nucleic acid oases and sugars provide concrete, well 

defined and relatively simple biomolecular systems whose 

structural and energetic nydration is thoroughly 

characterisable by Monte Carlo simulation. Further, 

these molecules contain several functional groups in 
common, facilitating an assessment of the transferability 

of hydration data among different solute molecules. 

These results are immediately applicable to the 

description of hydration changes upon Dase stacking and 

pairinq. Ihe results are also applicable to the 

construction of a description of DNA polymer hydration 

using an aufbau approach.

Ihe data base of nucleic acid component hydration is 

obtained from Monte Carlo computer simulations of 

adenine, thymine, guanine, cytosine, uracil, a ribose 

derivative and a deoxyribose derivative using the 

Clementi solute-water potential functions. Additionally,
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thymine and ucacil were simulated using the Berendsen- 
VanGunsteren and Kollman solute-water potential functions 

in order to assess the relative characteristics of the 

various available potential function sets* Extensive 

structural and energetic analysis were performed on the 

simulations using the proximity criterion. Ihis analysis 

provides a complete description, on the solute atomic 

level, of the hydration character, coordination number 

and solute-water/water-water energetics of the first and 

extended hydration shells of the nucleotide bases and 
sugars. tfith this information, one can obtain a complete 

theoretical description of the hydration of nucleic aoid 

constituents, subject to the quality of the assumed 

potential function.
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CHAPTER II

BACKGROUND
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Earlv DMf\ Structural Studies and Hydration

In 1938, W.T. Astbury (2) studied a dried film of DNA 

using X-iray fiber photography. This study opened a new 

era in the biochemistry of the nucleic acids as it was 

the first such study addressing the 3-dimensional 

structure of DNA. However, the dried film produced a 

vague diffraction pattern capable of providing only very 

approximate information on DNA structure. The studies 

did provide an indication of 1) the structural 

periodicity inherent in the molecule, 2) the high length 

to width ratio of the molecule and 3) the high molecular 

weight of the molecule.

Around 1950, several researchers (among them Oster and 

Hiley (3), Seeds and Jilitins (*i) , Fraser and Fraser (5)) 

began studying moist, hydrated DNA fibers rather than the 

dried films; this transition enabled crystallographers to 

obtain the highly detailed diffraction patterns of the 

macromolecule tnat were necessary for the ultimate 

solution of its three dimensional structure. Ihe 
clarity, hence information content, of the diffraction 

pattern was dependent on the degree of hydration of the 

sample; this fact suggested that the structural 

regularity and definiteness of the macromolecule is a 

function of hydration.
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Preliminary studies on hydrated fibers revealed that 

DNA fibers equilibrated with air of 50X humidity have 

some crystalline properties and are well oriented; 

consequently, Maurice Milkins was prompted to study 

hydration mediated physical transformations of the DNA 

molecule. In 1951, Wilkins (6) described the reversible 

variations of fiber properties which occurred upon 

ambient humidity changes. Ihe fibers were decidedly 

microsrystalline while maintained in air saturated with 

water vapor; upon reduction of the environment to 50% 

relative humidity, the crystallinity was markedly 

reduced. Ihe fibers become increasingly more compact as 

their lenqth decreased by 305. and the cross section was 

halved. UV and IR bichroism, as well as birefringence, 

were reduced. When the fibers were warmed, the resulting 

dehydration induced further shrinkage in length and cross 
section and all crystallinity vanished. Evidence thus 

pointed to large microscopic structural changes occuring 

in the DNA molecule upon variation of hydration 

conditions.

In 1953, Linus Pauling (7) developed a triple helical 

structure for DNA based on the rather poor dried film X- 

ray photographs of R.Corey. Ihe phosphate groups were 

un-ionized retaining their hydrogens and, inside the 

molecule, formed a set of hydrogen bonds which held the 

triple helix together. Ihe bases were turned outside the 
helix as a consequence of this arrangement. Pauling
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arrived at the triple helical model by using, among other 
measurements, a DNA density value obtained from anhydrous 

RNA. Ihus, a significant factor in Pauling's erroneous 

calculations and modeling resulted from his disregard for 

the influence of hydration on DNA structure.

Ihe hydration of DNA then played a crucial role in the 

attainment, by R.Franklin and G.Gosling (6), of the first 

high quality DNA diffraction patterns. Diffraction 

patterns were obtained at 75% and 92% relative humidity. 

Distinctly different patterns resulted from fibers at 

these humidities indicative of a change in DNA structure 

at some point between the two humidities. Ihe lower 

humidity form was referred to as the A form and the 

higher humidity structure was called tne B form. Ihe A 

form was a less crystalline fiber than the 3 form and 

more compact in size. Franklin and Gosling proposed that 

the structural variation was due to the effect of water 
on the phosphate qroups of the DNA backoone. Iheir data 

implied that the phosphate groups were on the outside of 

the structure and that the bases were on the inside. 

Ihey viewed the phosphate groups of parallel molecules as 

interacting via the shielding Na+ counterions. In the 

lower humidity A form intermolecular distances were 

small, while in the more extended B form intermolecular 

spaces were filled with water. Ihe high quality data Df 

Franklin and Dosling were of great importance to Watson 

and Crick in their solution of the three dimensional
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structure of the DNA double helix.
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k igure 11.7 deoxyribose derivative - -atomic numbering 
system observed in text*
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Experimental Description of DMA Hydration Shells

Ihe atomic numbering of the nucleic acid bases and 

sugar derivatives* discussed in this chapter and 

elsewhere in this dissertation* are displayed on the 

molecular diagrams of figures 11*1 through 11*7 

preceeding this section.

Diverse evidence* dating from the diffusion studies of 

Mang (9)* has demonstrated that DNA is significantly 

hydrated and possesses up to two distinct layers of

water* the primary and possibly secondary hydration

shells. Ihe primary layer is immediately under the 

influence of DNA* including both site bound waters and 

waters associated with site bound waters* and displays 

chemical properties considerably different from those of 

liquid (bulk) water. A secondary hydration layer* at

best barely distinguishaple from bulk water in its

chemical properties* is also postulated by some authors.

Falk et al. (10*11), by gravimetric and spectroscopic 

means produced detailed data on the specific hydration of 

the DNA helix. Iheir studies showed that DNA hydration 

proceeds in sequential* sitewi.se stages correlated with 
increments in relative humidity of the fiber. In the 

reqion of 0% to 65% relative humidity (rh), water is 

adsorbed to phosphate anion sites on the DNA backbone. 

As the relative humidity is increased from 65% to 75%*
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hydration of the phosphodiester oxygens and deoxyribose 

sugar ether oxygens occur* Finally* above 75% rh water 

fills the DNA qrooves, associating with the base 

nitrogens and carbonyl oxygens* completing the specific 

hydration process* At relative humidities greater than 

80% additional water merely swells the DNA fiber and 

gives no evidence of further specific hydration. Ihe 

total number of site-bound first shell waters was 

estimated to be around 11 or 12.

Waters not specifically bound to DNA sites are also 

included in the first hydration shell. Infrared 

absorption signals characteristic of bulk, water do not 

occur until 18 to 20 waters associate directly or 

indirectly with each nucleotide unit. Thus about 8 of 
20 waters constituting the first shell of DNA are 

presumably associated with site-bound waters although not 

site-bound themselves*

Falk et al (12) later examined infrared difference 

spectra for DNA in the stretching region for levels of 

relative humidity ranging from 3% to 93%. Ihis spectrum 
of humidities covers the entire sequence of specific 

hydration of the DNA helix. Their data showed that 

waters of the progressive hydration stages have different 

hydrogen bond strengths; as the relative humidity 

required for a particular hydration stage increases* the 

water-nucleotide hydrogen bond energies decrease.
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The effect of lower temperatures upon the structure of 

the DNA hydration shell was also investigated by these 

authors* Strongly solute oound Snd ordered hydration 

shells should not fit easily into ordered icelike 

structures and should not freeze at the same temperature 

as bulk water. It was found that cooling a hydrated DNA 

film has an effect on the IR spectrum (indicative of the 

formation of ice 1 regions) only if at least 13 waters 

per nucleotide unit are present* Below this hydration 

level, no ice characteristics occur in the spectrum and 

thus no icelike ordering of water molecules should occur 

for waters directly surrounding DNA. Upon cooling of DNA 

films to -10 to -20 C an ice I structure forms.

Any secondary hydration shell of DNA is experimentally 

indistinguishable from bulk water* Falk speculated that 

a structure slightly different from bulk water could 

arise from Donnan equilibrium of counterions between the 

region of tne charged DNA backbone and the outlying bulk 

solvent* Counterions concentrate close to the DNA helix 

and effectively empty tne second shell region of ions 
(which could act as an ion permeable Donnan membrane) 

thereby concentrating waters in this region* Another 

mechanism which could result in a second hydration shell, 

suggested by Cohen and £isenberg (13), is the specific 

association of counterions with the anionic oxygens of 

tne phosphate qroups. Xhe less strongly associated 

waters of the first shell could then be released to the
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second hydration shell.

Recent studies have focused primarily on the structure 

of DMA single crystals. the most Important of these 

studies In terms of specific hydration of the DNA helix 

was performed by Drew and Dickerson (14), who examined 

the hydration of the B-DNA crystal dodecamer 

CGCGAAIICGCG. Maters hydrating the phosphate backbone 

were found to be crystallographically disordered;however, 

in reqions near thymine methyl groups, the movement of 

water molecules was apparently restricted and waters were 

somewhat better resolved. Especially interesting was the 

discovery of a "spine of hydration" in the minor groove 

which is a regular structure of two zigzagged layers of 

water molecules. Ihe spine oridges the purine nitrogen-3 

and pyrimidine oxygen-2 atoms in neighboring base pairs. 

Ihis bridging is especially definite in the central AAII 

residues of the dodecamer and would be likely to confer 

significant structural staoility on B form helices rich 

in A-I regions. Ihe 2-amino groups of the guanine bases 

tend to fray the hydration spine in the end regions of 

the dodecamer.
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DNA Secondary Structural Iypes and Hydration

DNA secondary structure falls into three 

characteristic ranges. Known as "families"« Within each

of these families (A, B or Z), related on the basis of

similar structural characteristics, several "forms" are 

encountered. The secondary structure of DNA is 

influenced by several factors, especially humidity 

(hydration) and cation type/concentration (which is also 

in part a hydration effect since increasing salt 

concentration at a given humidity decreases water

activity.

Ihe A family (including A and A 1 forms) of DNA helices 

are encountered under ambient conditions resulting in low 

water activity: low humidity and moderate to high salt

concentrations. RNA structures are found exclusively

within this family. This family of helices is 

characterised by 23*-endo pucker of the deoxyribose 

sugars. A family structures have base pairs displaced to 

the periphery of the helix, resulting in an extremely 

deep (12 A) narrow major groove and a wide, shallow minor 

qroove. In the A form, 11 base pairs per turn with a 

rise of 2.56 A per base pair yield a helix of 28.2 A per 

turn.
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Ihe B family (including B, a-B*, b-B*, C, C', D, and E 

forms) of helices are right handed and characterised by 

C2'-endo sugar pucker; this family exists under 

conditions of high humidity* Ihe base pairs are centered 

on the helical axis resulting in major or minor grooves 

of approximately egual (about 6 A) depth although the 

minor groove is narrower. Both grooves are filled with 

water molecules. Ihe minor groove is apparently lined 

with a regular "spine11 of water molecules, lacing the 

groove with hydrogen bonds, which presumably contribute 

significantly to the staoility of the high humidity form. 

Ihe B family is more extended and narrower than A family 

helices. A B form helix contains 10 base pairs within a 

helix of pitch 33.8 A. A variant B family helix, the Z 

form, exists under B-family hign humidity conditions 

where salt concentration is raised to 3 molar or more; it 

is a more compact form than the B-form completing a 

helical turn in 9.33 base pairs.

Ihe third family of DNA helices are the left handed Z 

family (including Z, Z* and Z*1 forms) helices which 

arise from an alternating purine-pyrimidine dinucleotide 
repeat unit under hign (> 2*5 M Na+) salt or high ethanol 

concentration. Six dinucleotide repeat units form a full 

double helical turn of 45 A. Ine purine residue is 

attached to a sugar of C3'-endo pucker with an unorthodox 

syn-glycosyl torsion angle while the pyrimidine residue 

residue is linked to a Z2*-endo sugar via an anti-
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glycosyl torsion angle (15)•

Transitions from one family or form of DNA to another 

can be studied in solution via cirular dichroism, which 

yields a characteristic spectral shape directly related 

to the twist and handedness of the helix* In 1970, 

lunis-Schneider and Maestre (16) examined the CD and 

absorbance spectra of oriented and unoriented DNA files* 

In their study, the relative tumidity at which the fibers 

were maintained was varied* DNA in aqueous solution was 

found to provide the same spectrum as 8-form DNA 

maintained at > 92Si relative humidity. At less than 75SI 

relative humidity a spectrum corresponding to A form DNA 

was obtained*

Ivanov et al. (17) studied conformational changes of 

double stranded DNA in solution. DNA dissolved in water, 
water/methanol, water/ethanol, water/isopropanol and 

water/dioxane were examined using circular dichroism* 

Ihe effect on CD spectra of varying counterion types and 

concentrations was also monitored. Ihey concluded that 

DNA dissolved in water or water/methanol mixtures exists 

as a B family structure (B-, C-, or I-DNA)• Ihe higher 

molecular weight alcohol systems (containing ethanol, 

isopropanol or dioxane) caused conformational transition 

of the DNA to a 3 form. These transitions were 

cooperative, sudden transformations between DNA families.



24
Further, Ivanov et al, found that variation in cation 

concentration (as well as cation type) caused a change in 

the winding angle between adljacentlbase pairs. As the 

cation concentration was increased, the winding angle was 

also increased. This resulted in a continuous, 

noncooperative conformational change within the 6 family 

to C or D forms. Sufficiently high concentrations of 

salt caused a change to the low humidity A form as 

expected with a large decrease in water activity,

DMA in aqueous solution, and presumably in vivo, is 

approximately a 3 form helix, Ihe exact 10-fold repeat 

of the helix in the crystal structure is not found in 

solution; the repeat number of the classic 3-form helix 

is apparently a functions of crystal packing (helix- 

helix) forces since even extremely wet crystals do not 

show deviation from this repeat number. Removal of the 

interhelical interactions upon dissolution of the polymer 

results in helical unwindinq to a 10.3-10.6 base pairs 

per turn structure. This range is obtained via various 

means such as the wide angle X-ray studies by Wang (16), 

the circular dichroism studies of Chen et al. (19) and 

the theoretical studies of Levitt (20), Since 

physiological conditions, especially a high level of 

humidity. most closely correspond to the conditions 

favorable to the B-form of DMA, it is likely that the 

majority of in vivo DMA exists in some variation of this 

form.
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Studies o t  Nucleic Acid Component Hydration.

Port and Pullman (21), as part of a quantum mechanical 

study of environmental effects on molecules, studied the 

hydration sites of the nucleotide bases. Multipole 

expansions were used to represent electrostatic term only 

atomic orbitals in a supermolecule self-consistent field 

calculation. Base-water interactions were calculated by 

moving water molecules around the periphery of the base, 

xeepinq the water oxygen in the base plane. The water

orientation was optimized at each position. A constant 

2.35 Anqstroms was maintained between the water oxygen 

and hydrogen bonding base atoms. No approach closer than 

the sum of atomic Van der tfaals radius was permitted for 

two non-hydrogen bonded atoms.

Ihree strong interaction sites were found with

adenine. Ihe qlobal minimum occurred where a base 

coplanar water bridged the ring nitrogen N3 and the NH9 

imino hydrogen. An energy of -12.0 kcal/mole was found 

for this interaction. Another minimum (-9.9 kcal/mole) 

was found with a water bridge between the H6 amino 

hydrogen and the N7 ring nitrogen; the third interaction 

was a water bridging amino hydrogen H6' and the ring 
nitrogen N1 (-9.1 kcal/mole). The minimum interaction

enerqies in the methine hydrogen regions were -5.1

kcal/mole (CHS) and -3.9 kcal/mole (CH2)•
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Ihree significant minimum energy interactions were 

found for guanine* These included an N7/06 bridge (>11.0 

Kcal/mole), an NH9-N3 bridge (-10*6) and an open 

(unbridged) water associating with NH1. A minimum 

interaction energy of -5.9 Kcal/mole was reported for 

water in the methine H8 region.

Ihe most favorable interaction site in cytosine was an 

unbridged interaction with the N3 ring nitrogen at an 
energy of -11.1 Kcal/mole. Another favorable interaction 

site was a water-Hl imino hydrogen association at -9.9 

Kcal/mole with a water hydrogen pointing at the 02 

carbonyl oxygen. A minimum energy of about -4 Kcal/mole 

was reported for the H5 methine-water interaction.

All minimum interaction sites on thymine were found to 

bridge imino hydrogen and carbonyl oxygen atoms. Ihe 

minimum energy Hl/32 bridqe resulted in a -10.l Kcal/mole 

interaction, an 32/H3 bridge gives -9.6 Kcal/mole and an 

rf3/04 bridge gives -8.7 Kcal/mole. No energies were 

reported for methine or methyl group interactions.

Ihree general features of base hydration emerged from 

their calculations. First, there was a large number of 

bridqed interactions. Second. coplanar base-water 

interactions were preferred where steric clashes did not 

prevent such a geometry. Finally. there was a notable 

absence of repulsive base-water interactions (although no 
base-water interactions were reported in the region of
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the methyl qroup in thymine).

Cleoenti and Corongiu (22) reported a theoretical 

study of the hydration of tne nucleic acid bases and base 

pairs at 300 K. Monte Carlo computer simulations were 

performed for adenine, cytosine, guanine, thymine and 

uracil, each with a cluster (no periodic boundary 

conditions) of 40 water molecules. Ihe number of water 

molecules in each case was deemed sufficient to comprise 

an excess of the number required to constitute a first 

hydration shell although proper simulation of the first 

shell requires the inclusion of first and second shell 

water-water interactions; the number of waters used 

cannot provide a second layer of waters.

An initial equilibration period of 500,000 moves was 

performed; a subsequent 400,000 to 500,000 moves produced 

a history file which was used for analysis. Data 

analysis consisted of the construction of isoenergy 

contour plots and probability contour plots for each 

simulated system.

Ihe first shell of adenine was assigned seventeen 

waters on the basis of the probaoility contour 

constructed for the simulation. Ihe NH3 imino group was 
assigned four waters, the Nl, N3 and N7 nitrogens one 

water each and the amino group was assigned five water 

molecules. No methine group hydration data was reported. 
Ihe solute binding energy was -64.09 Kcal/mole, the
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average water-water binding energy was -6.58 Kcal/mole 

and the energy required to create the cluster solute

cavity was 13>0 Kcal/mole.

Cytosine was assigned sixteen water molecules as a 

first hydration shell* Ihree waters were assigned to 

the C02 carbonyl group* six to the amino group* four to

the imino group and one to the N3 ring nitrogen* No

methine qroup hydration data was reported* The solute 

bindinq energy was -68.30 Kcal/mole, the average water- 

water binding energy was -6.41 Kcal/mole and the energy 

required to create a cluster solute cavity was 15*7 

Kcal/mole*

Ihe quanine first shell was judged to consist of

eighteen waters. The carbonyl group was assigned two 

waters, the amino group four waters, the NH1 imino group 

(no data was reported for the NH9 imino group) one water 

(and said to be perturbing four other waters), and the N3 

and N7 ring nitrogens one water each* No methine group 

hydration data was reported. Ihe solute binding energy 

was -154.33 Kcal/mole* the average water-water binding 

energy was -5.69 Kcal/mole and the energy require to 

create a cluster solute cavity was -41*5 Kcal/mole. Ihe 

first shell of thymine was found to contain eighteen 

waters. Ihe C02 carbonyl was assigned four waters, the 

C04 carbonyl qroup three waters, the NH1 imino group four 

waters, and the NH3 imino group six waters. Neither
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methyl nor methine qroup hydration data was reported. 
Ihe solute binding energy was -36.99 kcal/mole. the 

average water-water binding energy was -6.44 kcal/mole 

and the enerqy required to create a cluster energy cavity 

was 45.6 kcal/mole.

Ihe first shell of uracil was calculated to consist of 

eiqhteen water molecules. Ihe C02 carbonyl group was 

assigned four waters. tne 334 carbonyl group three 

waters, and the NH1 and NH3 imino groups three waters

each. No data was presented on methine group hydration. 

The solute binding energy was -77.18 kcal/mole, the 
average water-water binding energy was -6.43 kcal/mole 

and the enerqy required to create a cluster solute cavity 

was 2.0 kcal/mole.

Del Bene (23), continuing a study of the molecular

orbital theory of the hydrogen bond, performed ab initio

self-consistent field calculations investigating the 

structural, energetic and electronic properties of 

uracil-water dimers. Ihree cyclic structures were found 

oridging 1) the NH1 imino hydrogen and C32 carbonyl 

oxygen (the second most favorable interactions at -9.7 

Kcal/mole), 2) the C32 carbonyl oxygen and NH3 imino 

hydrogen (-8.0 kcal/mole), and 3) the NH3 imino hydrogen 

and C34 carbonyl oxygen (-6.9 kcal/ mole). Ihree 
favorable open (unbridged) structures were found at 1) 

the C34 carbonyl oxygen (-5.4 kcal/mole), 2) the NH1
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imino hydrogen (at -9.9 Kcal/mole the most favorable 

interaction) and 3) the NH3 imino hydrogen (-8*7 

Kcal/mole) •

Since the Nril open structure and NH1/C02 bridged 

structure were easily interconverted, they were termed 

"wobble" dimers* Ihe open NH3 and bridged NH3/C0U 

structures similarly constituted "wobble" dimers. Ihe 

two wobble dimers were significantly more stable than the 

open CD** dimer. The strongest interactions occurred 

through NH1, rather than NH3, due to more optimal 

alignments of base and water dipole moments when 

associations formed at NH1.

Higher order base-water structures were also 

investigated. Uracil-water trimer interaction energies 
could nearly be added up directly from the calculated 

dimer energies. The most stable trimer (-18.7 Kcal/mole) 

consisted of a water bridging Nril and C02 and a water 

oridging NH3 and COd. letrameric uracil-water structures 

showed a small cooperative effect (tetramer energies 

lower than the sum of dimer energies) in the hydrogen 

bond energies. Ihe most stable tetramer (-2U.1 

Kcal/mole) consisted of a NH3/CD4 bridge, an open COU 

bond and an open NH1 bond. Basically, the tetramer is a 

"wobble" structure while the CD** open structure is fixed 

and the other two waters move freely over the other 
bridged and open structures described for the dimers.
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Del Bene also studies (24) the properties o£ thymine- 

water complexes. Three stable thymine-water dimers 

structures were found. Ihe most stable dimer was a 

wobble dimer consisting of an open NH1 imino hydrogen- 

water structure (-9.7 Kcal/mole) and a bridged NH1/C02 

structure (-9.5 kcal/mole). A wobble dimer consisting cf 

a C02/NH3 oridqed structure, an open NH3 structure and a 

oridged NH3/CD4 structure is next in stability at around 

-8.0 Kcal/mole. A third structure, formed by an open 

water-CDA association, on the CH5 methine side of the 

carbonyl group, has an energy of only -4.0 Kcal/mole. No 

information was reported on higher order hydration 

structures.

Poltev, Groknlina and Malanka (25) performed studies 

on base-water interactions using their own solute-water 

potential functions. Ihe function set was experimentally 

derived containing electrostatic (first power) and

Lennard-Jones terms (sixth or tenth and twelve power). 

Ihe tenth power Lennard-Jones term was used with atoms 

forminq hydrogen bonds (oxygen and nitrogen atoms 

interacting with water atoms). Calculations were

reported for the interaction energy of one water molecule 

with each of the nucleic acid bases. Regional minima 

were calculated by placing a water molecule at 10 degree 

angular increments about the base center and then

radially and orientationally optimizing the water 

molecule to find the minimum interaction energy. For
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adenine* the minimum was fauna in the N6/N7H7 region at 

-10.8 kcal/mole* far guanine in the 06/N7 region at -12.5

kcal/mole* for cytosine in the MS/NAHU region at -12.0

kcal/mole* for uracil in the N1H1 region at -8.8

kcal/mole and for thymine in the N1H1/02 region at -8.6 

kcal/mole. All global minima in these calculations fall 

between two hydrophilic functional groups; four of five 

have a minimum point next to an imino functional group. 

Ihe authors compare their results for base-water 

interactions in the metnine regions to those obtained by 

Clementi et al. Ihe Poltev et al* set yield interaction 

energies in the range -1 to -3.5 kcal/mole here while the 

Clementi set yield energies up to -7 kcal/mole.

An attempt to estimate the effect of water-water

interactions on base-water interaction energies was also 

investigated usinq systems of one base molecule and 2* 3* 

or d water molecules. Each of the two water systems 

showed several local minima. Some local minima involved

water molecules interacting separately with the base;

some local minima occurred where the water molecules

interacted with each other at substantially favorable (-5 
to -6 kcal/mole) energies and bridged two hydrophilic

centers on the base. One of these bridging structures 

always turn out to be the global minimum (except in the 

case of cytosine). Ihe qlODal minimum with cytosine is a 

structure with both waters interacting with the base N3 

ring nitrogen. Ihe global minima in the bridged
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structures range from -17 Kcal/mole (uracil) to -20 

Kcal/mole (guanine). Higher order base-water structures 

generally resulted in minimum energy structures which 

mixed bridged hydrophilic centers and single interaction 

structures. Further infornmation on these higher order 

structures was not reported; tne authors considered it 

questionablewhether global minima had indeed been found 

in these cases.

Danilov, Iolokh, Poltev and Malenkov (26) performed 

Monte Carlo simulation studies of the hydration of 

uracil. Single, stacked dimer and paired dimer uracil 

systems were simulated. All simulations were performed 

at 298 K with the uracil system surrounded by a cluster 

of 200 water molecules. Ine clusters were placed inside 

a sphere of 22 Angstrom radius which was not completely 

filled by the base-water system. The stacked uracil was 

moved according to a Metropolis algorithm.

The simulations consisted of a 600,000 step 

equilibration period and a 500,000 step history 

production period which was used for analysis. Ihe 

energetic results reported for the uracil + 200 water 

molecule system were: total system energy -1591.92 ♦/-

4.02 kcal/mole; total water-water binding energy -1530.00 

+/- 4.00 kcal/mole; uracil-water binding energy -54.1 ♦/- 

.1 kcal/mole and and average of 1.75 water-water hydrogen 

bonds per water molecule.
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Ihe stacked base pair structure was found to be more 

stable than the base pair structure by -16.0 kcal/mole in 

the total energy, -14.0 kcal/mole in water-water energy, 

-7.1 kcal/mole in base-water energy and 5.1 kcal/mole in 

base-base energy. Five more water-water hydrogen bonds 

were found in the stacked uracil dimer simulation on the 

average. Ihe 39 water molecules nearest to the dimers 

were responsible for the majority (>75%) of the energy 

changes. According to their simulations, the greatest 

stabilization of the stacked dimer structure in water 

arises from the decrease in water-water interaction 

energies around the dimer compared to the separated 

monomers•

Continuing the Monte Carlo studies of stacked nucleic 
acid bases, Danilov and Iolokh (27) simulated the 

hydration of two stacked thymine dimers. Two cluster 

calculations of stacked dimers and 200 water molecules at 
298 K were performed. Each system was equilibrated with 

600,000 configurations before 500,000 configurations were 

generated for data analysis. One stacked dimer, termed 

the A-stack, was an antiparallel stack. Ihe other stack 

of thymines, termed the 0-stack, was generated from the 

A-stack by rotating one thymine molecule 180 degrees 

around the Nl-Hl bond. This rotation changes the 

separation of the two methyl groups from 180 degrees to 

60 degrees.
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Ihe O-stack was found to be the staoler dimer. This 

stabilization emanated completely from the water-water 

interactions in this system. Ihe hydration shell of the 

O-stack contained six more hydrogen bonds than that of 

the A-stack, resulting in an enhancement of -38 kcal/mole 

in the water-water binding energy of the O-stack system. 

A small (+5.4 kcal/mole) destabilization of the O-stack 

oase-water interaction energy accounted for nearly the 

remainder of the total -34 kcal/mole stabilization of the 

O-stack structure.

Ihe favored approach of the methyl groups in the 0- 

stack is likened to the association of apolar species in 

the hydrophobic effect. Most of the -38 kcal/mole 

stabilization of the O-stack structure is found in the 

6.3-6.8 Angstrom layer of waters (-22.5 kcal/mole). Ihe 

additional decrease in energy occurs throughout the 

system and suggests a rather long range cooperative 

structuring of the water molecules.
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• Theoretical Studies of Polymeric DNA Hydration

Perahia et al. (26) performed a theoretical study of 

the hydration of DNA using empirical potential energy 

functions. Uater molecules were allowed to explore for 

potential energy minima among the hydrogen bonding sites 

of a B-form double stranded DNA trimer. The calculations 

were performed in two stages. In the first stage, waters 

were placed at successive hydrogen bonding sites and two 

of three torsional angles determining the hydrogen 

bondinq geometry were optimized. When all possible 

hydrogen bonding sites were occupied, the complete 

nydrogen bondinq geometry, including three torsional 

angles, two hydrogen bond angles and the hydrogen bond 

distance, were optimized for each water molecule.

Ihe data produced included structural and energetic 

information on the hydration of the bases and sugars. 

Two water molecules are found to be very strongly bound. 
One of these waters bridged a guanine carbonyl 06 and 

ring nitrogen N7 witn a binding energy of -19.6 

Kcal/mole; the other water associated only with the 
quanine N7 at -16.1 Kcal/mole. Ihree water molecules 

were found to bind to ester oxygen on the sugar, two of 

which simultaneously bound to cytosine carbonyl oxygens. 

Ihe bridged waters had binding energies of -11.8 and -9.4 

Kcal/mole; a binding energy of -11.7 Kcal/mole was found
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for the third water. Insse energies are quite negative 
since they are total bindinq energies including water- 

water interactions as well as solute-water energies.

Ihe results obtained in this study were observed by 

the authors to correspond to. the ab initio SCF 

calculations perforated earlier by Port and Pullman on the 

hydration of the free bases. Ihe favorable nature of the 

06-water-N7 bridqe of guanine agreed witn the free base 

calculations. Ihe number of favorable interactions per 

bases (one or two with cytosine, three or four with

quanine) also appeared to correspond when allowances were 

made for base-pairing interactions in the polymer.

Clementi and Corongiu (29) began a series of 

theoretical studies of tne hydration of polymeric DMA in 

1979 with the publication of isopotential energy maps for 
the DNA double helix (GICA3I) in the B conformation. 

Cylindrical contours were generated at radial distances 

of 19*84. 20.84 and 22.84 atomic units from the central

helical axis. Ihe contours detailed only the especially 

strong phosphate-water interactions along the DNA

bachDone. Data explicitly describing base-water or 

suqar-water interactions was not reported.

Next. Monte Carlo simulation of the DNA single helix

in the A conformation was performed at 300 K (30). Iwo

simulations were run including a cluster of the hexamer 

(GTCA3T) and an 18 water cluster ano the hexamer with a
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thirty water cluster* A equilibration period of 2 5 0 , 0 0 0  

moves was followed by a history production period of 

300*000 moves of Metropolis Monte Carlo (no convergence 

acceleration)* Hater molecules were placed at local 
energy minima determined from isoenergy contours and 

constrained to remain between two phosphate groups. Ihe 

enerqy of a water molecule was determined from its 

interaction with the entire DMA molecule and all other 

waters involved in the simulation* The probability of 

findinq water molecules* at selected gridpoints on planar 

surfaces perpendicular to tne helical axis and coplanar 

with the phosphate groups of the central (C*A) residues. 

No explicit information on base or sugar hydration was 

reported. An identical stjdy of the hydration of a B DNA 

single helix was performed (31)• Again* no information 

on base or sugar hydration was reported.

Clementi ana Corongiu (32) proceeded to the study of 

the double nelical form of DMA. A dodecamer of sequence 

AACISAC3IA3S was simulated with 447 water molecules; this 

proportion of DNA to water corresponds to 95% relative 
humidity. Haters were confined to a cylindrical volume 

enclosing the DNA helix and coaxial with the helical 

axis. Periodic boundary conditions were not used. Ihe 

Monte Carlo history used for analysis was composed of 

H2000 to 5000 moves per water" after equilibration. This 

corresponds to a simulation history of between 894*000 to 
2*235*000 moves for a <147 water molecule ensemble;
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unfortunately, the authors do not report the duration of 

the simulation any more specifically.

Graphs of the density , of (water) oxygens plotted 

versus distance from various DNA atoms and functional 

groups were constructed for the simulation. Only average 

distributions displaying composite data obtained from all 

fuctional groups or atoms of a particular type were 

reported in the publication. Thus, the graph of the

distribution of water oxygens versus distance from the

ring nitrogen atoms was a composite distribution from the 

four N3 and N7 atoms of both adenine and guanine. Graphs 

of water hydroqen number versus distance from the atom or 

functional group were also prepared.

A water molecule was judged as Dound to a particular 

atom if 1) the atom-water oxygen distance fell within a 

prescribed cutoff value and 2) if the atom-water hydrogen 

distance fell within a prescribed cutoff value. However, 
the authors aid not specify how these cutoffs were 

determined or what the cutoff values were. Ihe values 

probably are taken as the first minimum in each of the 

distributions mentioned above. If this is the case, then

the boundary of bound waters for a specific atom is

determined from the average distribution for all atoms or 

functional groups of that type. These average 

distributions are prepared for the sugar 01' atoms, the 

ring nitrogens (N3 and N7) of adenine and guanine, the
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carbonyl groups of thymine (32 and 34), cytosine (02) and 

guanine (36) and the amino groups of adenine, cytosine 

and guanine.

Ihe total water populations and interaction energies 

for waters bound to each type of functional group or atom 

(e.g., all waters bound to the five guanine amino groups) 

were then calculated. Ihese values, converted to average 

number of waters per site per base and the corresponding 
average interaction energy per water, follow. Also 

indicated is whether a site is partially involved in 

base-pairinq and whether a site is in the major or minor 

groove. Each sugar ether oxygen has .60 waters assigned 

at an average energy of -1.54 Kcal/mole. The adenine 

amino qroups are assigned an average 1.11 waters at -3.63 
Kcal/mole each; the cytosine amino groups 1.97 waters at 

-3.82 Kcal/mole each; the guanine amino groups .97 waters 

at -4.61 Kcal/mole each. All amino groups have one 

hydrogen atom which are involved in base-pairing. The 

adenine and cytosine amino groups are situated in the 

helical major groove while tne amino group of guanine is 

in the minor groove. The adenine N3 ring nitrogens are 

assigned .45 waters interacting at -B.96 Kcal/mole each; 

the N7 atom is assigned .19 water at -21.20 Kcal/mole 

each. Ihe quanine N3 ring nitrogens are bound to .51 

waters interacting at -9.24 Kcal/mole each; the N7 atom 

is assigned .23 waters at -17.20 Kcal/mole each. Both N3 

nitrogens are involved in base pairing; the N7 ring
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nitrogens occupy the major groove and the N3 atoms occupy 

the minor groove.

Ihe caroonyi groups of tnymine interact with .40 

waters at >13.04 kcal/mole each (32) and .92 water at 

>4.18 kcal/mole each (34). Ihe cytosine 02 carbonyl is 

assigned an average of .40 waters at -11.77 kcal/mole 

while the guanine 36 carbonyl is assigned 1.03 waters at 

>4.0 kcal/mole each. Ihe thymine 04, cytosine 02 and 
guanine 06 atoms are involved in base-pairing. Thymine 

04 and guanine 36 are in the helical major groove while 

thymine 32 and cytosine 32 are in the minor groove.

Some data on the hydration of the apolar sugar and 

base hydrogens is also presented. The average number of 

waters per hydrogen and average interaction energy per 

water for the sugar hydrogens are: HI*: .65 waters/-1.90

kcal/mole; H3 and H4: 1.44 waters/-.41 kcal/mole; H2 and 

H2*: .58 waters/-1.08 kcal/mole. The corresponding

values for the base hydrogens (no further distinction is 

made by the authors) are: adenine: .32 waters/-6.B3

kcal/mole; cytosine: .96 waters/ -2.23 kcal/mole;

quanine: 1.00 waters/-4.98 kcal/mole; thymine: .50

waters/-2.26 Kcal/mole.

Ihe next study in the series (33) simulated B-DNA and 

447 waters under identical conditions to the previous 

simulation except that 22 Ma+ counterions were placed 

near the charged oxygen atoms of the backbone phosphate
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qroup* Ihe counterions were not moved in the Monte Carlo 

simulation*

A general increase of bound waters was noted for the 

polar suqar ester oxygens and base amino and carbonyl 

groups and ring nitrogens relative to the B-DNA 

simulation omitting counterions. This corresponded to

the expected electrostriction of surrounding water by the 

charged ions* Ihe average number of waters bound per

group were: sugar ester 31': .84; -NH2 (adenine*

guanine* cytosine) : 1.25; ring nitrogen (adenine*

guanine): *41; carbonyl (cytosine, guanine* adenine) .65. 

Large interaction energies for the waters were also 

noted; this is due to the addition of Na+-water

interaction energies to the B-DNA-water interaction 

energies*

Ihe next simulation experiment by Clement! and 

Coronqiu (33) included counterions which were moved. A 

ten base pair sequence of b-DNA (ACIGACGIAG) was 

surrounded by 20 Na+ counterions and 400 water molecules 

and the entire system was contained within a cylinder 

coaxial with the DNA helical axis. The central

simulation cell was surrounded at top and bottom by 

identical images of itself; each time a water or 

counterion was moved* its corresponding top and bottom 

image was moved identically. Interaction energies for a 

water or counterion were calculated within a unit cell
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centered an the water or counterion; edge effects were 

thus minimized. No information was presented on 

simulation length except that "the initial 1,000,000 

configurations were disregarded".

An increase in the average number- of waters bound to 

polar ring and sugar atoms occurs relative to the fixed 

counterion simulation. The average number of bound 

waters found per atom or group are: sugar ester 01*:

1.16 waters; -NH2 group (adenine, guanine, cytosine): 

1.91 waters; ring nitrogen (adenine, cytosine): 0.62

waters; carbonyl group(cytosine, guanine, thymine): 1.03

waters.

A final Nonte Carlo simulation study of the hydration 

of b-DNA (35) examined tne conterion structure around 

hydrated DNA at different humidities, ionic 

concentrations and temperatures. The simulation 

conditions were identical to the previously described 

simulation including mobile counterions. No notable new 

data was produced on the hydration of the bases or 

sugars.
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Qri&?I£R UI 
THEORY AND METHODOLOGY



A liquid nay be described theoretically in terms of an 

ensemble of N molecules , contained in a volume V, 

maintained at a temperature I. This so-called r,V,N 

ensemble forms the basis of a theoretical description' of 

the system via the semi-classical canonical ensemble 

partition function 3(I,V,N):

QCI.V.fJ) = (q,</(dlT3) ^ N ! )  Z(I,V.N) 

where Z(I,V,N) =
N ft

exp (-£ (X )/fcr> dX

where q is the partition function for the internal 

degrees of freedom of the molecule, -A. is the one- 

dimensional translational partition function for each 

molecule and £ (X ) is the energy of each configuration. 

Ihe indicated integration is ideally carried out over all 

possible configurations of the system.

Ihe ensemble average of any configuration dependent 

quantity follow from the partition function as

_ f f  n t* M
A= y  - A(X > P(X ) dX

»* * where P<X )= exp(-E(X )/fcI)/ Z(I,V.N)

iJ
is the Boltzmann probability of each configuration X of 

the ensemble of molecules. Ihe expectation value for the 

excess internal energy, U, of the system is
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and the pressure is

* «  p= (kl/V) (N-<g (R.* B£(X )/dR;) »
*•»!

where the R are the coordinate vectors of each of the N 

molecules.

Ihe excess constant volume heat capacity is often a 

quantity of interest. This quantity is related to the

averaqe fluctuation of the excess internal energy and 

takes the form

C,= (<E(*V >-<E (X*)> ) / kl* .
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Monte Carlo Simulations ana the Metropolis Method

Liquid state computer simulations proceed via 

numerical evaluation of the expressions for the various 

thermodynamic quantities. Far instance, . integration of 

the expression of the internal energy of the ensemble 

proceeds by averaging the values obtained for the 

internal energy equation over a very large number of 

molecular arrangements. A problem arises, however, in 

the direct evaluation of the integral for a completely 

random choice of configurations. The integrand E (X >*P()0 

is large only in a very restricted range of 

confiqurational space and thus the ''integral" converges

extremely slowly. In other words, molecular
configurations of significant probability (generally,

lower energy) are relatively few, and with random 

sampling would be encountered infrequently. Such a

calculation is expected to be intractable in a computer 

simulation.

A comprehensive treatment procedure is made possible 

by biasing the samplinq of molecular configurations in 
the direction of the highest probability configurations. 

Sampling molecular configurations directly with a rate 

proportional to their Boltzmann probability achieves 

exactly this goal. This method, due to N.Metropolis et 

al«, is entitled the Metropolis Monte Carlo algorithm
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(MMC). It is implemented by taking the N-molecule 

configurations of the ensemble as the states of an 

irreducible Markov chain. The probability of transition 

between state k and state 1 of the chain are written

fl tJ
p= Pr<X^(=l / Xt =k)

Collection of all transition probabilities p into a 

matrix P forms the stochastic transition probability 

matrix. A stochastic walk through configurational space 

provides molecular configurations for the Monte Carlo 

integration. In the Metropolis method, the unique 

limiting stationary distribution p is the Boltzmann 

distribution:

“TV” =TTp where TT, =P(X^)

In an actual simulation, a molecule is selected for 

movement according to some sampling procedure. Ihe 

molecule is then translated and rotated, generating a new 

molecular configuration. Ine quantity

wR= expt-tEtX^-EtX^D/kl)
is then calculated. Ihis quantity is the Boltzmann 

probability for the energy change. R is compared with a 

number randomly generated from the interval (0,1) • If R 

is greater than the number generated, or greater than 

one, the move is rejected. Configurations are
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accumulated with a frequency proportional to their

then simply calculated as a summation over the properties
N

of the individual configurations X :

As the number of accepted configurations increases, the 

accumulated E(X ) approaches tne ensemble average <E(X )> 

(36) .

Ihe Monte Carlo simulation of an aqueous solution 

begins by randomly placing water molecules around a 

solute molecule* Ihis arbitrary configuration is 

extremely liKely to have a very high energy (and 

correspondingly low Boltzmann probability), and the 

configurations accepted immediately following this 

starting configuration are liKely to contribute 

vanishinqly small amounts to the desired configurational 
integral* Thus, in a typical Monte Carlo simulation, the 

first 500,000-1.000.000 (500K-1000K) perturbations of the 

system are discarded. Ihis part of the simulation is 

termed equilibration; during this period the 

configurations selected are of steadily increasing 

Boltzmann probability* When the energy settles down and 
begins to fluctuate around a steady mean value, a history 

of accepted configurations is collected* Ihis proceeds 

for another 1OO0K-2OOOK perturbations of the system until 
Key thermodynamic quantities (e.g., internal energy)

individual probabilities P(X ) Average properties are

E (XM)= (1/M).£ E(X*)
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reach stable values. Ihe simulation is now termed 

converged and the various calculated values of the system 

are considered to be valid. Actually* the number of 

configurations and amount of computer time required for 

simulation is appreciably greater than described above if 

certain convergence acceleration techniques are not 

implemented. Ihese algorithms, specifically force 

biasing and preferential sampling, are discussed in the 

following section.
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Convergence Acceleration

Previous work has demonstrated that biasing the one 

molecule perturbations constituting a Monte Carlo 

simulation of a liquid in the direction of the resultant 

of the forces exerted on the perturbed molecule 

appreciably accelerates simulation convergence (37) • In 

crude Monte Carlo simulation, the probability of

selecting any perturbed configuration is constant in the 

sampling domain. In a liquid state simulation, the 

sampling domain is the maximum displacement and maximum 

rotation allowed a molecule in a perturbation* That is:

*,constant if Rc,D(R)

X(R / R*) =

0 if R^DCH)

where T(R / R*) is the transition probability for the

displacement of one molecule from position R to position 

R 1; where D(R) is some sampling domain* In the force 

bias method, I (R / R •) is ta&en as:

3 exp(A(F(R). (R-R')+X(R)- (W-U*) / kl)) 

where R•,«'£ D(R,U)

r(R / r ') =

0 where R',W  ̂  D(R,W)

Here, F(R) is the net force exerted on the molecule

moved, I(R) is the net torque exerted on the molecule
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moved
and Q is a normalization constant depending on F (R) and 

I(R). Ihe constant A  is an optimization parameter; R-R* 

is the displacement and U-tf1 is the rotation o£ the 

molecule moved* Application of the force biasing 

technique can reduce simulation time approximately 502.

Ihe method of preferential sampling makes additional 

convergence acceleration possible. In regular and force- 

biased Monte Carlo procedures, all solvent molecules are 

selected for displacement with equal probability. 

Generally, however, the properties of central interest in 

molecular solutions involve solvent molecules close to 

the solute. When preferential sampling is invoked, the 

probability of selection of a solvent for displacement 

increases near the solute. In this technique the 

perturbation frequency of first shell molecules is 

typically increased from 102 or 202 to as much as 502 of 
the total molecular perturbations to obtain optimal 

convergence•

Another useful convergence acceleration technique is 

the preferential sampling technique; the following 
formulation is due to Owicki (3B). A weighting function 

w(R) is constructed which is some non-negative, 

decreasing function of R, where R is the solute-solvent 

distance. A probability distrioution function is 

defined:
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ft I* t* uk/w (X̂ ) = {U2 au) . U3 (X̂  ).......<X„) }

as a set of probabilities for the individual solvent 

molecules labeled by the subscripts. Ihe individual 

molecule probabilities are:

, f ^
W * K >  = “ ‘'U'

i«Z

where the w(R ) are the previously described weighting 

functions evaluated for the distance R from the solute of 
each solvent m. Ihe prooaoility distribution W (X̂ > is 

sampled in order to select the solvent molecule to be 

moved. Ihe preferential samplinq technique has been 

demonstrated to significantly improve the correspondence 

of water-water g(R)s to experimentally obtained results. 

In practice, this technique is implemented in conjunction 

with Metropolis sampling and the force bias technique.
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Analysis of Simulation Results

A Monte Carlo computer simulation of an aqueous 

solution consists of a series of molecular configurations 

each containing structural and energetic information. 

Analysis of the simulation proceeds via a configuration 

by configuration calculation of the desired quantities 

followed by calculation of simulation averages for these 

quantities and the construction of the corresponding 

distribution functions.

Ihe proximity criterion (35) is central to the 

analysis of the simulations performed in this study. 

Ihis criterion provides a description of solute hydration 

by assigning a water molecule to the solute atom to which 

it is closest. Ihe procedure is formally equivalent to 

the assignment of a water molecule to a solute atom based 

on the inclusion of tne water molecule within the limits 

of the Voronoi polyhedron constructed around that atom; 

the Voronoi polyhedron centered on an atom is simply the 

points in the space of the simulation cell closest to the 

particular atom.

Ihe atom-water radial distribution function (g(r)) is 

a description of the fluctuations of water density as a 

function of distance from the particular atom. Ihe total 

atom-water g(r) is derived by including all the water 
molecules in the simulation cell; the primary atom-water 

g(r), which is generally of much greater interest, is
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calculated by including only the waters assigned to a 

particular atom by the proximity criterion. In general, 

a g(r) is calculated using the formula

where N(R) is the average number of particles in a 

spherical shell of width dft at a radial distance R from 

the solute atom. £ is the density of bulk solvent and £• 

is tne solvent density at a distance R from a solute atom 

(or solute center of mass).

Ihe first coordination snsll of an atom is generally 

chosen as the distance from the atom where the first 

minimum in the atom-water primary g(r) is found. Ihe 

first shell coordination number in any configuration is 

just the number of water molecules contained within the 

atomic first shell cutoff in a configuration.

Ihe variation of the coordination number over a Monte 

Carlo realization is descrioed by the quasicomponent 

distribution function (2C3ET) of coordination number 

written as

Here, n is the number of simulation configurations with 

coordination numoer K and n(K) is the total number of 

configurations composing the simulation. The numbers 

xt (K) are termed the quasicomponents of the coordination

xc (K) = n (K) / £  n(K)
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number and (ideally) correspond to the mole fraction of 

solute molecules with tne coordination number K for this

related to the quasicomponents of coordination number by 

the equation

which also shows the relationship of the average 

coordination number to the primary g(R) of the atom.

The quasicomponent of atom-water pair energy in the 

range e to e+de is calculated from the expression

one if the distance between i and j is less than a cutoff 

distance R and zero otherwise. If is the first shell 

cutoff of the atom to which the water molecule is assigned 

oy proximity, tnen the distribution is calculated for 

first shell pair energies. Energetic QCDFs are continuous 

functions rather than discrete functions as encountered 

with tne QCDF of coordination number. A graph of a pair 

energy QCDF generally contains one or more peahs 

reflecting one or more types of structural/energetic 

interactions.

atom. The average coordination number of an atom is

K =£, Kx^(K)

where e(Xy ) is the pair energy between water molecule i 

ana solute molecule j and C is a function evaluated as

The binding energy of a molecule i, in some K-molecule
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configuration* is the quantity

B; (X*> * E(X X:, ,X; ,X

Ihen the expression

XB (V) = < / ( » !  (Xrt)- *)C;j(X,/) > /jjjj < Cij(x'/)>

defines the quasicomponent of binding energy for 

molecules with a binding energy in the range v to v+dv* 

The average binding energy is given by

Any structural or energetic averages or QCDFs which 

have been calculated for atoms using the proximity 

criterion can be combined by simple addition to form any 

desired averages or 3CDFs for any composite atomic 

structures of the molecule* Thus* distribution functions 

for coordination numbers and pair and binding energies 

are calculated for functional groups such as amino* 

carbonyl and methyl groups and molecular fragments such 

as methine purine ring fragments* Finally* averages and 

distribution functions for the entire molecule can be 

constructed providing a picture of solute hydration built 

from microscopic (atomic) results*



Ihe solute-water and water-water potential function 

set chosen to calculate intermolecular energies and 

forces in the simulation of an aqueous solution determine 

the quality of the simulation. Although comparisons have 
been made of widely used water-water potential function 

sets (40), no study has yet been published comparing 

available solute-water potential functions* Three 

solute-water potential function sets especially designed 

for biomolecular calculations include tnose developed by 

1) Clement! and coworKers, henceforth referred to as the 

Clement! set, 2) Kollman and coworKers, henceforth 

referred to as the (tollman set and 3) Berendsen and van 

Gunsteren and cowoKers, henceforth referred to as the BVG 

set* These sets have the common feature of atomic 

pairwise addition of interaction energies, i.e., the 

energy of interaction between the solute molecule and 

water molecule is calculated as

£(m.u) = j£ e .3 <m,w>

where E ;: (M,U) is the interaction energy between atom i 

of the solute molecule M and atom j of the water molecule 

U. Also, each solute-water potential function set is 

designed to be used with a specific water-water potential 

function set.

Ihe Clement! potential function set (41-43) was
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calculated from SCF-LCA0-M3 ab initio calculations for 

each of the 21 amino acids and four nucleic acid bases 

and one water resulting in 366 computed energies which 

were fit to an analytical potential of the form

or base)+E(water)

The i and j indexes range over the solute atoms and water 

atoms respectively and a refers to the electronic 

environment of the solute atom while b depends on whether 

the water atom is an oxygen or a hydrogen. A, B and C 

are fitting constants which are calculated for each a and 

b combination; £(amino acid or base) and £ (water) are the 

total energies of the base or amino acid and water 

molecules. Ihe Clementi solute-water potential function 

set is expressly designed for use with the MCY-CI water 

model and water-water potential (4U) function set.

Kollman et al. (U4.U5) designed an analytical

potential function set for the calculation of biomolecule 

intramolecular conformations. Their function included

provisions for the calculation of nonbonded interactions 

includinq solute-water interactions. Ihe functional form 

is

Ihe A and B parameters are calculated for specific 
solute atom-water atom interactions from



where A end B are empirically determined. The Kollman 

set is used with the IIP3P water model and water-water 

potential function set (47).

Ihe Berensen-VanGunsteren potential function set 

(48) uses the formula

E * l i  /r0' W

for the solute-water oxygen energies and the equation

£= £  <-<3;/r,v )»j.j y

for the solute-water hydrogen energies. A method of 

determining solute-water energy cutoffs is also specific 

to this set. The solute molecule is divided into local 

charge groups of 2, 3 or 4 atoms each. The partial

atomic charges within each cnarge qroup are chosen so 

that their sum is equal to zero. If the distance between 
the center of geometry of a charge group and the oxygen 

of a particular water molecule is greater than eight 

Angstroms, the interaction energy of the water and that 

fragment of the solute molecule is taken to be zero. Ihe 

BVG solute-water potential function set is designed to be 
used with the SPC water model and water-water potential 

function set (49).
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Ihe calculations performed in this project all use 

periodic boundary conditions to minimze cell edge effects 

in the calculation of interaction energies* With 

periodic boundary conditions, the simulation cell, 

containing solute and solvent molecules, is completely 

bounded by identical cells. Ihese cells . are exact 

replicas of the central cell in terms of dimensions and 

placement of solute and solvent molecules; each time a 

molecule is displaced in the central cell an identical 

displacement occurs in all other images. Thus, a simple 

cubic cell is surrounded by 22 images: six at each face,

eight at each edge and eight at eacn corner. When 

interaction energies are calculated for a molecule at the 
edge of a cell, interactions with molecules in the next 

cell are included; thus, no sudden truncation of energies 

occurs at the edge of the box. In practice, the 

interaction of a water molecule with the solute is 

calculated only within an image of the simulation cell 

centered on the water molecule center of mass; this is 

the "minimum image cutoff" and results in calculation of 

a water-solute pair energy including interaction with one 

(and only one) solute molecule. Ihe water-water 

interaction energy cutoff is a spherical cutoff; if the 

center of masses of two water molecules do not fail 

within 7.75 Angstroms of each other, their interaction 

energy is taken as zero.
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CHAPTER £V 

RESULTS AND CALCULATIONS
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Systems Studied.

Monte Carlo computer simulation studies were performed 

on aqueous solutions of the five common nucleic acid 
bases and derivatives of the ribose and deoxyribose 

sugars. Ihese molecules constitute all nucleic acid 

components except the phosphate moiety. Aqueous 

solutions of cytosine, guanine, uracil, thymine and 

adenine, each with 215 waters, were simulated using the 

Clementi solute-water potential functions. Additionally, 

thymine and uracil solutions were simulated using the 

Kollman solute-water potential functions and the 

Berendsen-VanGunsteren solute-water potential functions. 

(C3-endo)-S-deoxy-l-C-amino-3-D-ribo-pentofuranose and 
(C2-endo)-2,5-dideoxy-l-C-amino-B-L>-ribo-pentofuranose 

molecules and 202 waters were simulated using Clementi 

solute-water potential functions. Ihese compounds will 

henceforth be referred to as ribose derivative and 

deoxyribose derivative, respectively.
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General Simulation Characteristics

At the practical level, a simulation involves the 

selection of intermolecular potentials, the Monte Carlo 

realization and analysis of the calculation* General 
characteristics of each of these phases of a calculation 

are collected herein* Specific results will be given in 

the following section*

Potential Energy Contour Surfaces. Isoenergy contour 

surfaces for the interaction of a solute molecule and one 

water were calculated and drawn for each simulation using 

the appropriate solute-water potential function* Ihe 

contours are generated by selecting a set of grid points 
on a molecular plane separated by .2 Angstrom intervals. 

A water molecule is placed at a grid point and its energy 

of interaction with the solute molecule is calculated as 

tne water orientation varies. When an orientation of 

minimum energy is found, this energy is recorded. Ihe 

calculation is repeated until all grid points have 

assigned energies. Lines are then drawn to connect 

continuous isoenergy points on the grid plane using the 

computer program MCDNSURFM*

Simulation Details. Cell dimensions are calculated 

from the volume of the number of water molecules used in 

the simulation and the partial molar volume of the solute 

molecule* Experimental partial molar volume values are
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not available for the systems studied here* Ihus, values 

for the partial molar volume of the nucleic acid bases 

and ribose and deoxyribose derivatives were obtained 

usinq the additivity rules of Kiyohara et al. (60) and 

Mishra et al. (61) •

Geometries for all bases were oDtained from the 

crystallographic work of Spenser. Ihe atomic charges 

used in all base simulations were obtained from Cleoenti 

et al. except for the charges used for thymine and uracil 

in the Kollman and BVG solute-water potential function 

simulations; these charges were obtained with the 

Gaussian 60 computer program using an SI3-3G basis set.

Geometries for the riDOse and deoxyribose sugar 

derivatives were obtained from U.Olson. Ihese geometries 

lacked explicit coordinates for the amino, methyl and 

hydroxyl hydrogen atoms; the coordinates for these atoms 

were determined and optimized using the MM2 molecular 

mechanics package available on the PROPHET computer 

system of Bolt, Beranek and Newman. Atomic charges for 

these structures were obtained by using the Gaussian 60 

program with the Clementi basis set.

All simulations were carried out with a initial 

equilibration portion consisting of a minimum of 600,000 

force biased moves, which was discarded. Iranslational 

and orientational displacements of the solute and solvent 

molecules were set to produce an approximately 50#
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acceptance rate* An additional 600,000-2,000*000 force- 

biased steps were generated to produce a Monte Carlo 

history which was used for subsequent analysis*

Convergence of the simulation control functions, 

especially the mean internal energy, to stable values is 

the criterion for judging the length of a simulation as 

adequate* Figure 1V.1.2 provides a typical plot of 

simulation control functions. Ihe lower plots are the 

averaqed internal energies* Ihe curve without markings , 

plots the calculated average internal energy as the 

simulation progresses* Ihe superimposed curve marked 

with crosses plots the average internal energy over 

sequential 50,000 step blocks. Fluctuation of this 

quantity around the evolving mean energy is an important 
characteristic and reflects the sampling of a range of 

energies around the mean value* Ihe simulation mean 

energy converges to a stable value and thus average 

energy values calculated from this simulation are 

acceptable* Another quantity which can be monitored as 

an index of convergence is the excess internal heat 

capacity* Ihe heat capacity is plotted in the upper 

curve of Figure IV.1.2. Ihis value typically requires a 

greater simulation length (up to 5,000,000 steps) to 
attain a stable value than the internal energy since it 

is calculated from fluctuations in tne internal energy.

Thermodynamic Results. lable IV. 1 contains various



lable IV.1 Calculated ensecble theraodynaaic quantities 
tor Monte Carlo siaulations of aqueous nucleic acid 
constituents at 298 K*

MONTE CARLO MEAN ENE8CT SIMULATION RESULTS ON NUCLEIC ACID CONSTITUENTS IN WATER AT 25 C 

ENERGETICS OF HTDRATION OF NUCLEIC ACID CONSTITUENTS

THIMINB THININE THTMINB URACIL URACIL URACIL CITOSINB ADENINE GUANINE RIBOSE DEQXTRIBOSE
POTENTIAL CUHENTI ROLLNAN BVU OENENTI IOLLXAN BVC CLENEKTI CLBHENTI CLEMENTI DERIVATIVE DERIVATIVE
FUNCTION

<U> -1181.2 -2136.3 -2224.8 -2009.S -2131.1 -2211.1 -1982.2 -2001.2 -1972.4 -1750.2 -1736.1
+ / -  2*SD 3.8 S.S 3.9 8.1 3.6 5.4 6.2 11.9 4 .6  6.9 6.4

<USLT*> -7 .4 -23 .2 -28 .6 -137.4 -20 .9 -27 .3 -108.1 -111.9 -120 .0  -1 .7  -23.2
+ /-  2*SD 0.9 0 .6 0.9 0 .9 1.0 0.3 1.4 1.6 1 .0  1.6 1.8

<UIf'> -1173.» -2113.1 -2196.2 -1872.1 -2110.2 -2184.1 -1879.1 -1889.3 -1832.4 -1748.4 -1732.9
+ /-  2*8D 3.7 3.3 7.8 8.0 5.5 5.4 6 .0 11.8 4 .5  6 .7  6.1

<U¥¥> -1SS9.I -2119.9 -2188.7 -1839.8 -2119.9 -21*8.7 - T m 'i  - 1-747.3
+ /-  2*SD 6.4 6.4 6.4 6.4 6.4 6.4 b H f e . j

<URBL> -14 ,0 6 .8 7.3 -12 .3 9.7 4 .6 -19 .3 -29 .3  7.4 -1 .1  14.4
+ /-  2*SD 7.4 1.4 10.1 10.2 8.4 8.4 8.8 13.4 7.8 9.1 8.6

<USLT> -21 .4 -16 .8 -21.1 -149.7 -11 .2 -21 .7 -127.4 -141.4 -112.6  -2 .8  -8 .8
+ /-  2*8D 7.3 8.4 10.1 10.2 8.3 8.4 8.9 13.5 7 .9  9 .2  S.S

CN•O
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thermodynamic quantities Cor the simulations of nucleic 

acid constituent hydration* Ihe quantity labeled <U> is 

the total ensemble binding energy (containing solute- 

water and water-water contributions) calculated. Ihe 

quantity is the water-water binding energy only

and the quantity labeled <USLI> is the solute-water
binding energy only; the sum of these two quantities is 

<U>. <UWU> is the total water-water binding energy 

obtained from a simulation of pure water using the same 

water-water potential function as the corresponding 

simulation reported here. Ihe difference between <UUU'> 

and <UWl»> for each simulation is the energy required to 

open the particular solute cavity in pure water; this

enerqy is listed in the row labeled <UREL>. Finally, 

<USLI> is the vacuum to water solute transfer energy and 

is the sum of the solute-water binding energy <USLT> and 

the solute cavity energy <UREL>.

Analysis of Regqlts. Atomic first shell quantities 

are computed by determination of a first shell radial 

cutoff for a particular atom and calculating the desired 

property for the water molecule within the limits of the 

Voronoi and first shell cutoff for that atom. A

reasonably consistent manner of defining the radial

cutoff of an atom is necessary for consistent property 

calculations. Examination of Figure XV.1 shows the g(r) 

functions and running coordination numbers for the N1 
atom of thymine; labels for this graph are found on the
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l lS H L S i  1 1 * 1 . -  total and primary g(r) functions and

corresponding running coordination numbers for N1 

nitrogen atom of thymine.

& axis - distance from Ml nitrogen atom (Angstroms).

l s .L t .  I  a&ls. - g(r).

Right 2L axis - running coordination number.

Curves without crosshatches - curves for total g(r).

Curves witft crosshatches - primary g(r).

Curves with peaks - total and primary g(r) functions.

Monotone increasing curves - running coordination 

numbers for total and primary g(r) functions.



m m  m m  m »  m m  m m  m m  m m  m m  m mi«r a  ii in a ocant
b'iqure IV.I lotal and priaary g(r) functions and 

correspondinq runninq coordination numbers for the Nl 
nitioqen atoa of thyaine - Cleaenti solute-water 
potential function siaulation.
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proceeding page. Ihe carve marked with crosses 

displaying maxima and minima is the primary g(r) for this 

atom. As previously described, this function describes 

the fluctuation of densities of water molecules closest 

to a particular atom as a function of increasing 

distance. Ihe radial cutoff tor an atom is generally 

chosen as the first minimum in tne primary g(r). thus, 

for the thymine N1 atom, the cutoff is selected as 4.00 

Anstroms.

Once the radial cutoff for an atom is defined, various 

quantities are calculated. Che first shell coordination 
number of an atom is simply the number of water molecules 

fallinq inside the limits of the Voronoi polyhedron and 

radial cutoff of a particular atom. Ihe distribution of

coordination numbers over a Monte Carlo simulation is

displayed in the bar graph of Figure IV.1.4. This graph 

(the quasicomponent distribution function of coordination 

number) reveals that in about 32 of the configurations 

the (NH)1 functional group has two waters in the first 

hydration shell. three waters in about 402 of the

configurations. four waters in about 452 of the

configurations. five waters in about 102 of the

configurations and six waters in about 12 of the

configurations. Another important quantity is the

distribution of pair energies between the first shell 

water molecules of an atom and the solute molecule.
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In the following Computational Results section, the 

tables and graphs for each simulation are collected and 

found immediately following the text section describing 

the particular simulation and its results. Labels for 

each set of graphs are described on the page preceeding 

each similar set of graphs, i.e., graphs of the 

quasicomponent distribution function of coordination 

number•
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Computational Results

1* thymine with Clement! Solute-Water Potentials
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Computational Specifics* An aqueous solution of 

thymine and 215 waters was simulated using Clenenti 

solute-water potentials and MCJf-CI water-water potentials 

at 298 K. Face centered cubic boundary conditions with a 
unit cell of 14.87 Angstroms edge were used, determined 

by a partial molar volume of 85 cc/mole for thymine and 

18.07 cc/mole for water. An initial 600.000 steps of 

Monte Carlo simulation were carried out and were 

discarded as an equilibration period. Ihe ensemble 

averages and other analyses were formed over the 

succeeding 2000K configurations of the realization.

Potential Surface. The potential function contour 

surface for tne interaction of thymine and one water 

based on Clementi solute-water potential functions is 

shown in Figure IV.1.1. Ine most favorable thymine-water 

interaction is found in the region of the HI imino 

hydrogen at an energy of -12.25 kcal/mole. Ihe H3 imino 
hydrogen is also a strong interaction site, with values 

of between -11.25 and -12.25 kcal/mole on its 02 side and 

-9.25 to -10.25 kcal/mole on its 04 side. Ihe carbonyl 
group oxygens 02 and 04 have energy minima for water 

interactions in the range -6.25 to -7.25 and -5.25 to 

-6.25 kcal/mole. respectively. An interaction site near 

the methine H5 exhibits a binding energy of -5.25 to 
-6.25 kcal/mole. Interaction energies in the region of 

the methyl qroup are around 0 kcal/mole. consistent with 
the apolar character of this group. Hydrophobic
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interactions with water are expected in this region.

Convergence and Thermodynamic Results. The control 

functions for the aqueous thymine simulation are given in 

Figure IV.1.2 and the calculated thermodynamic quantities 

are qiven in Table IV.l. The control functions show that 

the total binding energy reaches an apparently stable 

value of about -1881 Kcal/mole after 1000K 

configurations, and continues in this region for the next 
1000K. The heat capacity similarly settles to 15.71 

cal/mole-K during this period. Ihe calculated transfer 

energy from free space to water is found to be 21.U 

Kcal/mole.

Figures IV.1.^ thru IV.1.9 and IV.1.11 thru IV.1.17 

contain distribution functions for the quasicomponents of 

coordination number and first shell pair energy .for the 

imino, carbonyl, methyl and methine functional groups of 

thymine. Figures IV.1.10 and IV.1.18 contain the 

quasicoraponents of coordination number and oinding energy 

for the thymine molecule.

Iable IV.2 contains many calculated quantities for 

this simulation. Entries are made for all atoms of the 

molecule. Composite values for each functional group and 

average values for each set of all functional groups of 

the same Kind are are also tabulated. Finally, values 

for the entire thymine molecule are presented. Ihe 

following quantities, defined in Chapter III except as
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noted, are contained in the table. RFS is the radius of 

the first coordination sphere of an atom, VFS the the 

first shell volume, <K> is the number of water molecules 

in the first shell coordination sphere. <K/V> is the 

density of first shell waters with values scaled to 

multiples of the density of bulk water (1.00). <SLTBE> 

is the average solute binding energy of first shell 

waters or of all waters in the Voronoi polyhedron and 

<SLIP£> is the average first shell solute pair energy. 

Ihe properties calculated for water-water interactions 

include <KU> the average water-water coordination number, 

CNNUJPO, the average near neighbor water-water pair 

energy and <3£tJUI> the average water-water binding 

energy.

Structural Results. Ine first shell coordination 

numbers for all atoms of tne thymine molecule, derived 

from the column labeled <K> in Table IV.2, are displayed 

on the molecular diagram of Figure IV.1.3. Ine essential 

structural features of thymine hydration are as follows. 

Ihe ring nitrogens N1 and tJ3 of the imino groups are 

sparsely hydrated due to their low solvent accessibility. 

However, the HI and H3 imino hydrogens are assigned 3.18 

and 3.47. waters respectively in proximity analysis. 

Ihe oxygens, 32 and 04, are both significantly hydrated; 

04, however, has a lower first shell coordination number 

(2.19 vs. 3.07) than 02. Ihe lower first shell 

coordination number of 04 is paralleled to some extent by
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its smaller first shell volume, 72,92 cubic Angstroms 

compared to 68,89 cubic Angstroms for 02, an 02% decrease 

in volume, Ihe oxygen atom 02 also has a first shell 

density of ,90, which is lower than the density of bulk 

water; in comparison, the 04 oxygen first shell density 

is 1,03, The density value for 02 suggests a hydrophobic 

mode of (or influence on) hydration.

Ihe hydrogen atoms of the methyl groups are assigned 

first shell cutoff which are larger than those of the 

imino and methine hydrogens of the molecule (H5: 4,2 A;

H5*: 4.2 A; H5'1: 4.4 A). Each hydrogen consequently has 

a large first shell population (H5:2.93, H5':3.31,

H5":3.19). Ihe first shell water densities are lower 

than bulk water (.95, .90 and .95 respectively), also

consistent with the picture of hydrophobic hydration.

A graph of the quasicomponent distribution function of 

coordination number for tnymine is shown in Figure 

IV. 1.10. Contributions range from 21 to 30 with the 

maximum contribution at 26. Ihe average first shell 

coordination number of thymine in this simulation is 

25.04 * / -  0.50.

Energetic Results. Ihe first shell average solute- 

water pair energies assigned to each atom are displayed 

on the molecular diagram in Figure IV.1.11; these values 

are taken from the column labeled <SLIPE> in Table IV.2. 

Ihe water molecules interacting most favorably with the
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thymine molecule are assigned to the imino hydrogens* 

The Hi atom is assigned waters with average solute-water 

pair energies of -3*632 kcal/mole and contribute -11*560 

to the total solute binding energy. Waters in the first 

shell of the H3 atom bind with an average pair energy of 

-3.473 kcal/mole and binding energy of -12*065 kcal/mole*

Weak solute-water interactions are found in the region 

of the methyl group* Waters in the first shells of the 
hydrogens of the methyl group contribute binding energies 

which are overall slightly positive: -.331 kcal/mole for

H5, 1.447 kcal/mole for H5* and 1.008 kcal/mole for H5ft. 

Water-water pair energies in the Voronoi polyhedra 

constructed around the methyl hydrogens are more negative 

(averaging -3*080 kcal/mole) than waters assigned to the 

imino or methine hydrogens and carbonyl oxygens* This 

pattern of energetics is chracteristic of hydrophobic 

hydration.

Although it seems reasonable that weak (hydrophobic) 

solute-water interactions would be found with waters 

assigned to an apolar hydrogen such as the H6 atom* 

relatively strong pair enerqies are encountered in the 

first shell of the H6 metnine hydrogen atom* The average 

pair energy of -2*279 kcal/mole is about as favorable as 

the first shell pair energies of the carbonyl oxygens 02 

(-2*555 kcal/mole) and 04 (-2*164 kcal/mole). Ihe water- 

water pair energies of the water molecules in the primary
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hydration region of this atom are the most positive

(-2.948 kcal/mole) in the molecule.

Ihe quasi-component distribution function for the
solute-water binding energies of thymine are displayed in 

Fiqure IV.1.18. A range of values from -20.00 kcal/mole 

to about +5.00 kcal/mole are found with the greatest

contributions in the -10.00 to -5.00 kcal/mole portion.

Ihe average solute-water binding energy is -7.4 +/- 0.9

kcal/mole.
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Figure LX..1..JL - isoenergy contour surface for thymine 
and one water (Clement! solute-water potential 

functions)•

X axis - X axis of plane defined by molecular ring 

atoms (Angstroms) •

X. axis - X axis of plane defined oy molecular ring 

atoms (Angstroms)•

Contours - isoenergy contours witn one Kcal/mole 

increments with alphabetical labels referring to contour 

energy values in list at rignt.
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Figure XV*l-2. ~ contra! functions for Monte ~ar lo 

simulation of thymine and 215 waters (Clementi solute- 

water potential functions)•

JL axis - number of configurations.

Left X. axis - mean total energy (kcal/mole) .

Right X. axis. - constant volume heat capacity 

(cal/mole-degree)•

Upper cqrve - constant volume heat capacity.

Bottom curve without crosshatches - average total 

enerqy for entire simulation.

Bottom curve with crosshatches - average total energy 

for preceeding 50K configurations.
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IKW-3.39 BOB- 7.75 A

U S  TYPE BPS VFS <K> <M/f> <hsbb> <03K> <K> <JN> MIFB <<BSMT>

WTHYL a a v
1 9 6 C i.B
2 13 3 H 4.2
3 14 3 H 4.2
4 15 3 B 4.4 

TOTALS FOR FUNCTIONAL GROUP -CH3 t
statistical u tc o n m n r (♦ /- 2*®) t

8.8
92.85

118.38
188.81
382.45

9.8 9.8
2.93 9.95
3.31 9.98 
3.19 8.95 
9.43 9.93
9.31 8.83

9.9
9.331
1.447
1.898
2.785
9.142

8.9
8.113
8.437
8.316
9.295
9.917

9.9
28.83
25.98
18.32
<5.13
9.84

9.9
5.416
7.589
4.963

27.959
6.841

9.9
4.16
4.18
4.18
4.17 
9.92

9.9
-3.956
-3.868
-3025
-3.889
,9059

9.9
-17.447
-17.497
-17.629
-17.518

9.116

lensuBB (Diswsr.)
S 7 28 C 4.C 

sm nsncA L u c a a n n  (♦ /- 2 * » )i
14.42 8.87 8.14 

9.83 9.85
-8.988
8.888

-9.893
9.N 2

9.13
9.89

9.918
8.972

4.98
9.37

-3.233
1063

-17.439
2.575

MOSLBB (MQK3SUB.)
6 6 25 C 4.4
7 12 16 B 3.4 

TOTALS FOR FUNCTICML GROW *CB- l 
STATISTICAL IMSBRIIIR (♦ /- 2*S£»l

17.87
68.88 
78.67

9.14 8.23 
2.87 1.82 
2.21 9.84
9.15 9.96

•9.954
-4.789
-4.764
9.583

-8.393
-2.279
-2.169
9.259

9.36
19.83
29.19
9.92

-8.918
-1.987
-1.997
9.663

4.22
4.26
4.26 
8.93

-3.887
-2.948
-2.951
9.885.

-17.779
-17,327
-17.336

9096

AMIDBGROW
8 3 15 N 4.1
9 11 16 H 3.4 

TOnU F «  FUNCTION. GROW >H3 1
18 4 15 N 3.8 
11 18 16 S 3.6 

KRNO FOR FUCTKML O O P »B  1

16.32
71.58
87.82 
12.21 
82.81
95.82

9.45 9.B3 
3.18 1.33 
3.64 1.24 
9.29 9.59
3.47 1.25 
3.68 1.16

-9.615
-11.568
-12.175
•9.342

-12.865
-12.487

-1.354
-3.632
-3.348
-1.682
-3.473
-3.374

1.21
31.82 
33.84
1.59

35.33
36.83

-9.513
-9.664-9.177
-1.121
-6.169
-9.282

4.18
4.23
4.23 
4.95 
4.37 
4.36

-3.114
-3023
-3.926
-3.263
-2.965
-2.977

-18.227
-17.746
-17.764
-17.787
-17.719
-17.722

awns* avn rwaiOMU. CSP >w  t BDinancMi4awaauwi (V- 2»8D)i
91.42 3.66 1.29 

8.14 8.94
-12.291

9.713
-3.361
9.222

34.93
9.92

-9.229
2.997

4.29
9.92

-3.992
9.947

-17.7a

Table IV.2 Calculated structural and energetic quantities 
froa Monte Carlo siaulation of thyaine and 21S waters at 296 - 
K - Cleaenti solute-water potential functions.
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3.6 88.69 3.97 1.93 -7.892 -2.999 34.96 -9.299 4.23 -3.919 -17.279
4.2 19.64 9.49 9.79 -9.411 -1.246 1.41 -9.499 4.16 -3.145 -17.921

OO i 198.92 3.96 9.99 -9.463 -2.379 39.47 -9.794 4.23 -3.916 -17.289
3.6 72.92 2.19 9.99 -4.749 -2.164 23.67 -9.997 4.26 -2.968 -17.421
4.6 17.93 9.27 9.46 -9.929 -9.973 9.94 9.919 3.93 -3.283 -17.447

OO t 99.49 2.47 9.82 -4.769 -1.934 24.21 •9.943 4.29 -2.979 -17.422

OO t 99.49 3.91 9.91 •4.616 -2.199 29.94 -2.873 4.24 -2.995 -17.359
2*SD)s 9.12 9.94 9.421 9.196 9.92 1.919 I J 2 9 J9 9 9029

777.4 29.94 9.96 -39.792 -1.989 219.99 -7.333 4.24 -3.919 -17.5242*a>)t 9.99 9.92 1.249 9.997 9.97 1.399 9.91 9.927 9.964

®tn

Table IV.2 Calculated structural and energetic quantities 
froe Monte Carlo simulation of thyaine and 215 waters at 298 
K - Cleaenti solute-water potential functions.
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Figures IV*l*q throuah IV.1.10 - calculated

qoasicomponent distribution function of first shell 

coordination number for thymine and functional groups 

(Clement! potentials)*

& axis - coordination number.

I axis - qoasicomponent of coordination number
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Figure IV.^.U. through Ut-1-11 - calculated

quasicomponent distribution function of average first 

shell pair energy for functional groups of thymine 

(Clementi potentials)>

X. axis - pair energy (kcal/mole) •

Left X. ?xis * quasicomponent of pair energy.

Right X. axis - running coordination number
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flours IV.1.12 Calculated ftCDf of solute-watex pale anaiuias of waters of the (NH)1 functional group of tnyalna - ciaaantl soluta-watar potential function siaulatlon.
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flaure IV.1.17 Calculated CtCDF of solute-utter pile energies of waters of the (CH)a functional group of thyeine - Cleeenti solute-water potential function siaulation.
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Eiattts Li-1-11.

distribution function of 

(Clement! potentials)•

calculated quasicomponent 

binding energy for thymine

1L axis - binding energy (kcal/mole) .

JL axis - quasicomponent of binding energy
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Flquxa IV.x.lC Calculate! QCDf of total binding tnax«7 for tnvalM - Claaantl aoluta-uatax potential function siaulatloo.
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2_. Thvmine With Kollman Solute-Water Potentials
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Computational Specifics. An aqueous solution of 

thymine and 215 waters was simulated using the Kollman 

solute-water potentials and the XIP3P water-water 

potentials at 29B K. Simulation conditions were 

identical to the thymine simulation described previously 

using Clementi solute-water potentials. Face centered 

cubic boundary conditions were used with a unit cell edge 

of 14.87 Angstroms. Ihe simulation consisted of an 

equilibration period of 600.000 moves. which was

discarded, and a production period of 2.000.000 moves. 

All analyses and ensemble averages were formed over the 

last 2000K configurations.

Potential Surface. Ihe potential function surface for 

the interaction of thymine and one water, using Kollman 

solute-water potential functions for the calculation, is 

shown in Figure IV.2.1. Ihe lowest energy solute-water 

interaction occurs in the region of the HI imino hydrogen 

atom at an enerqy of -6.76 kcal/mole. Nearly as

favorable an interaction is found at the H3 hydrogen site 

with energies between -4.76 and -5.76 kcal/mole. The 

carbonyl 32 and 34 oxygens bind water somewhat more 

weakly with the range of interactions for waters in the 

reqion of both atoms falling between -2.76 and -3.76 
kcal/mole. Ihe apolar methine H6 atom interacts even 

more weakly with water, with interactions ranging from 

-1.76 to -2.76 kcal/mole. Finally. thymine-water 

interactions in the vicinity of the methyl group are
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almost negligible witn energies around 0.0 kcal/mole.

Convergence and Thermodynamic Results. Ihe control 

functions for the Kollman potential aqueous thymine 

simulation are shown in Figure IV.2.2; the calculated 

thermodynamic quantities are given in Table IV.1. The 

control function plots reveal that the total binding 

enerqy reaches an apparently stable value around 800K 

configurations and after the next 1200K configurations 

this value is found to be -2136.3 ♦/- 5.5 kcal/mole. Ihe 

heat capacity attains a final value of 16.1 cal/mole-K 

after the 2000K configurations. Ihe vacuum to water 

transfer energy is calculated to be -16.8 kcal/mole. 

Fiqures IV.2.4 thru IV.2.9 and IV.2.12 thru IV.2.17 

contain distriDution functions for the quasicomponents of 

coordination number and first shell pair energy for the 

imino, carbonyl, methyl and mathine functional groups of 

thymine. Figures IV.2.10 and IV.2.16 contain the 

quasicomponents of coordination number and binding energy 

for the thymine molecule.

Structural Results. Ihe atomic first shell

coordination nuoioers, derived from the column labeled <K> 

in Table IV.3, are displayed on the molecular diagram of 

Fiqure IV.2.3. Ihe HI and H3 imino hydrogens are fully 

hydrated with 2.67 and 2.91 waters, respectively, in each 

first shell. Ihe first shell water densities of the 

polar atoms is about that of bulk water (HI: .97; H3:
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1.03). Ihe carbonyl oxygens 02- and OU are also 

significantly hydrated (3.05 and 3.16 first shell waters 

respectively) with first shell water densities about 

equal to bulk water (.99 and .96 respectively). Ihus, 

none of the polar ring substituents show the increased 

first shell concentration expected of polar atoms.

The methyl group is represented as a united atom in 

the Kollman potential function set; in other words the 
hydrogens are not explicitly represented but are 

effectively included in the potential which is centered 

on the methyl carbon atom. Thus, the first coordination 

shell volume of the Kollman methyl group (197.95 cubic 

Anqstroms) is smaller than that of the Clement! methyl 

group (300.00 cuoic Angstroms) Ihe coordination number of 

the Kollman methyl group is 6.20 (vs. 9.43 for the 

Clementi methyl qroup)• Ihe extended first shell radius 

(4.6 Angstroms) and low first snell water density (.94) 

is characteristic of the hydration of apolar atoms.

Another hydrophobic hydration pattern is seen with the 

C6H6 methine united atom. The extensive first shell of 

radius 4.8 Anstroms contains 3.00 water molecules. Ihe 

first shell water density of .92 is the lowest in the 

molecule (with the exception of substituted ring atoms 

with ouch reduced solvent accessibilty).

The QCDF of coordination number for thymine is 

displayed in Figure IV.2.10. Ihe contributions fall in
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the ranqe 19 to 29; the most common coordination number 
Is 25. Ihe average first shell coordination number is 

22.97 ♦/- 0.6.

Energetic Results. First shell solute pair energies 

for the atoms of thymine are shown with the molecular 

structure in Figure IV.2.11. Ihe waters assigned to the 

imino hydrogens interact with thymine at lower energies 

than any other waters. The HI hydrogen has first shell 
waters witn average pair energies of -1.268 Kcal/mole 

while the waters of hydrogen H3 each interact with an 

average -1.073 Kcal/mole. Ihe total binding energy of 
the HI and H3 waters is -6.504 Kcal/mole, about 40X of 

the total tnymine first shell binding energy of -16.943 

Kcal/mole. Ihe pair energies for the carbonyl oxygen 

waters are somewhat less strong (02s -0.766 Kcal/mole and 

04: -0.766 Kcal/mole).

Ihe waters of the methyl group have the least 

favorable average pair energies of the molecule: -.394

Kcal/mole. Overall, the methyl group waters contribute a 

solute binding energy of -2.443 Kcal/mole which is 

comparable to the oxygen 2 (-2.894 Kcal/mole) and oxygen 
4 (-2.600 Kcal/mole) contributions. Ihis is unusual 

considering the apolar nature of the methyl group and the 

polar nature of the oxygen atom. Ihe average water-water 
pair energies in this region are -3.189 Kcal/mole, only 

slightly more enhanced than those of the imino hydrogens
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(-3.177 and -3.153 Kcal/mole), carbonyl 04 (-3.137

Kcal/mole) and less favorable than those of carbonyl 02 

(-3.211 Kcal/mole). Ihe water-water pair energies in the 

apolar methyl region would generally be expected to be 

less favorable than those in the polar oxygen region. 

Ihe waters of the methine group interact witn an average 

pair energy of -.591. Ihe water-water pair energies of 

-3.268 Kcal/mole are enhanced considerably relative to 

otner waters in the simulation.

Ihe QCDF of solute-water binning energies for all 215 

waters is displayed in Figure IV.2.18. Energy values 

ranginq from -33 to -14 Kcal/mole are encountered; the 

most significant contributions range from -27 to -21 

Kcal/mole. Ihe average solute binding energy is -22.57 

♦/- 0.6 Kcal/mole.
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Figure U£»2.*l. - isoenergy contour surface for thymine 

and one water (Kollman solute-water potential functions).

& axis - X axis of plane defined oy molecular ring 

atoms (Anqstroms) •

I axis - Y axis of plane defined oy molecular ring 

atoms (Angstroms)•

Contours - isoenergy contours with one Kcal/mole 

increments with alphabetical labels referring to contour 

energy values in list at right.
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Figure “ control functions for Monte Carlo

simulation of thymine and 215 waters (Kollman solute* 

water potential functions)•

& axis - number of configurations.

Left I axis - mean total energy (Kcal/mole).

Right y axis. - constant volume heat capacity 

(cal/mole-degree) .

Upper curve - constant volume heat capacity.

Bottom curve without crosshatches - average total 

energy for entire simulation.

bottom curve with crosshatches - average total energy 

for preceeding 50K configurations.
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IB m n e m  WATER AT 29V  -  IQK8 BUS MD KOUMAN F09BVUL VUCnONB

iast a x n o n n a i i  a i w i  b u st  m u .  soum t i m n u  total su r m e n  w n  m am siB S
M M .1 I  K >  7.75 A

AT MO IM H  U K HFS WS <X> <M/V> <sau> <OflPS> <JE> <8N> aM 88D <HMHT>
RIN5 CARBON

1 9 IS CCS 
STATISTICAL UK5XEMMTY (+/-

4.2
2*®)

22.2S 8.47 8.64 
8.85 8.11

-8.253
8.888

-8.535
8.884

1.769
8.882

-8.388
8.872

4.34
8.37

-3.242
1363

-19.827
2.575

mnuiam tsar
2 11 14 C G6H6 

STATISTICAL UM3KEAIKH (♦/"
4.8

2*S>)
97.48 3.88 8.92 

8.28 8.89
-1.774
8.418

-8.591
8.114

15.835
8.812

-2.237
8.288

4.32
8.86

-3.268
8.891

-19.643
8.286

ICTHYL GROUP
3 19 4 C O O S '  

SDOianCNi UKXKEAINTT (♦/" 4.62*8D) 197.95 6.28 8.94 
8.34 8.8S

-2.443
8.338

•8.394
8.845

45.771
8.828

-3.288
8.188

4.42
8.83

-3.189
1.852

-19.748
9322

IMINO GROUPS
4 1 3S NN15 12 19 H Hi

toms rat ewcnoMu. group
4.8
3.4

16.31
77.85
93.37

8.33 8.61 
2.67 1.84 
3.88 8.96

-8.268
-83.382
-83.642

-8.789
-1.268
-1.215

1.331
39321
48.853

-8.338
-4.813
-5.143

4.48
4.39
4.39

-3.283
-3.177
-3.17B

-19.775
-19.661
-19.665

86 5 3 i H to  
n  K  19 H H3 

TOTALS FOR FUNCTIOML OOJP

4.2
3.6

17.38
82.74

188.84

8.29 8.58 
2.91 1.85 
3.28 8.96

-8.213
-83.122
-83.336

-8.739
-1.873
-1.843

1.258
34.686
35.864

-8.247
-3.984
-4.231

4.45
4.49
4.49

-3.187
-3.153
-3.151

-19313
-19.898
-19.876

AVBMQSS OVER FUNCTHML GROUPS:—
n n a n c A L  ukereadct (♦ /- 2*so)

96.78 3.18 8.96 
8.13 8.84

-83.489
8.373

-1.129
8.899

38.358
8.813

-4.687
8.198

4.44
8.83

-3.164
8.848

-19.771
8.894

Table IV.3 Calculated structural and energetic quantities 
fros Monte Carlo sinulation of thynine and 215 waters at 29S 
K - Kollaan solute-water potential functions.

!



n a m e  n t w m  w  2»w  -  race b ias m o equjmn nowni m cnae
cmbonel <anvs 

•a  3 91 C C2 4.2 
•9  4 34 * 92 3.6 

toms rat vuctioml croup
19.68
88.93

198.61

9.52 9.7B 
3.95 1.93 
3.56 9.98

-9.494
>2.491
-2.894

-9.959
-9.787
-9.912

91.678
34.431
36.191

-9.565
-3.671
-4.236

4.41
4.35
4.35

-3.149
-3.211
-3.298

-19.689
-19.791
-19.791

19 7 91 C C4 4.2 
11 9 34 0  04 3.8 

totals rat ra c n o M L  grow
19.28
189.31
119.58

9.36 9.SS 
3.18 9.95 
3.54 9.88

-9.164
-2.436
-2.689

-9.459
-9.766
-9.735

91.433
37.375
38.898

-9.181
-3.467
-3.648

4.39
4.48
4.48

-3.134
-3.137
-3.137

-19.516
-19.824
-19.913

AVEMGKS CHOC racnOMU. GSOWSi—snnsncN. ucannmr <+/- 2*a>) 114.18 3.55 9.93 
9.15 9.94

-2.747
8.297

-9.774
9.969

37.454
9.913

-3.942
9.168

4.42
9.93

-4.172
8.949

-19.747
9.995

n a m e
NQUOKAR SUtftVEMGSianruncM. tHsnumr (♦/- 2*sd) 739.28 22.97 9.93 

9.58 9.92
-16.943

1.982
-9.738
9.939

215.999
9.944

-23.884
9.581

4.42
9.92

-3.189
9.924

-19.748
9.956

Table IV.3 Calculated structural and energetic quantities 
froe Honte Carlo simulation of thymine and 215 waters at 29ft 
K - Kollman solute-water potential functions.
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Fiqura XV.2.3 first snail coordination nunbars for tha • toas of ttiyaina - Rollaan soluta-vatar potantisl function 
simulation.
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Figures throoon ~ calculated

quasicomponent distribution function of first shell 

coordination number for tnyoina and functional groups 

(Kollman potentials)•

Jl. axis, - coordination number.

JL axis - quasicomponent of coordination number.
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Figure IV.2..I2 through IV. 2. U  - calculated

quasicomponent distribution function of average first 

shell pair energy for functional groups of thymine 

(Kollman potentials)•

I axis - pair energy (kcal/mole).

Left ) i axis - quasicomponent of pair energy.

Right £ axis - running coordination number.



QC
PE 

FSH
 

tNH
) 

1 
-0.
00 

4.0
0 

O.C
X3 

12.
00 

IB
.00
 

20.
 OD
 

24
.0
0

<YII

- 6 .0 0  - 6 .0 0 -U.QO -2. DO 0.00 
THY PK PAIR ENERGY

2.0D

?  S  □
X“8- si
8

«- =* g w
u

| 8  C  to

8
- 4 -

4.00 6.00

I • .a* •o w "I HA 6* 
*-* A

s:s
9 •

• a
O H HK< C ft •rt r* t*
I hh 
C ft w ftt* o ft h. n n ft r* H
SS2

©Htntn cco 3 3"ln oi* rt l»KO o o M.ssw ►**6* O
sss
5T2Sl*fl I►» c0 0 3

3■<■ « t* 9 3 ► • H

126



(MI9 8
Sin

R -

8

H 8«cu

f” 8

8
¥

-6.00 t *— — i------ 1—
-4.00 -2.00 0.00 2.00THY PK PAIR ENERGY

n—  
4.00

8
9

f 8
_D

X
“ 8

8
ou

N

I 8£  to

a
“i—  
6.00 8.00

» •s * •ft ►
h P j>
css
’o*
• Hi
O 1-4 W C «c • * r* r« M
• *i H
So
S"P

it H

o# £it H• m
9 ̂  itno*Hoa
r— m
i*»S
§§*
Sft
KkO 
OOl. 
9 9 «
9 M9
H- O■ « kC *1 cHjl* « C «l»« • V* C 
0 0 9
9

*<9«
*• 9 
9 *4 • 1

129



m
'28

B H

S
■«nm'

<u

8
i i i i i

-4.00 -4.00 -2.00 0.00 2.00-6.00 THr PK PAIR ENERGY

8
9

.“8
»

8
CJ
§8 
2  S3

oo

~l--
U.00

8
6.00

56-,
P65
6S6
ao *
* Mlb H 
HI «c t> •r» rt Wt * • H H CM**#* O
*"S
1 * 6  • »
D~l*ftxt»*x&• w
HW

c e oB5H

*S
£55
HOlt• C •ft« •
o a S 
f "5

65
S I*• n

130



131
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flour a IV*2.14 Calculated CCDf ot aolute-uater pair inuqlM of vittri of the *CH3 functional group of thyelne - Kollaen soluta-watos potential function alaulation. ,
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Figure IV.l.lg. - calculated quasicomponent 

distribution function of binding energy for thymine 

(Kollman potentials)•

& axis - binding energy (kcal/mole).

X axis - quasicomponent of binding energy



135

flaura XV.2.1* Calculate* SCOT of total binding energy for tbyalne - Kollaaa aolute-water potential function 
aiaclation.
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Computational Specifics. An aqueous solution of 

thymine and 215 waters was simulated using the BVS 

solute-water potentials and the SPC water-water 
potentials at 296 K. Simulation conditions were 

identical to the thymine simulation described previously 

usinq Clementi and Kollman solute-water potentials*. Face 

centered cubic boundary conditions were used with a unit 

cell edqe of 14.87 Angstroms. Ihe simulation consisted 

of an equilibration period of 600.000 moves. which was 

discarded, ana a production period of 2.000,000 moves. 

All analyses and ensemble averages were formed over the 

last 2000K configurations.

Potential Surface. Ihe potential energy surface for 

the interaction of thymine and one water, using BV3 

solute-water potential functions for the calculation, is 

shown in Figure IV.3.1. Ihe vicinity of the H3 imino 

hydrogen contains the most favorable solute-water 

interaction at an energy of -8.10 kcal/mole. Strong 

thouqn less favorable interactions are found in the 

region of the HI hydrogen at energies between -6.10 and 
-7.10 kcal/mole. The polar carbonyl oxygens interact 

more weakly with water. Ihe 04 oxygen binds with 

energies between -3.1 and -4.1 kcal/mole and the 02 

oxygen bind between -3*1 and -4.1 kcal/mole where it is 

flanked by the imino hydrogens and between -2.1 and -3.1 

kcal/mole colinear with the 0=0 bond. Ihe apolar methine 

region solute-water interactions range from -1.10 to
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'-2.10 Kcal/mole. Interaction energies in the region of 

the methyl group range from -0.1 to -2.1 Kcal/mole with 

the lower energies on the 04 side of the methyl group.

Convergence and Thermodynamic Results. The control 

functions for the BV3 potential aqueous thymine 

simulation are shown in Figure IV.3.2; the calculated 

thermodynamic guantiies are given in Iable IV.1. Ihe 

control function plots reveal that the total binding 

enerqy is rather stable for the last 1000K or so its 

value after 2000K is -2224.8 +/- 3.9 Kcal/mole. The heat 

capacity reaches the value 15.4 cal/mole-K after 2000K 

configurations. The vacuum to water transfer energy is 

calculated to be -21.1 Kcal/mole. Figures IV.3.4 thru 

IV.3.9 and IV.3.12 thru IV.3.17 contain distribution 

functions for the quasicomponents of coordination number 

and first shell pair energy for the imino, carbonyl, 

methyl and methine functional groups of thymine. Figures 
IV.3.10 and IV.3.18 contain graphs of the guasicoroponents 

of coordination number and oinding energy for tne thymine 

molecule.

Structural Results. Tne first shell coordination 

numbers for the atoms of thymine are displayed on the 

molecular diagram of Figure IV.3.3. Ihe imino hydrogens 

both have significant first shell populations. The HI 

hydrogen contains 2.51 waters in a 3.4 Angstrom shell and 
the H3 hydrogen contains 3.24 waters in a 3.8 Angstrom
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shell. Neither shell Is packed at a- high density; 

solvent densities are around bulk water values In both 

cases (HI: .97 x bulk water;H3: 1.03). This results

suggests that little hydrophilic water concentration Is 

occurring In these solvation shells. ' Similarly, the 

carbonyl oxygens have significant first shell populations 

(02: 3.79 waters; 04: 2.83) with low solvwnt densities

(02: .99; 04: .96).

Ihe apolar methyl group united atom, CH3 5*, has a 

large first shell radial cutoff (4.6 Angstroms). A first 

shell population of 6.47 waters is calculated; the 

combination of extended first shell radius, large 

coordination number and low solvent density (.97) is 

qenerally seen with apolar solute-water interactions. 

Ihe methine united atom, Crl6, is assigned 1.99 waters in 

a 4.0 Angstrom first shell. Ihe first shell solvent 

density is .88; thus, the methine united atom shows the 

characteristic hydration of apolar moieties.

Ihe quasicomponent distribution function of 

coordination number for thymine is found in Figure 

IV.3.10. Ihe coordination numbers range from 18 to 28 

and the greatest contributions arises from coordination 

numbers of 23 and 2U. Ine average coordination number is 

22.84 ♦ /- .85.

Energetic Results. Ihe first shell solute pair 

energies for the waters assigned to the atoms of thymine
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are displayed on the molecular diagram of Figure IV.3.11. 

Ihe waters of the H3 imino hydrogen have the lowest 

average pair enerqies (-1.743 Kcal/mole) and make the 

greatest contribution to the total solute binding energy 

(-5.647 Kcal/mole). Ihe water-water pair energies in the 

extended coordination shell of this atom are the most 
destabilized overall (-3.294 Kcal/mole); this result is 

consistent with the solute-water pair energies found 

here. Ihe waters of the 41 imino hydrogen show less 

favorable solute-water pair energies (average -.676 

kcal/mole) presumably due to the influence of the 

neighboring apolar methine group.

The waters of the carbonyl oxygen 32 and 04 are rather 

weakly bound (averaqe pair energies -.949 and -.947 
kcal/mole,respectively). Ihe average pair energies of 

the ring carbonyl carbon waters are actually greater than 

those of tne carbonyl oxygen waters (-1.210 > -.949

Kcal/mole for C-D 2 and -1.129 for C=D 4); the same 

unexpected ordering is also seen with N1 and HI.

Ihe waters assigned to the CH3 5* methyl group 

interact the least favorably of all at an average -.590 

kcal per solute-water interaction. The extended 

hydration shell of this ring substituent has the enhanced 

water-water pair energies (-3.425 Kcal/mole vs. -3.390 

Kcal/mole average for this simulation) expected with 

apolar hydration.
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Ihe quasicomponent distribution function of solute- 

water binding energies for thymine is displayed in Figure 

IV.3.18. Energy values range from -39 to -17 kcal/mole; 

the most significant contributions range from -32 to -25 

kcal/nole. Ihe average solute binding energy is -28.6 

♦/- .9 kcal/mole.
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tiaiica iv.i-i - i soenergy contour surface for thymine 
and one water (BVG solute-water potential functions).

X. axis - X axis of plane defined by molecular ring 

atoms (Angstroms)•

X axis - y axis of plane defined by molecular ring 

atoms (Angstroms).

Contour^ " isoenergy contours with one Kcal/mole 

increments with alphabetical labels referring to contour 

energy values in list at right.



ID CflNTBUR LEVELS R -7.10099
B -6.10100 C -5.10100 0 -4.10100 E -3.10100 
F -2.10100 
G -1.10100 H -0.10100 
I 0.89900 J 1.89900
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Eiaure IV.2,.2, ~ control functions for Monte Zar lo 

simulation of thymine and 215 waters (BVG solute-water 

potential functions)•

X. axis - number of configurations*

Left X. axis - mean total energy (ucal/mole) *

Right X. axis. - constant volume heat capacity

(cal/mole-deqree).

Upper curve - constant volume heat capacity.

Bottom curve without crosshatches - average total

energy for entire simulation.

bottom curve with crosshatches - average total energy 

for preceeding 50K configurations.
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le n u u M  (d is b s t .)
1 11 IB C S 4.2 22.25 9.59 9.79 -9.656 -1.116 1.82 -8.745 4.18 -3.477 -29.121

SBttiaRCftL HCBRDUNnr (♦ /- 2*flD)i 9.14 9.18 9.243 9.469 9.91 9.396 9.25 9061 9.645
•

2 3 17 C H 6  4.B <7.29 1.99 9.88 -1.676 -8.843 16.15 -2.234 4.31 -3.447 -29.495
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3 11 Is  C M *  5* 4.6 197.96 6.41 9.97 -3.783 -8.599 45.97 -4.642 4.36 -3.425 -29.578
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M DS O O P
4 1 31 N 1 4.4 18.92 9.35 9.58 -8.354 -1.912 1.34 -8.436 4.34 -3.461 -29.697
5 2 19 B 1 3.4 77.15 2.51 9.97 -2.198 -8.876 38.41 -3.813 4.34 -3.434 -29019

to o l s  r a t  fiM snxK . grow  vm  1 95.97 2.86 9.99 -2.552 -9.893 39.75 -4.249 4.34 -3.435 -29.513
6 C 31 N 3 4.1 16.47 9.24 9.43 -8.238 -8.995 1.26 -8.322 4.35 -3.393 -29015
7 7 19 B 3 3.8 94.99 3.24 1.93 -5.647 -1.743 35.37 -8.653 4.51 -3.294 -29.629

TOOLS K it VOCrKBN. O O P >MJ 1 119.56 3.48 9.94. -5.886 -1.691 36.63 -6.975 4.51 -3.295 -29.619

AVBM28 OMB fUCROML GBP » «  I 192.82 3.17 9.92 -4.219 -1.292 38.19 -5.612 4.42 -3.365 -29.561
B D o x an cu .aao B B u m  (V - 2*® )i 9.22 9.96 9.477 9.165 9.92 9.356 9.94 9 J2 4 9092

<ro<

Table IV.4 Calculated structural and energetic quantities 
froa Monte Carlo siaulation of thyaine and 215 waters at 298 
K - B VG solute-water potential functions*



laole IV.4 Calculated structural ana energetic quantities 
frog, Monte Carlo simulation of tnyaine and 215 waters at 298 
K * BVG solute-water potential functions.

OUeOMLGBOW
8 4 IB C 2 4.2 19.68 8.49 9.61 -9.486 -1.219 1.62 -9.584 4.36 -3.442 -29.716
9 5 3 0  2 4.1 114.73 3.79 9.99 -3.598 -9.949 34.69 -4.454 4.39 -3.419 -2938}

tom ts m  racnoiKL o n v 0 0  t 134.41 4.19 9.93 -4.884 -9.974 36.31 -5.938 4.39 -3.419 -29.594
IB 6 18 C 4 4.B 18.34 B.49 9.81 -4.558 -1.129 1.62 • -9.669 4.21 *3.362 -19.942
11 9 3 0  4 3.C 88.21 2.83 9.96 -2.676 -9.947 36.76 -3.723 4.42 -3.341 -29.389

f o n t s  ior lUNcnoML o a r C-0 i 1B6.55 3.32 9.93 -3.234 -9.974 38.37 •4.383 4.41 -3.342 -29.361

AVBMZ8 OVBR RM9I0HU. GBP C-0 i 129.41 3.76 9.93 -3.659 -9.974 37.34 -4.711 4.49 -3.389 -29.478
BnnencHL UKXsnmn (+/- 2*90)1 8.24 9.96 9.389 9.114 9.92 9.392 9.94 . 9.924 9092

fOJSCOUB SDVAVHWXi 734.1 22.84 9.93 -21.871 -9.958 215.99 -26.267 4.39 -3.399 -29.525
sm nsncM . acnm iM H  {♦/- 2*90) i 9.85 9.93 1.392 9.965 8.96 1.969 M 2 0.914 9.961
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Figures LV.l.tt through IV. 1.10 calculated
quasicooponent distribution function of first shell 

coordination number for thymine and functional grojps 

(BVG potentials)■

JL axis - coordination number.

JL axis - quasicomponent of coordination number.
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finure IV.3.5 Calculated ACbF of (lest shell coordination 
nunbet for (CO)2 functional croup of tltyaine - BVG solute* 
eater potential fuuctlon siaulation.
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figure IV.3.6 Calculated QCDF of first shell coordination nuafcer for <NH)3 functional qcoup of thyalnn - BVC solute- uatec potential function sinulation.
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fiquie IV.3.7 Calculated QCDF of flist shell coordination nuaber lor (CO)* functional qtoup of thynlne - BVG soluto- uater potential function alMlatlon.
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•Flqure IV.3.* Calculated QCDF of first shell coordination
nunber for *CH3 functional troup of tbyeine - BVC solute-
uater 'potential function sieulation.
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Flqure IV.1.9 CilcuUttd QCDF of first shell coordination 
nueber for |CH)4 functional group of thyalne - BVC solute- 
ester potential function sluulatlon.
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Figure IV. j .12 through IV. 3. jl 7 - calculated

quasicomponent distribution function of average first 

shell pair energy for functional groups of thymine (BVG 

potentials)•

A axis - pair energy (kcal/mole).

Left ¥ axis - quasicomponent of pair energy.

Right Y axis - running coordination number.
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r io u c a  XV.3.12 Calculated gCDf of soluta-watar pair
eneiaies of waters of the (NH)1 functional 9roup of thyaina
~ uVJ soluta-watar potai.tial function siaulation.

ocritz 00*91 
uoo NNHU

00‘B OOC -00*8fi QO'OTi 00*26 
t - 01X1

QD*fl 00-0-00*8oo*fi2 ao*oe
( g_0lXJ \ (WO HSJ I f lO

-8.
00 

-4.
00 

0.0
0 

U.O
D 

0.0
0 

12.
00 

10.
00 

20
.0
0 

TH
r 

BVG
 

PB
IR 

EN
ER

GY



i

-8.00 -4.00 0.00 U.00 S.QDTHr BVG PAIR ENERGY

T  Som-4
X“8
W
8

o ~u
z 8£«g

T X
a4-

»*9C. (W H ■« (mt* »* A«ceOwnI- •c oI* »*
( > •» rtu.♦ m *•  *1 H

B O O nor» » 
•  r* ►* 330 
n  •  C

otm o i  e «*■ a u
SU8HCQ 09^ 
9 Of*
9 **0 ^*09 
9 99 9HH9
9 Oft<a h Kn 6
88

12.00 10.00 20.00

T
oSh. r* « r»H 9 *<
H 9a k  • *t

160



lb l

tleuie IV.3.1* Calculated QCDf of ooluto-wtir M i r
•nainioe of water* of the <MH>3 functional group of thyaln#
* dVu aolute-water potential function alnulatlon.
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litwa IV. 3.1* Ca leal at** QCDf of sola ta-ua tar pais
•norcuas of waters of tlu -CH3 functional group of Miyslno *
oVS soluto-watar ootantial function slaolatlon.
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fiewre IV.3.17 Calculated &COT of aolute-water pair
eneicxea of water* of tn# (CM)t functional group of thyalne
• *V3 soluta-water potential function clnulatlon.
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ZX33ULSL LV.1-1& calculated quasicoroponent

distribution function of binding energy for thymine (BVS 

potentials).

& axis - binding energy (kcal/.nole) .

£ axis - quasiconponent of binding energy.
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4. u^cll with Clement 1 Solute-Matar Potantialg



Ib6
Computational Specifics. ftn aqueous solution of 

uracil and 215 waters was simulated using Clement!

solute-water potentials and MCX-CI water-water potentials 

at 298 K. Face centered cubic boundary conditions with a 

unit cell of 14.87 Angstroms edge were used, determined 

by a partial molar volume of 75 cc/mole for uracil and 

18.07 cc/mole for water. An initial 600,000 steps of 

Monte Carlo simulation were carried out and were 
discarded as an equilibration period. Ihe ensemble

averages and other analyses were formed over the 

succeeding 2000K configurations of the realization.

Potential Surface. The potential energy surface for 

uracil and one water, using Clement! solute-water 

potentials for calculation, is snown in Figure IV.4.1. 

Ihe peak between the HI hydrogen and 02 oxygen is the 

lowest energy point on the surface with a minimum 

interaction of -13.40 kcal/mole. Energies become as high 

as -6.40 kcal/mole as the region near the Hi hydrogen is 

traversed towards the H6 methine hydrogen. Ihe region of 

the H3 imino hydrogen has minimum solutewater 
interactions of -11.40 to -12.40 kcal/mole on the 02 

side. A significant minimum also occurs on the 04 side 

of this hydrogen between -10.4 and -11.4 kcal/mole. Ihe

interactions in the regions immediately surrounding the

carbonyl oxygens (coaxial to the C=0 bonds) are less 

favorable, ranging from -6.4 to -7.4 kcal/mole for 04 and 
from -7.4 to -8.4 kcal/mole for 02. Ihe region of the
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methine hydrogens contain interactions as favorable 

(-6.U to -8.4 Kcal/mole) as tne carbonyl oxygen regions.

Convergence and Thermodynamic Results. Ihe control 

functions for the Clementi potential uracil simulation 

are shown in Figure IV.4.2. Calculated thermodynamic 
quantities are qiven in laole IV.l. The total binding 

energy remains within 10 Kcal/mole for the final 1000K of 

the simulation attaining a final value of -2009.5 ♦ /- 6.1 
Kcal/mole. Ihe heat capacity reaches a final value of 

18.1 cal/mole-K. Ihe vacuum to water transfer energy is 

-149.7 Kcal/mole.

Figures IV.4.4 thru IV.4.9 and IV.4.12 and IV.4.17 

contain distribution functions for the quasicomponents of 

coordination number and average first shell pair energy 

for the imino, carbonyl and metnine functional groups of 

uracil.

Structural Results. Ine atomic first shell 

coordination numbers, derived from the column labeled <K> 

in Table IV.5 are displayed on a molecular diagram in 

Figure IV.4.3. Both imino hydrogens are assigned the 

same first shell radii of 3.4 Angstroms. First shell 

population densities for these atoms are considerably 

higher than bulK water (1.32 for HI and 1.42 for H3); 

accordingly, the first shell populations are high (HI: 

3.16, H3: 3.43). Ihe polar oxygens (02 and 04) also have 

significant first shell populations of 2.31 and 3.07
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waters respectively* The first shell densities, however, 

are siqnificantly lower than bulk water at values of *89 

for 02 and *90 for 04*

Although the methine hydrogens are considered apolar, 

the first shell population densities are both higher than 

bulk water. Ihe H5 density is . 1.05; the H6 density is 
considerably hiqher than bulk solvent at 1*27.

Ihe UCDF of coordination number for uracil and 

Clementi solute-water potentials is displayed in Figure 

IV.4.10. Ihe contributions fall in the range 18 to 25; 

the most common coordination number is 21. The average 

first shell coordination number is 19.76 ♦/- .31.

Energetic Results. First shell solute-water pair 

energies for the atoms of uracil are shown in Figure 

IV.4.11. Ine waters of the imino hydrogens have the most 

favorable pair energies of all first shell waters. Ihe 

HI hydrogen waters have the lowest solute binding 

energies (<SLIPE> = -5.524 kcal/mole) while the H3 waters 

contribute the lowest total solute binding energy to the 
molecule (<SLIBE> * -17.511 kcal/mole, <SLIPE> * -5.106 

Kcal/mole). Together the imino hydrogens contribute 
about 50% (-34.984 kcal/mole) of the total solute binding 

energy (-72.453 kcal/mole). Ihe polar carbonyl oxygens 

are assigned waters with average pair energies (-3.623 

kcal/mole for 02 and -2.458 kcal/mole for 04) 

approximately the same as those for the apolar methine
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hydrogens (-2.493 Kcal/mole for H5 and -3.473 Kcal/mole). 

Waters assigned to the methine hydrogens have the most 

favorable water-water pair energies (-3.113 Kcal/mole for 

H5 waters and -3.064 Kcal/mole for H6 waters); all waters 

assiqned to other ring substituents have average water- 

water pair energies -3.000 Kcal/mole. This result is 

reasonable considering the apolar character of the 

methine hydrogens.

Ihe QCDF of solute binding energies for uracil and 

Clementi potentials is displayed in Figure IV.4.16. 

Energy values ranging from around -153 to -123 Kcal/mole 

are seen; the most significant contributions are from 

about -142 to -135 Kcal/mole The average solute binding 

energy is -137.4 ♦/- 1.0 Kcal/mole.
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Eiciare ~ isoenergy contour surface for uracil

and one water (Clementi solute-water potential 

functions) •

2L axis - X axis of plane defined oy molecular ring 

atoms (Angstroms)•

1 axis - i  axis of plane defined by molecular ring 

atoms (Angstroms).

Contours - isoenergy contours witn one Kcal/mole 

increments with alphabetical labels referring to contour 

energy values in list at right.
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Figure IV*!£*£ - control functions for Monte Carlo 

simulation of uracil and 215 waters (Clementi solute- 

water potential functions)*

X. axis - number of configurations.

Left JL axis - mean total energy (Kcal/mole) .

Right Y axis. - constant volume heat capacity 

(cal/mole-degree) .

Upper curve - constant volume neat capacity.

Bottom curve without crosshatches - average total 

energy for entire simulation*

bottom curve with crosshatches - average total energy 

for preceeding 50K configurations*
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littCIL IN WATER AT 29K - FORCE BIAS AM) dflOffl POTENTIAL FUCTIONB
uar GomGwmaNi 2M*mi first gmu scum pkhxties total as hob non w w rna

NFSM-3.39 K »  7.7S A
AT NO mac TYPE RFS VFS <K> <JC/V> <flURE> <UK> <K> <SUBR> <H> 38M8!1> <BB8H>
leranae grows

1 5 25 CCS2 It 16 U H5 
TOTALS FOR FUNCTIOFRL SOW

4.2
3.6

17.8881.1898.98
8.24 8.41 
2.84 1.85 
3.88 .93

-8.811
-7.868
-7.879

-8.845-2.493
-2.388

1.18732.252
33.359

-8.328-16.862
-16.389

4.18
4.144.14

-2.976-3.113
-3.189

-17.524-17.463-17.465
3 6 25 CCS 
« U  16 H H6 TOTALS FOR FUCnONU. GROW

3.63.6
14.86
55.6778.53

8.24 8.48
2.37 1.27 2.61 1.11

-8.287-8.232
-8.439

-8.866-3.473-3.235
1.241
32.47133.712

-8.644-16.998
-17.633

4.28
4.174.17

-2.994
-3.864-3.961

-17.883-17.568
•17.569

AVERAGES OWE FWCTIOWtf. GROUPS*—
aw nsncM . ucsKBUNnr <♦/- 2*s»

84.75 2.84 1.88 8.89 8.83 -7.7598.388 -2.7678.155 33.536IJ28 -17.9119.278 4.169.92 -3.8859J33 -17.5179.158
n m o cK x n5 6 15 N to6 M  16 H H3 TOTALS FOR FUCTIGtAL GROUP

3.8
3.4

15.5872.33
87.91

8.91 1.75 3.43 1.42 
4.34 1.48

-3.823-17.511
-28.514

-3.323-4.186-4.732
1.883
34388
36.383

-3.432-28.678
-32.111

4.78
4.274.29

-3.177-2.968-2.978
-28.165-17.484
-17.686

7 7 15 N Nl
8 12 16 H Hi TOTALS FOR FUNCTIOML OOP

3.6
3.4

14.68
71.6286.22

8.66 1.35 
3.16 1.32 3.82 1.33

-1.655
-17.473
-19.127

-2.515
-5.524-5.886

1.567
31.996
33.563

-2.136
-27.339-29.475

4.12
4.23
4.23

-3.142
-2.958
-2.959

-17.889
-17.249-17.275

AVERAGES OVER FUCTKML GROUPS:—  
BO/nWnOL UNCERTAINW (♦/" 2*£D) 87.86 4.88 1.48 #.13 8.85 -19.8318.778 -4.869

8.267
34.9736.921 -38.793

9.493 4.269.82 -2.969IJ3I -17.448
8.146

Table IV*5 Calculated structural and energetic quantities 
fron Honte Carlo slaulation of uracil and 215 waters at 296 
K - Clenenti solute-water potential functions*



UMdL HI MOBt W  29® -  KMX BUS MD O M K  IQnW Ub NNCnOB

OUttMXL OOVS9 1 27 O 02 3.4 19 2 24 C C2 4.9 ICltlUO FOR FUCTKML GROUP
77.5919.77
94.34

2.31 9.99 9.34 9.57 
2.47 9.93

-9.393-9.944
-9.349

-3.423
-2.493-3.499

38.734 -21.994 1.254 -1.334 39.992 -22.432
4.234.24
4.23

-2.994
-3029
-2.999

-17.493-17.981
-17.599

11 4 24 C C4 3.4
12 9 27 0 04 3.9 TOBALS m  lUCnQML (MW.

15.41
192.25
117.44

9.18 9.34 
3.97 9.99 
3.24 9.82

-9.389
-7.534
-7.925

-2.194-2.458
-2.443

1.337 -9.947 
34.454 -19.399 37.991 -19.339

4.25
4.24
4.24

-2.982
-2.998-2098

-17058
-17.599-17019

AVEMGE8 OWS FUCTICML CSOUPSl—
sn n sn cM . u c H m m r (♦/- 2*®)

197.91 2.94 9.93 
9.99 9.93 -9.4379.317

-2.9719.154
38.991 -29.995 9.922 9.317 4.25

9.92
-2.9949.928 -17.5999.139

(MOLWATIJW SUV'AVEKMX:
■SffltnCAL UNQREAIMH (+/- 2*80) 557.44 19.74 1.94 9.31 9.92

-72.453
1.445

-3.4449.999 215.999 -137.793 
9.933 1.951 4.22

9.91

1
-3.9149.915 -17.4919.949

Table IV.5 Calculated structural and energetic quantities 
froa Monte Carlo siaulation of uracil and 215 waters at 29ft 
K - Cleeenti solute-water potential functions.
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E U u n  IV.4.3 First i h « U  coordination nusbnrs (or tno 
•tons of uracil - Clsnonti soluta-watar potential function 
siaulation.
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9

Figures IV. . U tftrougn IV.U.1Q - calculated

quasicomponent distribution function of first shell 

coordination number for uracil and functional groups 

(Clement! potentials).

JL axis - coordination number.

3C axis - quasicomponent of coordination number



flqure IV.*.i Calculated OCDF ot (list ahell coordination 
nuetiar for INrill functional qroup of u r n d l  - Cleaentl 
solute-aater potential function simulation.
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s figure IV.S.? Calculated iCDF of first shell coordination 
nueber for (COtt functional group of uracil - Cleoenti 
aolute-vater potential function einulation.
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Flame IV.*.8 Calculated JCDP of first shall coordination 
nuabar for <CH)S functional qroup of uracil - Claaantl solute-aater potential function slaulatlon.
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Flqure IV.4.9 Calculated 9CDF of first shell coordination

nuatoer for |CH)6 functional qroup of uracil - Cleeentl
solute-water potential function slnulatlon.
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tl«ur« XV.*.n kv*(*H first shall solatfvtur pair anaialas of watars asslqnad to tha atoas of uracil - Claaanti soluta-watsr potential function slnulatlon.
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Figure IV.4.12 through IV.4.17 - calculated

quasicomponenc distribution function of average first 

shell pair energy for functional groups of uracil 

(dementi potentials).

axis - pair energy (Kcal/mole) .

Left 1 axis * guasicomponent of pair energy.

Right i , axis - running coordination nuraoer.
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llaura IV.*.12 Calculated QCOf of soluts-water pair
anaroias of wattes of tno (NH)1 functional group of uracil -
Claaantl soluta-watar potential function slnulatlon.
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tlaura IV.*.1J Calculated QCJf of soliita-uatar pole
an*r*i«s of tutors of tlto (CD)2 functional arou? of uracil -
Cloaonti soluta-watar pocontial function slaulation.
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Liadta iv.4.u  calculated quasicomponent

distribution function of oinding energy for uracil 

(Clement! potentials)•

X. axis - binding energy (kcal/mole) •

1 ax^s. ” quasicomponent of Dinding energy.
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§• with Kollaan Solute-aater Potentials
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Computational Specifics* A solution of uracil and 215 

waters was simulated using Kolloan solute-water 

potentials and TIP3P water-water potentials at 298 K. 

Face centered cubic boundary conditions were used with a 

unit cell edge of 14.87 Angstroms* The dimensions were 

determined using a partial molar volume of 75 cc/mole for 

uracil and 18.07 cc/mole for water* The initial 600,000 

steps of Monte Carlo simulation were discarded as an

equilibration period. Ensemble averages and other 

analyses were calculated using the succeeding 2000K

configurations of the simulation.

Potential Surface. The potential energy surface for 

the interaction of uracil and one water molecule using 

Kollman solute-water potential functions is shown in 

Figure IV.5.1 Xne lowest energy solute-water interaction 

is found in the area between the 02 carbonyl oxygen and 

the HI imino hydrogen atoms at an energy of -6.98

kcal/mole. The region of the H3 hydrogen similarly 

contains quite favorable solute-water interaction 

enerqies between -4.98 and -5.98 kcal/mole. The regions 

surrounding both the carbonyl 02 and the carbonyl 04 

atoms contain interaction energies between -2.98 and 

-3.98 kcal/mole. Finally, the apolar methylene region 

minimum solute-water energies fall between -.98 and -2.98 

kcal/mole.

Convergence and Thermodynamic Results. Control
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functions for this simulation are found in Figure IV.5.2. 

Examination of the mean energy curve reveals that the 

total binding energy remains within about five kcal/mole 

for the last 10Q0K of the simulation reaching a final 

value of -2131.1 ♦/- 5.6 kcal/mole. The vacuum to water 

solute transfer energy is -11.2 kcal/mole*. The heat 

capacity reaches a final value of 18.4 cal/mole-K.

figures IV.5.4 thru IV.5.9 and IV.5.12 thru IV.5.17 

contain distribution function plots for the 

quasicomponents of coordination number and average first 

shell pair energies for the imino. carbonyl and methine 

functional groups.

Structural Results. Ine first snell coordination 

numbers for uracil in this simulation are listed in the 

column labeled <K> in Table IV.6 and are displayed on the 
molecular diagram in Figure IV.5.3. The ring nitrogens 

of uracil are unhydrated due to their low solvent 

accessibility. The imino hydrogens* HI and H3, are fully 

hydrated. The rll hydrogen has the highest coordination 

number in the molecule and contains 3.32 waters in a 

first shell of radius 3.B Angstroms. The first shell 

water density is .98 of oulk water; although this density 

is lower than bulk water, it is the highest first shell 

water density found in the molecule. The H3 hydrogen 

contains about one less (2.57) water in the first 

coordination shell. The low water density of .93 is
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nonetheless the second highest In the molecular 

coordination shell* Ine carbonyl oxygens (02 and 04) 

also turn out to be significantly hydrated by 2.22 waters 
(02) and 3.09 waters (04).

The united atoms (C5H5 and C6H6) have the extended 

first shell characteristic of apolar atoms (both radial 

cutoffs are 4.6 Angstroms)• On the average, these ring 

fragments have 3.08 (C5H5) and 3.29 (C6H6) waters in 

their coordination shells. The coordination shell water 

densities for C5H5 and CSH6 are .91 and .92 respectively, 

demonstrating that, in this simulation, there is only a 

small difference between the first shell structural 

hydration character of polar and apolar ring 

substituents.

Ihe QCDF of coordination number for uracil in this 

simulation is displayed in Figure IV.5.10. 

Contributions ranqe from 14 to 24; the most common values 

are 19 and 20 Ihe average first shell coordination number 

is 18.76 ♦/- .70.

Energetic Results. Ihe first shell average pair 

energies collected for the waters of the first hydration 

shell of each atom of uracil are displayed on the 
molecular diagram oE Figure IV.5.11. Ihe values in this 

table are taken from the column labeled <SLTPE> in Table 

IV.6• Ihe H3 imino hydroqen is assigned relatively 
strongly bound waters at average pair energies of -1.299



201
Kcal/mole resulting in a total solute binding energy 

contribution of -3.341 Kcal/mole. Ihe waters assigned to 

the HI hydrogen are bound less strongly at an average of 

-.664 Kcal/mole. Ihe apolar methine united atoms posess 

the waters with the most positive average pair energies 

(-.394 Kcal/mole for C5H5 and -.51.5 Kcal/mole for C6H6) .

Ihe quasicomponent distribution function of solute 

binding energy for uracil is shown in figure IV.5.18. 

The values range from -30 to' -10 Kcal/mole with the most 

significant contributions occurring in the -23 to -17 

Kcal/mole range. The average solute binding energy is 

-20.9 ♦/- 1.0 Kcal/mole. The average water-water pair

energies in the C6H6 region are the lowest of any region 

of the molecule at -3.204 Kcal/mole.
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Figure JLV-5.-1. ” isoenergy contour surface for uracil

and one water (Kollman solute-water potential functions).

& axis - X axis of plane defined Dy molecular ring 

atoms (Angstroms)»

I axis - 3f axis of plane defined Dy molecular ring 

atoms (Angstroms).

Contours - isoenergy contours with one kcal/mole 

increments with alphabetical labels referring to contour 

energy values in list at right.
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Figure ~ control functions for rtonte Tarlo

simulation of uracil and 215 waters (Kollman solute-water 

potential functions).

& axis - number of configurations.

Left X. anis. - mean total energy (Kcal/mole) .

Rlobt X. axis. - constant volume heat capacity 

(cal/mole-degree).

Upper curve - constant volume neat capacity.

Bottom curve without crosshatcnes - average total 

enerqy for entire simulation.

Bottom curve with crosshatcnes - average total energy 

for preceeding 50K configurations.
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( M O L  IN MttES Iff 29K - ICKX BIAS M O  KUJMN FOIBfflM. NK7I0NS
la s t  a m o m n o N t 20NM1 ra a rn B L L  s t u n  n o n m B S TOOL Off M M M n a tn o B s m  

WGW-3.39 »  7.75 A

jff ( o m a m s MS w s <X> <M/V> <BUM> <*> <8UBB> <BO O M iO

N B n m a c a n c s
1 99 19 C5B5
2 19 19 C686

4.6
4.5

181.15
187.34

3.98 9.91 
3.29 9.92

-1.214 
-91.694 •

-9.394
-9.515

23.616
26.198

-1.693
-1.961

4.42
4.44

-3.189
-3.294

-19.761
-19.896

AVBWGE8 OVBl PWCnONi GMU>Si—
a rfffu n c u . im zkem m tt (+ /- 2*®)

184.25 3.18 9.91 
9.25 9.87

-91.454
9.196

-9.455
9.957

24.862
9.917

-1.922
9.182

4.43
9.92

-3.196
9.928

-19.929
9.141

m n a a n
3 1 31 B W
4 92 19 B 81 

fOUU  FOR lUCnONUL GROW

3.4
3.9

14.64
191.72
116.36

9.21 9.43 
3.32 9.98 
3.54 9.91

-9.188
-92.299
-92.397

-9.886
-9.664
-9.678

1.242
39.488
49.738

-9.324
-2.735
-3.959

4.24
4.49
4.39

-3.274
-3.196
-3.199

-19.359
-19.762
-19.749

15 5 3* N 10 
•6 M 19 B H3

t o m s  iob incnom. croup

3.8
3.8

15.57
82.77

898.34

9.26 9.51 
2.57 9.93 
2.84 9.86

-9.297
-93.341
-93.54a

-9.783
-1.299
-1.251

1.254
35.711
36.964

-9.316
-4.521
-4.937

4.24
4.42
4.41

-3.299
-3.154
-3.159

-19.318
-19.539
-19.539

a v b m b  ow n racrio N u . a r io s i— 
ao ffuncM . uNCBnmnr (+ /- 2*®)

187.35 3.19 9.89 
9.29 9.95

-92.973
9.391

-9.964
9.121

38.847
9.922

-3.949
9.315

4.49
9.92

-3.179
9.923

-19.6a
9012

Table IV.& Calculated structural and energetic quantities 
froa Monte Carlo simulation of uracil and 215 waters at 298 
K - Kollaan solute-water potential functions.



Table IV.6 Calculated structural ano energetic quantities 
tion Monte Carlo simulation of uracil and 215 waters at 296 
K - Kollnan solute-water potential functions.

OU®ONH. GJKW8
17 3 01 C C2 4.2 
•8 4 34 ■ 02 3.4

TOEMJl PCS VdOTONUa GROW
19.75
77.07
097.42

0.32 0.48 
2.22 0.88 
2*54 0.78

-0.295
-2.022
-2.310

-0.925
-0.910
-0.912

01.373
37.008
38.381

-0.370
-3.170
-3.54*

4.28
4.45
4.45

-3.217
-3.10*
-3.100

-19.107
-19.557
-19.557

09 7 01 C C4 4.2
10 8 34 0 04 3.0 

tcmua r a t  h jno tm w . q cu p

19.21
099.B0
119.07

0.40 0.02 
3.09 0.92 
3.48 0.87

*41.359
-2.731
-3.090

-0.907
-0.884
-0.887

01.518
47.082
49.200

-0.444
-4.534
-4.970

4.31
4.47
4.40

-3.260
-3.101
-3.104

-19.302
-19.891
-19.874

avbmgbs am racnomi. g k w s i— SEKnsnCM. taCfOEBUMK {+/- 2*®) 1*0.25 3.01 0.83 
0.18 0.05

-2.703
0.350

-0.900
0.110

43.791
0.023

-4.259
0.320

4.40
0.02

-3.134
0.021

-19.789
0000

UWdL
HQUOJUR fiOtfWEMGBlsnoxsncu. imsqmnr (+/- 2*a» 839.70 18.70 0.88 

8.70 0.03
-14.258
1.004

-0.780
0.050

215.000
0.072

-20.059
*.901

4.43
0.«1

-3.100
*.014

-19.722
0.000

f
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Iiaura IV.5.3 flrat aball coordination mjnanra fat tha 
atoaa of uracil - Kollaan aoluta-aatar potential function
aiBblation.
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Figures 1V.5*!L through iV - 5.* 3LS. “ calculated 

quasicomponent distribution function of first shell 

coordination number for uracil and functional groups 

(Koilman potentials)>

& axis - coordination numoer.

1 a&is. ~ quasicomponent of coordination number.
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s Flqure IV.S.o Calculated JCDF of first shell coordlestloa
nuaber for INH11 functional qroup of uracil - Kollaan
solute-water potential function sinulatlon.
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Flqure 1V.5.S Calculated 0CDF of first shell coordination 
nuaber for (CO)2 functional qroup of uracil - Kollaan 

8  ' solute-water potential function siaulatlon.
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Il<4ure IV.S.* Calculated 9CDF of first shell coordination 
hunter for (KH)3 functional qroup of uracil - Kollaan solute-uater potential function slaulatlon.
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Finure IV.S.7 Calculated OCDF of first snell coordination nunber for (CO)a functional qroup of uracil - Kollaan solute-water potential function siaulntion*
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Figure IV.5.S Calculated QCOF of first shell coordlnatioo 
nuaber for fCH)5 functional group of uracil - Kollaan 
solute-uater potential function siaulatlon.
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tiqure IV.5.9 Calculated OCOF of first shell coordination 
nusbar (or ICH)f functional qroup of uracil - Kollaan solute-water potential (unction siaulation.
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ccf  figure IV.5.10 Calculated

q  coordination nuaher Cor uracil
—la ootcntial function aioulation.
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Fiqusa IV.s.ll nvaraaa First shall solota-watar pair anaxaiat of watars assiqnad to tha atoas of uracil - Kollaan 
soluta-watac ootantial function siaulatlon.
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t jqure IV.£.12 through IV.5.17 - calculated

quasicomponent distribution function of average first 

shell pair energy for functional groups of uracil (Kollman 

potentials)•

X axis - pair energy (kcal/mole).

Left £ axis - quasicomponent of pair energy.

Bight Y axis - running coordination number.
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llqora IV.S.13 Calculated gC0F of soluta-watar pair
onasoloa of waters of tfto (JO)2 functional group of oracil -
Kollaan soluta-watar potantlal function sloulatlon.
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flaura IV.5.15 Calculated QCDF of aoluta-water pair enetai.cs of waters of toe (COl* functional group of uracil *. Koilaan aolute-water ootantial function aiaulation.
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Figure UL-JL'liL - calculated quasicomponent 

distribution function of binding energy for uracil 

(Kolloan potentials)-

JL axis - binding energy (Kcal/mole) .

5L axis - quasicomponent of binding energy.
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6.* Uracil with BVG Solute-tfater Potentials
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Computational Specifics. An aqueous solution of 

uracil and 215 waters was simulated using the Berendsen- 

VanGunsteren solute-water potential functions and 5PC 

water-water potentials functions at 296 K. Face centered 

cubic boundary conditions were used; the unit cell edge 

was 14.87 cubic Angstroms. The cell edge was calculated 

using a partial molar volume of 18.07 cc/mole for water 

and an estimated 65 cc/mole for the uracil molecule. Ihe 

simulation was performed witn an initial 600,000 move 

equilibration segment wnich was discarded. A subsequent 

2,000,000 force-biased moves were saved and used to 

compute all ensemble averages ana perform analyses.

Potential Surface. Xne potential energy surface for 

tne interaction of uracil and one water molecule using 

BVG solute-water potentials is shown in Figure IV.6.1. 
Ihe minimum interaction energy occurs near the H3 imino 

hydrogen at -6.39 Kcal/mole. Another minimum is found 

between the HI imino hydrogen and 02 carbonyl oxygen 

where the energy ranges between -4.39 and -5.39 

Kcal/mole. Interaction energies fall between -2.39 and 

-3.39 Kcal/mole in the vicinity of the carbonyl oxygens, 

directly in line with the carbonyl double bonds. 

Finally, the H5 and H6 methine hydrogens each have nearby 
minima with energies in the range -3.39 to -4.39 

kcal/mole. It is striKing that the waters near methine 

hydrogens interact at energies as favorable as waters in 

the 02, 04 and HI regions.
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Convergence and Thermodynamic Resalts* Control 

functions for the simulation of uracil and 215 waters are 

shown in Figure IV.6.2. Thermodynamic quantities 

calculated for tnis simulation are listed in Table IV.1. 

Ihe mean energy remains essentially stable for the last 

600K moves of the simulation around -2210 kcal/mole and 

after 2000K moves has apparently converged to a final 

value of -2211.1 ♦ /- 5.4 kcal/mole. The heat capacity

reaches the value IB.5 cal/mole-K and a vacuum to water 

transfer energy for uracil of -22.7 kcal/mole is

calculated. Graphs of the quasicomponents of

coordination number and first shell pair energy for the 

imino* carbonyl and methine functional groups of uracil 
are displayed in Figures IV.6.4 through IV.6.8 and 

IV.6.12 thru IV.6.17. Figures IV.6.9 and IV.6.18 contain 
graphs of the quasicomponents of molecular coordination 

number and binding energy for this simulation.

Structural Results. The molecular diagram of Figure 

IV.6.3 displays the first snell coordinates numbers found 

for uracil in this simulation; these numbers are obtained 
from the <K> column of TaDle IV.7. The imino hydrogens

are seen to have well populated first shells. The hi

hydrogen has 3.51 waters within a 3.8 A cutoff. Ihe 

first shell of the H3 atom is somewhat less populated 

with 2.2 waters in a 3.2 A shell. Ihe polar carbonyl 

oxygens have similar first shell cutoffs (02: 3.6 A;04:

3.8 A) but differ by nearly one and one half waters in
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first shell population (32: 2.93; 04: 4.34). This

difference is paralleled by a roughly proportional 

difference in first shell volumes (02: 89.09 cubic A; 04: 

114.53).

Ihe methine (OH)5 and (OH)6 united atom ring fragments 
have similar structural nydration characteristics. Both 

first hydration shells have the same extended radial 

cutoff value (4.6 Angstroms). In addition both have the 

hiqh first shell populations ((OH)5: 3.13; (CH)6: 3.47)

and low first shell densities ((CH)5: 0.97; (CH)6: 0.93)

often found in the hydration of apolar hydrogens.

Ine quasicomponent distribution function of 

coordination number for uracil in this simulation is 

found in Figure IV.6.10. Ihe coordination numbers range 

from 16 to 26 and the greatest contributions are from 

coordination numbers of 21 and 22. Ihe average molecular 

coordination number is 21.00 ♦ /- 0.54.

Energetic Results. First shell pair energies for 

waters assigned to the atoms of the uracil in this 

simulation are displayed in the molecular diagram of 

Figure IV.6.11; these values are obtained from the first 

shell <SLIP£> column of Table IV.7. Ihe waters of the H3 

imino hydrogen are the most strongly bound to the solute 

at an average '2.432 kcal/mole. These waters contribute 

the most to the total solute binding energy (-5.34B 
kcal/mole). Ihe waters of the HI imino hydrogen are
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considerably less favorably bound at an average -.770 

Kcal/mole each.

Ihe waters of the methine ring fragments are 

moderately strongly bound compared with other waters. 

For instance, the waters of the 04 carbonyl oxygen bind 

at an average -.563 Kcal/mole whereas the waters of (CH)5 

bind at -.683 Kcal/mole each and the waters of (CH)6 bind 
at -.781 Kcal/mole each.

Ihe quasicomponent distribution function of first 

shell pair enerqy for uracil in this simulation is snown 

in Figure IV.6.18. Energies range from -38 to -17 

Kcal/mole with significant contriDUtions in the range -31 

to -25 Kcal/mole. Ihe average solute binding energy is 

-27.0 ♦/- 0.5 Kcal/mole.
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Figure - isoenerqy contour surface for uracil

and one water (BVG solute-water potential functions).

X. axis - X axis of plane defined by molecular ring 

atoms (ftnqstroms).

X axis - 5f axis of plane defined by molecular ring 

atoms (Angstroms)•

Contours - isoenergy contours with one kcal/mole 

increments with alphabetical labels referring to contour 

energy values in list at right.
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Figure - control functions for Monte Carlo

simulation of uracil and 215 waters (BVG solute-water 

potential functions)•

2L axis “ number of configurations.

Left X. axis - mean total energy (Kcal/mole) •

Right Y axis. - constant volume heat capacity 

(cal/mole-degree) .

Upper curve - constant volume heat capacity.

bottom curve without crosshatches - average total 

enerqy tor entire simulation.

bottom curve with crosshatches - average total energy 

for preceedinq 50K configurations.
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7 4 18 C 2 4.2
8 S 3 0 2 3.6

n m s  rat rarani on* oo i
8 8 18 C 4 4.2
11 9 ’ 3 0 4 3.8 

n m u  iqb naaBMa. gbddp oo i

19.75
89.89
188.85
19.21
114.53
133.74

8.44 8.66 
2.93 8.98 
3.36 8.92 
8.58 8.78 
4.34 1.13 
4.84 1.88

-8.335
-2.931
-3.266
-8.643
-2.443
-3.885

-8.769
-1.881
-8.971
-1.279
•8.563
-8.637

1.57
36.57
38.14
1.51
47.25
48.76

-8.388
-4.598
-4.978
-8.695
-3.798
-4.493

4.25
4.39
4.38
4.22
4.43
4.42

-3.425
-3.488
-3.481
-3.394
-3.337
-3.339

-28.332
-28.284
-28.286
•19.915
-28.571
-28.551

AVERAGES OVER fUCnOMj OP OO i
anmancM. o o r a i m  (♦/- 2*a>) i

121.29 4.18 1.81 
8.17 8.84

-3.176
8.185

-8.884
8.862

43.45
8.82

-4.736
9.179

4.36
9.92

-3.378
8.837

-28.419
9024

KUCDUI SD̂ KWBMGBi
aomancM. n a n i m  (+/- 2*a» s645.7 21.88 8.97 

8.54 8.83
-19.742
8.728

' -8.948 
8.845

215.98
9.85

-27.365
9.658

4.37
8.8!

-3.362
9.924

-28.488
9.879

- lable IV.7 Calculated structural ana energetic quantities 
froii Monte Carlo simulation of uracil and 215 waters at 298 
K - 3VG solute*water potential functions.
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Figures IV.fi. 4 through IV .6.10 - calculated

quasicomponent distribution function of first shell 

coordination numoer for uracil and functional groups (BVS 

potentials)•

& axis “ coordination number.

SL axis - quasicomponent of coordination number
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Flqure IV.b.* Calculated JCOF of first shell coordisatloo 
nuater for (NHil functional qroup of uracil - flVG solute- 
water potential function slaulation.
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eater potential function simulation.
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fiqure IV.6.1 Calculated 3CDF of first shell coordlottloq 
nueter for ICO)a functional qroup of uracil - BVG soluta- watar potential function slaulatlon.
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Figure IV .6.12 through IV.&.H - calculated 

cjuasicomponent distribution function of average first 

shell pair enerqy for functional groups of uracil (BV3 

potentials)•

I axi5 - pair energy (kcal/mole).

Left I a^is - quasicomponent of pair energy.

Right I axis - running coordination number.
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fiqura IV.b.12 Calculated QCOF of aolute-watar pair
anaioiaa of Maters of tna (tW>l functional group of uracxl -
6VC solute-water potantial function siaulatlon.
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I inure IV.a.11 Calculated QCDF of solute-water pale
enemies of waters of ttia (Sri) 6 functional group of uracil •
BVtf solute-water potential function sleulation*
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Figure JV.6.U> - calculated quasicoroponent distribution 

function of binding energy for uracil (BVG potentials).

& axis - binding energy (Kcal/raole).

I axi? - quasicoroponent of binding energy.
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cloure IV.6.Id Calculated QCDF of total binding energy tor uracil - BVG solute-water potential function siaulatlon.
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Zvtoslne with Clement! SolJte-Mater Potentials
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Computational Specifics. An aqueous solution of 

cytosine and 215 waters was simulated using Clementi 

solute-water potential functions and iCY-CI potential 

functions at 298 K. Simple cubic boundary conditions 

with a unit cell edge length of 18.73 Angstroms* 

calculated from a partial molar volume of 65 cc/mble for

cytosine and 18.07 cc/mole for water* were used. An

initial equilibration period of 600*000 moves was

discarded; a subsequent 2*000,000 step production period 
was used in the formation of ensemble averages and for 

all subsequent analysis.

Potential Surface. Ias contour surface for the 

potential enerqy of the interaction of cytosine and one 

water molecule is shown in Figure IV.7.1. The global 

minimum is found next to tne imino HI hydrogen at an 

enerqy of -12.92 kc3l/moIe. The next deepest minima are 

proximal to the amino hydrogens* and H4>a* at

enerqies Detween -8.92 and -9.92 kcal/mole. The 02 

carbonyl oxygen is surrounded by a region containing 

minimum interactions between -7.92 and -6.92 kcal/mole

The area near the methine hydrogen H6 is also under 

the influence of the nearDy imino hydrogen and contains 

rather favorable interactions in the range -7.92 and 

-8.92 kcal/mole. The region of the other methine 

hydrogen* H5* does not contain such favorable 
interactions; energies here range between -5.92 and -6.92
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Kcal/mole. Finally, the region adjacent to the bare ring 

nitrogen, N3, contains the least favorable interactions 

of all; energies are found from -4.92 to -6.92 Kcal/mole.

Convergence and Thermodynamic Results. The control 

functions for the aqueous cytosine simulation are given 

in Figure IV.7.1 and the calculated thermodynamic 

quantities are qiven in Table 1V.1. Examination of the 

control functions reveal that the mean total binding 
enerqy is restricted to within about 3 Kcal/mole of -1980 

Kcal/mole for the final 500 X moves of the simulation and 

attains a final value of -1902.2 ♦/- 6.2 Kcal/mole after 

2000 K. A final heat capacity value of 19.1 cal/mole-K 

is obtained. The calculated vacuum to water transfer 

enerqy is -127.4 Kcal/mole.

Fiqures IV.7.4 thru IV.7.9 and IV.7.12 thru IV.7.17 

contain distribution functions for the quasicomponents of 

coordination numoer and average first snell pair energies 

for the imino, amino, caroonyl and methine functional 

groups and bare ring nitrogen of cytosine. Figure IV .7.4 

and IV.7.18 contain the quasicomponent distribution 

function of first shell coordination number and binding 

enerqy for cytosine.

Structural Results. The coordination numbers of the 

atoms of cytosine are displayed on the molecular diagram 

of Figure IV.7.3. The imino hydrogen, HI, significantly 

nydrated as usual, assigned 2.76 waters in a 3.2 Angstrom
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shell* Ine solvent density is very high (1.37 x bulk 

water) reflecting strong solute-water associations and 

concentrated first shells. Ihe amino hydrogens have 

tight first shells (2.4 and 2.2 Angstroms for HU* and 

H 4 •1 respectively) each containing about one water (H4»: 

1.07 waters; H4": .83). . Ihe carbonyl 32 oxygen and the 

N3 ring nitrogen are both significantly hydrated. Ihe 

carbonyl oxygen contains 3.48 waters in a somewhat 

diffuse first shell (of density .92 x bulk, water) more 

typical of apolar hydration than of polar hydration. Ihe 

first shell population of the oare ring nitrogen N3 is 

2.07. Ihis atom has a larger degree of access to solvent 

than other ring atoms and consequently makes the largest 

contribution to ring constituent / pi cloud hydration in 

cytosine.

finally, the methine H5 and H6 hydrogens are both 

fully hydrated (2.46 and 3.77 waters respectively). Ihe 

first shell solvent densities are lower than (H5: .90) or 

equal to (H6: 1.01) water bulk density; these results are 

characteristic of apolar hydration.

Ine quasicomponent distribution function of 

coordination number for cytosine is shown in Figure 

IV.7.10. Ihe values range from 16 to 23; the maximumm 

contribution is from a coordination number of 19. Ihe 

average coordination number for cytosine is 18.83 ♦ /-

. 31.
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Energetic Results. Ihe average first shell solute- 

water pair energies of the waters assigned to the atoms 

of cytosine are displayed on the molecular diagram of 

Figure IV.7.11. Ihe waters of the HI imino hydrogen are

the most strongly bound of the cytosine hydration shell 

at an average of -6.215 kcal/mole. Ihe solute binding 

enerqy contribution of these waters is also the greatest 
overall at -17.170 kcal/mole. Average pair energies for 

the waters of the imino hydrogens are nearly as favorable 

(H4* = -6.055 kcal/mole; H4,f = -5.688 kcal/mole).

Rather low average pair energies are seen with the 

waters assigned to the methine hydrogens (H5= -1.619

kcal/mole; H6= -2.417 kcal/mole)• Ihus, the relatively 

weak solute-water pair energies indicative of apolar 

hydration are found here.

Ihe quasicomponent distribution function of solute- 

water binding enerqy for cytosine is displayed in Figure 

IV.7.18. Ine values range from -126 to -93 kcal/mole;

tl\e most significant contrioutions arise between -116 and 

-105 kcal/mole. Ihe averaqe solute binding energy for 

cytosine is -108.1 ♦/- 1.4 K.cal/mole.
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Figure IV*7,1 - isoenergy contour surface for cytosine 

and one water (Clement! solute-water potential 

functions) *

X. a*is - X axis of plane defined by molecular ring

atoms (Angstroms)*

X. axis - V axis of plane defined by molecular ring

atoms (Anqstroms)*

Contours - isoenergy contours with one kcal/mole

increments with alphabetical labels referring to contour

enerqy values in list at right*



CY
TG
SI
NE
-H
fl
TE
R 

C 
X

LIMITS: -6.0 6.0 -6.0 6.0

V.BOO

9.Q0Q

X
-0.600]

-2.WD

-U.20Q

Fiqute IV.7.1 Isoenerqy contour surface lor cytosine and  one eater uslnq Cleaenti solute - water potential functions.-6.000 — Ji  X  *-
~ -L m  4.a» i!a m  •*“

IV CONTOUR LEVELS R -11.92*419 
B -10.02419 C -9.92019 
0 -6.92V 19 
E -7.92V19 F -6.92U19 
G -5.92V2Q 
H-U.92020 I -3.92V20 
J -2.92020 K -1.92V20 L -0.92120 
H 0.07560 N 1.07560

MO'



262
Figure IY .7.2 - control functions for Monte Carlo 

simulation of cytosine and 215 waters (Clementi solute* 

water potential functions).

X. axis - number of configurations.

Left X axis * mean total energy (Kcal/mole)•

Right X axis. - constant volume heat capacity 

(cal/mole-degree) .

Upper curve - constant volume heat capacity.

Bottom curve without srosshatches - average total 

enerqy for entire simulation.

Bottom curve with crosshatches - average total energy 

for preceeding 50K configurations.
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Table IV.8 Calculated structural and energetic quantities 
fros Monte Carlo simulation ot cytosine and 215 waters at 
298 K - Clement! solute-water potential functions.
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Iable IV.8 Calculated structural and energetic quantifies ^

fros. Monte Carlo simulation of cytosine and 215 waters at 
258 K - Clementi solute-water potential functions*
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figure IV.7.I* Calculated yCDF of solute-water pair
energies of waters of ttta N3 ring nitrogen
of cytosine - Cleeenti solute-water potential functions.
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Figure IV.l-lfi. - calculated quasicomponent 

distribution function of binding energy for cytosine 

(Clementi potentials)•

& axjs " binding energy (Kcal/mole)•

3L axis - quasicomponent of binding energy.
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&• Adenine with Clement1 Solute-Water Potentials
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Computational Spacifics. A solution of adanlne and

215 waters was simulated using Clementi solute-water 

potential functions and MCV-CI water-water potential 

functions at 298 K. Simple cubic boundary conditions 

were used with a unit cell edge length of 18.75 

Angstroms. These dimensions were determined using a 

partial molar volume of 35 cc/mole for adenine and 18.07 

cc/mole for water. The initial 600.000 steps of Monte 

Carlo simulation were discarded as an equilibration 
period. Ensemble averages and other analyses were 

performed using the succeeding 2000K configurations of 

the simulation.

Potential Surface. The potential surface for the 

interaction of adenine and one water molecule is shown in 
figure IV.8.1. Ihe global minimum is found near the H9 

imino nitroqen at -10.24 kcal/mole. Another deep minimum 

occurs near tne H2'* amino nydrogen at an energy somewhat 

lower than -8.24 kcal/mole; Ihe other amino nitrogen. 

H2'« has a shallower minimus lyinq Detween -6.24 and 

-8.24 kcal/mole. Potential energies in the region of the 

bare rinq nitroqens. Nl, M3 and N7 are only moderately 
favorable, falling between -2.24 and -4.24 kcal/mole in 

all three cases. Interactions at the supposedly apolar 

H2 and H8 methine positions are more favorable. Ihe 
energies in the H2 region range between -4.24 and -6.24 

kcal/mole; near the H8 hydrogen, a small region is found 

in the even more favorable -6.24 to -8.24 kcal/mole
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range.

Convergence and Thermodynamic Results. The control 

functions for the adenine simulation are given in Figure 

IV.8.2. and the calculated thermodynamic quantities are 

given in Table IV.1. The total binding energy remains 

within about 5 kcal/mole of -2018 kcal/mole for the last 

500K of the simulation. Ihe mean total binding energy 

after 2000 K moves is -2001.2 ♦/- 11.9 kcal/mole; the 

heat capacity reaches a final value ot 25.5 cal/mole-K. 

Ihe vacuum to water transfer energy is calculated to be 

-141.4 kcal/mole.

Figures IV.8.4 through IV.8.10 and IV.8.13 thru

IV.8.19 contain distribution functions for the

quasicomponents of coordination number and first shell

pair energy for the amino, imino and methine functional 

groups and base ring nitrogen atoms of adenine. Figures 

IV.8.11 and IV.8.20 contain the quasicomponents of 

coordination number and binding energy for the adenine 

molecule.

Structural Results. Ihe atomic first shell 

coordination numbers for adenine are displayed on the 

molecular diagram of Figure IV.8.3. Ihe imino H9 atom 

has a fully populated first shell (3.61 waters) limited 

by a 3.4 Angstrom cutoff and is thus similar to the imino 

hydrogens previously discussed. Ihe first shell solvent 
density (1.34 times bulk water) is the hignest in the
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adenine coordination shell, and clearly reflects the 

hydrophilic hydration of this atom. Ihe amino hydrogens, 

H6* and H6'' each have very small first shell cutoffs of 

2*2 Angstroms. Ihe first snell of H6* contains *81 

waters while the first shell of H6•• contains .90 waters.

Ihe base ring nitrogens have significant first shell 

populations. Ihe atom Ml is assigned 2.21 waters, N3 is 

assigned 1.14 waters and N7 is assigned 1.91 waters. 

Ihese relatively apolar ring atoms have both in plane and 

out of plane access to solvent but do not have the degree 

of solvent exposure of a ring substituent.

Ihe methine hydrogens, H2 and H8, are assigned 

identical 3.6 Angstrom cutoffs resulting in first shell 

populations of 3.81 and 3.35 waters respectively. The 

first shell solvent densities are somewhat above bulK 

water (1.12 and 1.03 times bulx water density, 

respectively)•

Ihe quasicomponent distribution function of 

coordination number for adenine is displayed in Figure 

XV.8.11. Ihe contributions fall in the range 17 to 24; 

the most common coordination number is 21. Ihe average 

first shell coordination number is 20.40 +/- .32.

Energetic Results. Average first shell pair energies 

for the waters assigned to each of the atoms of adenine 

are shown on the molecular diagram of Figure IV.8.12.
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Ihe waters of the amino hydrogens H6* and H6•1 interact 

most favorably with adenine (H6*•:<SLTPE>=-5.662 

kcal/mole; H6*:<SLIPE>=-5.026 kcal/mole). The waters 

assigned to the imino H9 atom associate nearly as 

favorably with the solute at an average -4.792 kcal/mole 

each. The larqe first shell population of H9, however,

results in the greatest total solute binding energy

contribution of all waters in the adenine coordination 

shell (<SLIBE>=-17.298 kcal/mole). The waters of the

raethine hydrogens. H2 and H8, interact relatively weakly 

with the solute (H2:<SLTPE>=-1.304

kcal/mole;HB:<SLIPE>=-1.996 kcal/mole). These low

interaction energies are expected for apolar atoms. Ihe 

averaqe water-water pair energies. however, are 

destabilized in this region relative to water-water pair 

energies in other parts of the extended adenine hydration 

shell; this result is not expected for apolar atoms. 

Average solute-water pair energies for the waters of the 

apolar bare ring nitrogens, Ml, N3 and N9, are comparable 

to those of the methine waters (-1.855, -1.817 and -1.3C0 

xcal/mole respectively).

Ihe guasicomponent distribution function of solute- 

waters binding energy for adenine is displayed in Figure 

IV.8.20. Energy values ranging from -125 to -110 

kcal/mole are encountered; the most significant 

contributions are in the -118 to -108 kcal/mole range. 

The average solute binding energy is -116.9 +/- 1.6



neal/mole.
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Figure IV..8.1 - isoenergy contour surface for adenine 

and one water (Clementi solute-water potential 

functions)•

H. axis - X axis of plane defined by molecular ring 

atoms (Angstroms).

I axis - X axis of plane defined oy molecular ring 

atoms (Anqstroms).

Contours - isoenergy contours witn one kcal/mole 

increments with alphabetical labels referring to contour 

energy values in list at rignt.
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Elgure XV.8*2. - control functions for Monte Carlo 

simulation of adenine and 215 waters (Clement! solute- 

water potential functions)•

X axis - number of configurations.

Left X axis - mean total energy (Kcal/mole) •

Right X axis. - constant volume heat capacity 

(cal/mole-degree).

Upper curve - constant volume heat capacity.

Bottom curve without crosshatcnes - average total 

enerqy for entire simulation.

Bottom curve with crosshatches - average total eneroy 

for preceedinq 50K configurations.
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Table IV.9 Calculated structural and energetic quantities 
fros Monte Carlo simulation of adenine and 215 waters at 29ft 
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Table IV.9 Calculated structural and energetic quantities 
from Monte Carlo simulation of adenine and 215 waters at 296 
K - Cleaenti solute-water potential functions.
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Figures H . 8..U through IV .4.11 - calculated

quasicomponent distribution function of first shell 

coordination number for adenine and functional groups 

(Clement! potentials)•

X. axis - coordination number.

i axis - quasicomponent of coordination numDer.
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Figure ! ! • § . •  1 1  through IX.&.li - calculated 

quasicomponent distribution function of average first 

shell pair enerqy for functional groups of adenine 

(Clementi potentials)*

JL axis - pair enerqy (kcal/mole) .

Left X axis - quasicomponent of pair energy.

Right X axis - running coordination number.
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tlqure IV.*>1% Calculated QSDF of . solute-water pale
«n«i4l«i of Mitiri of tut (CH)2 functional group of adanlno
- Claaantl solute-water potential functions.
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Fieura IV.A.16 Calculated UCUF of solute-water .pair
enemies of waters of tne (CH)6 functional group of adenine
- Clasentl solute-water potential functions.
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distribution function 

(Clement! potentials)•

31U
calculated quasicomponent 

of binding energy for adenine

&. axis - binding energy (Kcal/mole) .

X. ^xls - quasicomponent of binding energy
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2* £ii4QiQ.e with Clement! Solote-fciater Potentials
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Computational Specifics. fin aqueous solution of 

guanine and 215 waters was simulated using Clement! 

solute-water potentials and the HCY-CI water-water 

potential function set at 298 K. A unit cell of 18.75 

Angstroms was used with simple cubic periodic boundary 

conditions. An initial equilibration period of 608.000 

moves was discarded; a subsequent 2.000.000 move 
production period was used in the formation of ensemble 

averages and as data for all analysis.

Potential Surface. Ihe isoenergy contour surfaces for 

the interaction of guanine and one water molecule, using 

Clement! solute-water potential functions for their 

calculation. is shown in Figure IV.9.1. The global 

minimum lies between the HI imino hydrogen and the H2 

amino hydrogen at -13.66 kcal/mole. Another deep well is 

found on the caroonyl side of this imino hydrogen between 

-11.66 and -13.66 kcal/mole. Ihe next most favorable 

interaction region occurs on the side of the H9 imino 

hydrogen towards C4 and N3 at about -9.66 kcal/mole. Ihe 

region near the second amino hydrogen. H21. has solute- 
water interactions falling between -7.66 and -9.66 

Kcal/mole.

Interaction energies in the region surrounding the 06 

carbonyl oxygen range from -5.66 to -7.66 kcal/mole. Ihe 

areas surrounding the bare ring nitrogens. N3 and N7. 

have guanine -water interactions falling between -3.66
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and -7.66 kcal/mole. Finally, the region of the methire 

H8 hydroqen shows energies ranging from -3.66 to -5.66 

kcal/mole (on the N7 side) to between -5.66 and -7.66 

kcal/mole (on the N9H9 side)•

Convergence and Thermodynamic Results. The control 

function for this simulation are shown in Figure IV.9.2; 

the calculated thermodynamic quantities are listed in 

Table IV.1. The mean energy remains around -1970 

kcal/mole for the last 800K of tne simulation and attains 

a final value of -1972.4 ♦/- 4.6 kcal/mole. The vacuum

to water transfer energy is calculated to be -112.6 
kcal/mole. The final value of the heat capacity is 16.9 

kcal/mole.

Figures IV.9.4 thru IV.9.10 and IV.9.13 thru IV.9.19 

contain distribution functions for the guasicomponent of 

coordination number for the imino, amino, carbonyl, 

methine and bare ring nitrogen functional groups of 

guanine. Figures IV.9.11 and IV.9.20 contain the 

quasicomponents of coordination number and binding energy 

for the quanine molecule.

Structural Results. The atomic first shell

coordination numbers, derived from the column labeled <K> 
of lable 10, are displayed on the molecular diagram of 

Figure IV.10.3. The imino nitrogens, N1 and N3, and the 

N2 amino nitroqen, are sparsely hydrated due to low 
solvent accessibility. The imino hydrogen, HI and H9,
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are both significantly hydrated (HI: 2.77 waters; H9;
3.63 waters). The lower first shell population of the hi 

hydroqen is rouqhly proportional to its smaller first 

shell volume (51.57 cubic Angstroms vs. 78.78 cubic 

Angstroms for H9)• The amino hydrogens have first shell

populations of aoout one water each (H2: .86 waters; H2*:
•97 waters)•

First shell populations of the case ring nitrogens N3 

and N7 are significant as a result of the appreciable 

exposure of these unsubstituted atoms to in plane

solvation. The N7 population (2.40 waters) is greater 

than the N3 population (1.64) despite the more extended 

first shell radius of N3 (4.8 Angstroms vs. 4.0 Angstroms 
for ri7). Ihe qreater first shell population for M7 is 
proportional, however, to its greater first shell volume 

(68.36 vs. 59.57) resulting from less crowding by 

peripheral ring substituents at the N7 position of the 

five membered imidazole ring.

Ihe 06 carbonyl oxygen contains a first shell 

population typical for tnis functional group (2.53

waters) at a density somewhat lower than bulk water 

(.93). Ihe methine hydroqen, H8, is hydrated by 3.22 

waters at a higher than bulk water density (1.14); this 

is a high density for an apolar hydrogen.

Ihe quasicomponent distribution of coordination number 

for guanine is found in Figure IV.9.11. 1‘he coordination
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numbers range from 16 to 25 and the qreatest contribution 

arises from a coordination number of 22. The average 

molecular coordination number is 21.50 ♦/- 0.41.

Energetic Results. First shell solute-water pair 

energies for waters assigned to each atom of guanine are 

shown on the molecular diagram of Fiqure IV.9.12, derived 

from the column labeled <SLIPE> of Table IV.10. Ihe 

waters assigned to the H2"  and H21 amino hydrogens have 
the lowest pair energies in the molecular hydration shell 

at -5.532 and -7.021 Kcal/mole respectively. Ihe waters 

of the imino hydrogen HI, however, provide the greatest 

overall contribution to the solute binding energy 
(-15.534 Kcal/mole; <SLIP£>=-4.276 Kcal/mole) . The 

waters of H9 also contribute considerably (-13.122 

Kcal/mole; <SLIPE>= -4.403 Kcal/mole). Together, the 

waters of HI and H9 provide about one quarter of the 

total solute binding energy of -120 Kcal/mole. Water- 

water interactions in the extended hydration shell of the 

hydrogen HI are the most destabilized (-2.948 Kcal/mole) 

of all the waters (averaqe water-water pair energy* 
-3.005 Kcal/mole). Again, this result is expected with 

the hydration of solvent breaKing, polar moieties. The 

first shell waters of the other polar ring substituent, 

the carbonyl oxygen 0 2 , are also moderately favorably 

bound «SLIPE>= -3.251 Kcal/mole).

Ihe waters of the less polar N3 and N7 ring
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constituents are relatively weakly bound. The average 

solute-water pair enerqy for a N3 water is -2.075 
kcal/mole; a N7 water is bound with an average -1.504 

kcal/mole. On the other hand, the waters of the

presumably apolar methine H8 atom display more favorable

average pair interactions (-2.140 kcal/mole)• Haters in 

the extended hydration shell of this atom are 

destabilized (-2.962 kcal/mole) relative to bulk water; 

this result is expected from polar substituents.

Ihe quasicomponent distribution function for the 

solute binding energy of guanine is displayed in Figure 

IV.9.20. Enerqy values range from -137 to -104

kcal/mole. Ihe most significant contribution arise in

the range -124 to -116 kcal/mole. Ihe average solute 

binding energy is -120.0 +/- 1.0 kcal/mole.
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Figure £.V*2.*L - isoenergy contour surface for guanine 

and one water (Clementi solute-water potential 

functions) •

& axis - X axis of plane defined oy molecular ring 

atoms (Angstroms) •

X. axis - X axis of plane defined by molecular ring 

atoms (Anqstroms).

Contours - isoanergy contours with one kcal/mole 

increments with alphabetical labels referring to contour 

enerqy values in list at right*



CONTOUR LEVELS 
R -11.66019 
B -9.66019 
C -7.66019 
D -5.66020 
E -3.66020 
f -1.66020 
G 0.33980 
H 2.33980
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Fiaure IV.9.2 - control functions for Monte Carlo 

simulation of guanine and 215 waters (Clementi solute- 

water potential functions)•

X. axis - number of configurations.

Left 1 axis - mean total energy (Kcal/mole).

Riant i axis. - constant volume heat capacity 

(cal/mole-degree) .

Upper cu.rye - constant volume heat capacity.*** •

bottom curve without srossnatches - average total 

enerqy for entire simulation.

Bottom curve with crosshatchas - average total energy 

for preceeding 50K configurations.
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laole IV.10 Calculated structural and energetic 
quantities from Monte Carlo simulation of guanine and 215 
waters at 298 K - Clementi solute-water potential functions.
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Iable IV.10 Calculated structural and energetic 
quantities fros Honte Carlo sinulation of guanine and 215 
waters at 296 K - Cleaenti solute-water potential functions*
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functions*
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Figures IV.2,.1 through IV.2.11 - calculated

quasicomponent distribution function of first shell 

coordination number for guanine and functional groups 

(Clementi potentials).

X. axis - coordination number.

£ axis - quasicomponent of coordination number.
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Figure H-i-ll through I£.£.12 - calculated

quasicomponent distribution function of average first 

shell pair enerqy for functional groups of guanine 

(Clementi potentials)*

X. axis - pair energy (kcal/mole) >

Lef X, axis - quasicomponent of pair energy.

Right ±  axis - running coordination numoer.
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fleuxe IV. 9.17 Calculated tjCDF of solute-water pair
enfroies of waters of the HI rlnq nitrogen of guanina -
Clesenti solute-water potential functions.
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347Figure IV .9.20 - calculated guasicomponent
distribution function of binding energy for guanine 
(Clement! potentials).

& axis - binding energy (fccal/mole) •

I axis - guasicomponent of binding energy
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12.. (C3-£q1q1 -5-Deoxy-l-C-Aming^ 
B-D-Rlbo-Pentofuranose 

Clement! Salute-tJater Potentials
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Computational Specifics* An aqueous solution of a 

ribose derivative and 202 waters was simulated using 
Clementi solute-water potential functions and MCY-CI 
water-water potential functions at 296 K. The sugar ring 
was puckered in the C3*-endo form. Face centered cubic 
boundary conditions with a unit cell edge of 14.6U 
Angstroms were used. The cell edge was obtained from 
partial molar volumes of 110 cc/mole for the ribose 
derivative and 18.07 cc/mole for the water molecules. 
The simulation was performed with an initial 
equilibration period of 500.000 non-force biased and
500,000 force biased moves- which were discarded and a 
subsequent 2,000,000 force bias moves which was used to 
form all analyses and ensemole averages.

Potential Surface, The potential function surface for 
the the interaction of the ribose derivative and one 
water molecule using Clementi solute-water potentials is 
shown in Figure IV.10.1. Ihe plane chosen for the 
calculation of contours is the best fit to the molecular 
ring Ihe lowest solute-water interaction energy occurs at 
the HU• hydroxyl hydrogen atom at an energy of -7.B7 
kcal/mole. The hydrogen atom is slightly rotated above 
the countour plane. Ihe oxygen atom lying essentially in 
the diaqram plane is seen to have a surrounding region 
with solute-water interactions of from -3.87 to -5.67 
kcal/mole. Ihe broad area next to the ester oxygen also 
contains very favorable solute-water interactions;
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energies here fall between -5.87 and -7.67 kcal/mole. 
Another stronq interaction region is seen where one amino 
hydrogen lies in the contour plane. Two small contours 
are found next to this atom representing solute-water 
interactions of -5.87 to -7.87 kcal/mole. Finally, an 
apolar interaction region occurs peripheral to the
substituent methy group. Interaction energies are 
positive here and are not more favorable than 0.12
kcal/mole.

Convergence and Thermodynamic Results. Control
functions for the simulation of the aqueous ribose
derivative are shown in Figure IV.10.2. Ihe
thermodynamic quantities calculated for the simulation 
are listed in Iable IV.1. The mean total energy 
stabilizes around -1750 kcal/mole for the last 800K moves 
of the simulation and apparently converges to a value of 
-1750.2 */- 6.9 kcal/mole after 2000K moves; at this
point the heat capacity has the value 18.2 cal/mole-K. 
Ihe free space to water transfer energy is -2.8 
kcal/mole. Graphs of the quasicomponents of coordination 
number and first shell pair energies are displayed in 
Fiqures IV.10.U thru IV.10.12 and IV.10.15 and IV.10.23 
for the ester oxygen and methine, methyl, amino and 
hydroxyl functional groups of the ribose derivative. 
Figures IV.10.13 and IV.10.2U contain graphs of the 
quasicomponents of molecular coordination number and 
binding energy for this simulation.
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Structural Results. Ihe molecular diagram of Figure 

IV.10.3 displays the first shell coordination numbers 
found for the atoms of tne ribose derivative. Ihese 
numbers are obtained from tne column labeled <K> in lable 
IV.11. Ihe structural hydration of the ether and 
hydroxyl oxygens and hydroxyl hydrogens of the molecule 
is rather uniform. Ihe ether oxygen (31) of the sugar 
ring is populated by .77 waters whereas the 02* and 03* 
oxygen atoms of the hydroxyl groups contain .83 and 1.22 
waters within their first shells, respectively. First 
shell cutoffs (corresponding first shell volumes) are 
essentially identical (Dl: 3.6 A; 02': 3.U A; 03': 3.6
A). Ihe hydroxyl group hydrogens (H2* and H3*) each have 
small first shell cutoffs of 2.2 Angstroms. These atoms 
also have virtually identical coordination numbers of one 
water (H21: 1.00; H3*: 1.01).

Ihe amino group hydrogens. HI* and HI'*, differ 
markedly in their coordination numbers (HI*: .91; HI**:
2.90). Ihis variation presumably arises from the high 
degree of molecular asymmetry and consequent asymmetry of 
the hydration shell.

Ihe hydrogens HI. H2, H3, and H4 are the methine
hydrogens of the molecule. Ihe coordination numbers of 
these atoms vary widely but are seen to be roughly 
proportional to the respsective first shell volumes (HI: 
2.32 waters. 69.16 cubic A; H2: 1.08. 45.01; H3: .78.
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37.47; HU, 1.30, 55.14). Ihe methyl group similarly
shows variations in the first shell populations of its 
hydroqens (H5*s 1.73, H5'»: 1.95, H5»fi 3.14).

Ihe QCDF of coordination number for the ribose 
derivative is found in Figure IV.10.13. Ihe coordination 
numbers ranqe from 17 to 27 and the greatest 
contributions are from coordiation numbers of 21 and 22. 
Ihe average molecular coordination number is 21.30 ♦ /- 
0.88.

Energetic Results. First shell pair energies for
waters assigned to the atoms of the ribose derivative are 
displayed in the molecular diagram of Figure IV.10.1U. 
Ihese values are also listed in the column labeled <K> in 
lable IV.11. Ihe waters of the three oxygen atoms of the 
molecule are found to bind to the solute at similar
energies. Ihe waters of the 01 ether oxygen bind at 
-3.644 Kcal/mole while those of the hydroxyl oxygens, 02* 
and 03*, have average pair energies of -3.536 and -2.572 
Kcal/mole respectively.

Ihe waters of the hydroxyl hydrogen H2* are bound to 
the solute more favorably than any otner waters of the 
system at an average energy of -6.967 Kcal/mole each. 
Consequently, these waters contribute the greatest 
solute-water binding energies to the system (-7.022
Kcal/mole). Ihe H3» hydroxyl waters are less strongly
bound at an average -4.163 Kcal/mole.
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The waters of the amino hydrogens, HI* and HI1*, have 

quite different pair energy values of -4.355 and -1.U06 
kcal/mole. Ihe weaker average pair energy of the HI'* 
waters correlates with the increased number of waters in 
the coordination shell of the atom; these additional 
waters interact less favorably with the solute.

The solute-water pair interactions of the waters of 
the apolar hydrogens are very weak. The average first 
shell pair enerqies of the methine hydrogens range from 
-.502 (HI) to .004 (H4) Kcal/mole. The corresponding
energy values for the methyl hyarogens are equally 
unfavorable (H5*: .12 kcal/mole,; H5**: -.907 kcal/mole;
H5 * * *: .064 kcal/mole).

Ihe qraph of the quasicomponents of solute binding 
enerqy for the ribose derivative simulation is Figure 
IV.10.24. Energies range from -15 to 14 kcal/mole with
significant contributions in the ranqe -6 to 2 kcal/mole. 
Ihe average solute binding energy is -1.7 +/- 1.6
kcal/mole.
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Figure “ isoenergy contour surface for ribose

derivative and one water (Clementi solute-water potential 
functions).

& axl§ - X axis of plane defined by molecular ring 
atoms (Angstroms).

1 axis - X axis of plane defined oy molecular ring 
atoms (Angstroms).

Contours - isoenergy contours with one Kcal/mole 
increments with alphabetical laoels referring to contour 
energy values in list at right.
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Eigure IV.10.2, - control functions for Monte Carlo 

simulation of ribose derivative anti 2G2 waters (Clementi 
solute-water potential functions).

&. axis - number of configurations.

Left, I axis - mean total energy (Kcal/mole) .

Right i axis. - constant volume heat capacity 
(cal/mole-degree).

Upper curve - constant volume heat capacity.

Bottom curve without crosshatches - average total 
enerqy for entire simulation.

bottom curve with crossha^ches - average total energy 
for preceeding 50K configurations.
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lable IV.11 
Quantities iron 
C*/ •-■ethvl-ribose

Calculated 
Monte Carlo

structural and 
simulation of

energetic 
Cl 'aiino-

derivative and 202 waters at 290 K ~
Clementi solute-water potential functions.

RIBQEE DERIVATIVE ID IMS Kt 29* - KWCE BIAS AH) aOBffl 'ToIfe7M"nAL
LAST GOmOUMTIONl M H W 1 FIRST SHEUi 8GUJR FKKKTIBS TOOL GUT JOTS VSM.V RGB* 7.75 A

m aim RFS VFS <K> <*/V> <SU8R> <SUPE> <K> <nawn OBO 09WK> auwwra
KnmeGRxe

1 2 8 c f.f 9.8 8.8 8.8 8.9 9.8 9.9 9.9 8.8 9.8 9.92 6 59 B 4.2 69.14 2.32 1.88 -1.166 -8.582 14.92 9.368 4.14 -3.886 -17.338TOOLS FOR FUCnOML OOJP XB- t 69.16 2.32 1.88 -1.166 -8.582 14.92 8.368 4.14 -3.886 -17.3383 3 17 C 8.8 8.8 8.8 8.8 9.8 9.8 8.8 9.9 9.8 8.9 9.9
4 8 59 H 4.8 45.88 1.12 9.74 9.392 9.351 7.95 1.939 4.13 -3.186 -17.275

tools (or fukxicml oar MS- i 45.88 1.12 8.74 9.392 9.351 7.85 1.939 4.13 -3.186 -17.275
5 4 17 C 8.8 8.9 8.9 8.8 8.9 9.8 8.8 9.9 8.9 9.9 9.9 '6 If 59 H 3.8 37.49 9.75 9.68 -8.257 •9.341 4.94 9.349 4.U -3.894 -17.892TOOLS FOR FOCTSML GMV MS- i 37.49 9.75 9.68 -9.251 -8.341 4.94 9.348 4.11 -3.894 -17.8927 5 17 C 8.8 8.8 9.8 8.9 9.9 9.9 9.8 9.9 9.9 9.9 9.88 12 59 R 3.8 55.13 1.37 9.74 9.929 8.921 13.86 2.816 4.19 -3.185 -17.323

TOTALS (OR CUCnOML GROUP MS- t 55.13 1.37 8.74 8.829 . 8.821 13.86 2.916 4.18 -3.185 -17.323

jj § I % MS- > 51.69 1.39 9.88 -8.258 -8.118 18.29 1.166 4.12 -3.118 -17.257
srxnancAL uksroxnh (♦/-2*a»i 9.99 .9.85 8.938 9.821 8.91 1.881 9.93 9.885 8.218
iesm. aoap9 13 6 C 9.8 8.8 9.8 8.8 8.8 8.9 9.9 9.9 9.8 B.B 8.918 18 3 B 3.4 57.61 1.75 8.91 9.946 9.926 16.93 2.921 4.12 -2.995 -17.138U  19 3 B 3.6 68.64 1.95 8.96 -1.882 -9.925 15.11 9.918 4.11 -3.929 -17.82112 28 3 B 4.9 95.84 3.12 8.98 8.256 8.882 23.81 3.571 4.28 -3.898 -17.619TOOLS FOR racnamL QOJF -oo i213.29 6.82 8.96 -1.581 -8.228 55.84 6.518 4.15 -3.948 -17.387
statistical u g e x o d r  (♦/- 2*0)) i 9.41 9.86 8.162 9.935 9.93 8.595 9.93 9.871 8.188
AHIIC OOJP13 7 U N 3.4 17.59 9.37 9.62 -1.583 -4.898 3.69 -1.163 4.22 -2.966 -16.68414 14 1 B 2.2 28.38 9.91 1.33 -3.936 -4.334 15.78 -2.892 4.11 -3.867 -17.86415 15 1 H 3.6 75.53 2.98 1.15 -4.898 -1.411 22.66 -8.888 4.17 -2.973 -17.883TOOLS (OR FUCnOHVL GKU> -W2 i113.51 4.17 1.18 -9.529 -2.282 41.95 -4.863 4.15 -3.915 -16.998
STATISTICAL UKXKDINR (+/~ 2*0)} t 8.32 9.88 1.314 9.469 8.93 7.486 9.83 9.881 8.284

U>tn
<£>



ubceb t a m m v  im w o  ta a w  - eokx bus m o  ajatwri Vc>Te'NT'>1̂ - 'rt-^c-'no/os
usr axviGaaaiONt awn FIRST SHOL SOLUTE ROBBIES TOTAL SLTme MOER HUMBTESira»-3.38 K »  7.75 AmHtaaKZM16 1 68 0 3.6 33.66 8.76 8.67 -2.713 -3.591 4.35 -2.521 4.48 -3.837 -18.938sncrisncM. wcsawMT (+/- 2*90)i 8.14 8.12 6.879 1.733 8.81 11.922 8.12 8053 8.671
BnHXSL GSDUP17 9 9 0 3.4 26.44 8.82 8.92 -2.893 -3.544 3.61 -2.673 3.96 -2.984 -16.21318 16 57 B 2.2 23.54 1.81 1.28 -7.844 -6.982 25.58 -2.483 4.87 -3058 -16.843totals for rucncMKL oar -OB l 49.97 1.83 1.89 -9.938 -8.444 29.19 -5.876 4.86 -3.849 -16.76519 11 9 0 3.6 33.17 2.22 l.U -3.142 -2.572 5.11 -2.836 4.84 -2.978 -16.4192* 17 57 H 2.2 23.54 1.88 1.27 -4.136 -4.149 24.77 2.528 4.13 -3.879 -17.294IDEALS FOR IDHCnOML <3DV -OB t 56.61 2.22 1.17 -7.278 -3.288 29.88 -8.311 402 -3.862 -17.143
AVERAGES OVER FUCnOMi OP -OB 1 53.29 2.82 1.13 -8.688 -4.362 29.54 -2.693 4.89 -3.856 -16.954smrxsncM. u a s n u m  (+/- 2*£D)| 8.16 6.89 1.286 6.918 6.62 3.457 B.83 9069 9071
K U Q U l  SWAVENKXt 673.8 21.36 8.95 -31.968 -1.496 282.88 -1.598 4.13 -3.858 -17.151snnsncK. u a n u t n  (+/- 2*90) i 8.73 6.83 1.948 6.136 6.86 1.189 IJ2 8037 9.894

Table IV.11 Calculated structural and energetic
quantities fro* Monte Carlo siaulation of Cl'aaino-
C^'-aethyl-ribose derivative and 202 waters at 298 K - 
Cleaenti solute-water potential functions.
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Flours IV.10.3 First shall coordination nuabars for tna atoas oi riooss darivativa - Clasantl soluta-aatar potantial tunctions.
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Figures IV.10.U through IV.10.13 - calculated

quasicomponent distribution function of first shell 
coordination number for ribose derivative and functional 
groups (Clementi potentials)*.

X. axis - coordination number.

3L axis - quasicomponent of coordination number
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Eloure IV.10.6 Calculated QCDF o{ first shell
cooldlnation nueber for -MH2 fuoctlonsl aroup of ribose derivative - Clesentl solute-water potential functions*
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h  iiqure IV.10.7 . Calculated tiCDF of first shell
25 coordination nueber for f0H)2 functional group of ribose

a  derivative - Cleaenti solute-water potential functions.
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figure IV.10.8 Calculated QCDf of first shell
coordination nuebet for ICHI2 functional group of riboso
derivative - Cleaenti solute-water potential functions*
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a aa• flgure IV.10.10 Calculated QCDF of first shella cooidlnitloR nueber for 1CH>3 functional group of rlboiederivative - Cleeenti solute-water potential functions.
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Figure IV.1Q.I5 through IV.10.23 - calculated

guasicooponent distribution function of average first 

shell pair energy for functional groups of ribose 

derivative (Clement! potentials) •

i axis - pair energy (kcal/mole).

Lett axis - quasicomponent of pair energy.

Right Y axis - running coordination number.
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flours IV.10.1# Calculated QCDF of solute-weter pair
enexoies of waters of tne lOH) 2 functional 9roup of rloose
uerivative - Cleeentl soluts-water potential functions.
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Flaunt IV.10.20 Calculatad ()CuF of soluta-watar pair
u t i m i  of waters of tns OH)3 functional group of rldosa
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Einure IV.10.21 Calculated QCDF of solute-water pair
energies of waters of tne CCK>3 functional group of ribos*
uerlvetlve - Cleaenti soiute-weter potential functions.
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tiquxa IV.10.23 Calculated OCDF of soluta-uatar pair •narolas of waters of the -CH3 functional group of ribosa derivative - Cleaenti soluta-watar potential functions.
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Figure IV..10.24 - calculated quasicomponent

distribution function of binding energy for ribose 

derivative (Clementi potentials).

X. axis - binding energy (K.cal/raole) •

X. axis - quasicomponent of binding energy.
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11. (C2-Endo)-2.5-Di3eoxv-l-C-ftraino- 

B-D-Ribo-Pentofuranose 

with Clemanti Splutg-Woter Potentials
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Computational Specifics. An aqueous solution of a 

deoxyribose derivative and 202 waters was simulated using 

Clement! solute-water potentials and MCY-CI water-water 

potentials at 298 K. Ihe sugar ring was puckered in the 

C2#-endo form* Pace centered cubic boundary conditions 

with a unit cell edge length of 14.63 Angstroms were 

used* Ihe unit cell edge was obtained from partial molar 

volumes of 10b cc/mole for the deoxyribose derivative and 

18*07 cc/mole for water* The simulation was performed 

with an initial equilibration period of 500,000 non-force 

biased and 500,000 force biased moves which were 

discarded, and a subsequent 2,000,000 moves which were 

used to perform all analyses and calculate ensemble 

averages *

Potential Surface* Ine potential energy contour 

surface for the interaction of the deoxyribose derivative 

and one water is shown in Figure IV.11.1. The contour 

plane chosen is the best fit to the plane of the ring 

atoms of the deoxyribose derivative* The minimum is 

found in the region surrounding the ester oxygen where 
the lowest enerqy is -7*99 Kcal/mole. The region 

surrounding the molecular plane, excepting the ether 

oxyqen, from the ether oxygen side of tne methyl grojp to 
the amino group generally shows interactions in the range 

-1.99 kcal/mole to -3.99 kcal/mole. The area surrounding 

the CH2 2 methylene group of the molecular ring also 
contains interactions between -1*99 and -3.99 kcal/mole.
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Ine region peripheral to the 5- methyl group shows the 
least favorable interactions overall; here, energies 

between .01 and >1.99 kcal/mole are encountered.

Convergence and Ihermodvnaalc Results. Ihe control 

functions for the deoxyribose derivative simulation are 

found in Figure IV.. Ihe mean internal energy stabilizes 

at about -1755 Kcal/mole for the value of -1756.1 +/- 6.4 

Kcal/mole after 2000K moves. Ihe heat capacity attains 

the final value 18.B cal/mole-K. Ihe calculated vacuum 

to water transfer energy for the deoxyribose derivative 

is -8.8 kcal/mole.

Figures IV.11.4 thru XV.11.11 and IV.11.14 thru 

IV.11.21 contains graphs of the guasicomponent 

distribution functions of coordination number and binding 

energy for tne amino, hydroxyl, methylene, methine, and 

methyl functional groups and ether oxygen atom of the 

deoxyribose derivative. Figures IV.11.12 and IV.11.22 

contain graphs of the guasicomponent distribution 

functions of first shell coordination number and binding 

enerqy for the deoxyribose derivative. Table IV.12 

contains the complete structural and energetic data for 

the deoxyribose derivative and its atoms and functional 

groups.

Structural Results. First shell coordination numbers 

for the atoms of the deoxyribose derivative are displayed 

on the molecular diagram of Figure IV.11.3. Ihe amino
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nydrogen atoms, HI* and HI", again have significantly 
different radial cutoff values (3.2 and 2.2 Angstroms, 

respectively) and correspondingly different first shell 

populations (2.11 and .70, respectively).

Ihe 01 ester oxygen, 33* hydroxyl oxygen and H3' 

hydroxyl hydrogen each have about one coordinated water 

molecule (1.02, .85, and 1.02, respectively), as seen

with the ribose derivative. Ihe first shell solvent 

density of the H4» nydrogen is especially high (1.3d) 

signifying a highly localized water molecule.

Ihe metnine and methylene hydrogens have relatively 

extended first shell cutoffs (His 3.6 Angstroms; H2': 4.4 

A; H3: 3.6 A; H4; 4.4 A) and first shell solvent

densities less than or about equal to that of bulk water 

(H2: 1.07; H31: .95; H4: .95; H5: .99). These results

are typical of apolar hydration. The methylene hydrogen 

H2 has zero coordination njmber; due to molecular 

qeometry, no waters are assigned to this hydrogen by 

proximity. The methyl group cutoffs are similarly 

extended (H5*: 3.6A; H5": 3.8 A; H5'*'; 4.2 A) with low

first shell solvent densities (H5* : .95; H5"; .95;

H5 * "  : .87).

Ihe graph of the quasicomponent distribution function 

of first shell coordination numoer for the deoxyribose 

derivative is shown in Figure IV.11.12. Values range 
from IB to 28; thelargest contributions arise from
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coordination numbers of 22 and -23. The average first 

shell coordination number for C2-amino-C5-methyl- 

deoxyribose is 22*21 ♦/- *67.

Energetic Results. Ihe average first shell solute- 

water pair enerqies for the waters assigned to the atoms 

of the deoxyribose derivative are displayed on the 

molecular diagram of Figure IV.11.13* Ihe most favorable 

averaqe solute-water pair energy is found with the waters 
of the H3* hydroxyl hydrogen atom at -7.271 Kcal/mole; 

the solute bindinq energy of -7.419 Kcal/mole is the 

single greatest contribution to the total solute binding 

energy in the molecular hydration shell (about 1/3 of a 

total 23.2 Kcal /mole). Ihe next most favorable 

interaction arises from tne waters of the ester oxygen 

(-2.972 Kcal/mole) followed by the waters of the amino 

hydrogens (HI**: -2.915 Kcal/mole; HI*: -2.593

Kcal/mole)•

Ihe enerqetics of the waters of the apolar methylene 

and methine hydrogens are all fairly similar. Ihe 

average pair energies range from about -1 Kcal/mole (HI: 

-.924 Kcal/mole) to slightly positive (H3: .279

Kcal/mole). Ihe waters assigned to the methyl hydrogens 

are also not especially favorably bound (H5* < S L r P E > =  .099 

Kcal/mole; H5•1 :-.476 Kcal/mole; HS'" : -.013

Kcal/mole)•
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Ihe graph of the quasicomponent distribution function 

of solut binding energy is shown in Figure IV.11.22. 

Values ranqinq from -37 to -8 Kcal/mole are seen; the 

major contributions arise in the range -29 to -18 

Kcal/mole. Ihe calculated average solute binding energy 

for the deoxyribose derivative is -23.2 ♦/- 1.8

itcal/mole.
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Eiaate. iv.il.l isoenergy contour surface for

deoxyribose derivative and one water (Clementi solute- 

water potential functions)•

& axis - X axis of plane defined by molecular ring 

atoms (Anqstroms).

1 axis - 3f axis of plane defined by molecular ring 

atoms (Anqstroms)•

Contours - isoenergy contours with one Kcal/mole 

increments witn alphabetical labels referring to contour 

energy values in list at right.
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Figure “ control functions for Monte Carlo

simulation of deoxyribose derivative and 202 waters 

(Clementi solute-water potential functions).

JL axis - number of configurations.

Latt I aiO.3. - mean total energy (Kcal/mole).

Right Y axis. - constant volume heat capacity 

(cal/mole-degree).

Upper curve - constant volume heat capacity.

Bottom curve without crosshatches - average total 

enerqy for entire simulation.

Bottom curve with crossnatcnes - average total energy 

for preceedinq 50K configurations.
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nfiacYRinof* derivative in hathi at 298k - porct bias am> clmhti pens. "RjmcJTvd̂ s
last amGumnoN: 2000002 first enai. sgu/te properties total slt props wter mxrxeiBsRFW-3.30 RCE- 7.75 A

7>DB( TYPE RFS VFS <K> <K/V> <SUSE> <SLTPE> <K> <3TBE> <KH> <MMHPE> <BBMT>
w u w l h* (kmosub.)1 2 8 G 8.0 0.0 0.0 0.0 0.0 0.0 0.0 0.8 0.0 0.0 0.02 6 59 H 3.6 55.07 1.96 1.07 -1.815 -8.924 15.76 -2.228 4.13 -3.074 -17.072TOTAUS FOR FUNCTIONAL GROUP >ai- * 55.07 1.96 1.07 -1.815 -0.924 15.76 -2.228 4.13 -3.074 -17.072
statistical uncertainty (+/- 2*SD): 0.20 0.11 0.304 0.205 0.02 0.624 0.07 0.048 0.216

7 5 17 C 0.0 0.0 0.0 0.0 0.0 0.0 • 0.0 0.0 0.0 0.0 0.0
8 12 59 B 4.4 84.20 2.50 0.89 0.238 0.095 16.71 0.145 4.35 -3.014 -17.674TOTALS FOR FUNCTIOWL GROUP X3P- ! 84.20 2.50 0.89 0.238 0.095 16.71 0.145 4.35 -3.014 -17.674

l 1 ? 2*3)): 0.22 0.08 0.035 0.019 0.02 0.039 0.07 0.045 0.218
17 4 17 C 0.0 8.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.014 IB 59 R 3.6 44.49 1.26 0.85 0.352 0.279 8.65 0.935 4.16 -2.944 -16.949TOTALS FOR FUNCTIONAL GROUP :>ai- : 44.49 1.26 0.85 0.352 0.279 8.65 0.935 4.16 -2.944 -16.949

STATISTICAL UNCERTAINTY (+/- 2*3)): 0.08 0.08 0.037 0.050 0.01 0.003 0.07 0.046 0.213
METHYLEJB GROUP 9 3 17 C 3.4 11.10 0.07 0.19 0.072 1.016 0.15 0.065 4.18 -2.863 -15.865
18 8 59 H 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 8.0 0.0 0.019 9 59 H 4.4 92.55 2.92 0.95 -0.811 -0.277 16.34 -0.027 4.20 -3.032 -17.079

TOTALS FOR FUNCTIONAL OOP -CH2 s103.65 2.99 0.89 -0.739 -0.247 16.49 -00.03B 4.20 -3.014 -16.949
STATISTICAL UNCOOMNK (+/- 2*3)): 0.04 0.10 0.063 1.191 0.08 0.187 0.72 0.458 2.080

Table IV.12 Calculated structural and energetic
quantities fron Honte Carlo sinulation of Cl'aaiiio-
Cl•-■ethyl-deoxyribose derivative and 202 waters at 29B K -
Clenenti solute-water potential functions.
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oaoaiaaoGE csRiwnvB in wrrra ax 29ac - pore bias m o  clemmti "P&TETJTjAU 1̂ jMC.T)or»S»
u s e  amGunnoNi 20a0M 2 fir st  asu sx u te  phhkties t o o l  sa ikbs wra mmanssBFSM-3.30 KB- 7.75 A
mun. ouuf3 13 6 C4 17 3 a5 IS 3 a6 19 3 HTOTALS FOR RHCnCWL GROUT

0.0 0.8 8.0 0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0
3.8 74.83 2.37 0.95 8.234 0.099 18.93 0.656 4.15 -3.092 -17.158
3.8 82.36 1.98 0.95 >0.942 -0.476 14.18 -0.828 4.17 -3.027 -17.0834.2 185.36 3.86 0.87 -0.040 -0.013 22.94 0.583 4.18 -3.844 -16.961

-ao t 242.35 7.41 0.91 -0.747 -0.101 55.97 0.411 4.17 -3.056 -17.056
2*3)) x 0.39 0.05 0.864 0.012 0.04 0.061 0.04 0.025 0.115

AMnc GHX1P
10 7 11 N 3.4 17.72 0.38 0.65 -1.986 -4.968 4.42 -2.156 4.05 -3.088 -16.442
11 14 1 H 3.2 54.19 2.11 1.16 -5.464 -2.593 20.98 -6.196 4.19 -3.021 -16.979
12 15 1 B 2.2 23.89 8.70 0.88 -2.840 -2.915 . 23.08 -4.065 4.15 -3.090 -17.013

TOINLS FOR FUNCTIONAL GROW -tW2 x 95.81 3.19 1.00 -9.410 -2.949 48.48 -12.418 4.16 -3.060 -16.946
STATISTICAL (MCEKEUHff (♦/- 2*3)) i 0.25 0.08 1.237 0.514 0.83 1.983 0.04 0.027 0.122

EsreR amxN
13 1 68 0 4.0 38.61 1.02 0.79 -3.035 -2.972 5.52 -2.827 4.10 -3.000 -16.682

snnsncKL utcotmiNR (+/- 2*SD) i 0.14 0.11 0.705 0.916 0.01 1.337 0.12 0.078 0.357

HrncnrL GRGUP
15 11 9 0 3.4 38.59 0.85 0.83 -1.434 -1.693 7.37 -1.181 4.05 -3.030 -16.834
16 16 57 H 2.2 22.82 ' 1.02 1.34 -7.419 -7.271 27.05 -6.051 4.15 -3.025 -16.743

AVHttGBS CWER FUNCTIONAL OT -OH : 53.41 1.87 1.07 -8.853 -4.434 34.42 -7.232 4.09 -3.028 -16.795
StWlSnCAL UNCERTAINTY (+/- 2*£D): 0.08 0.08 0.376 0.509 0.01 0.356 0.04 0.028 0.129

MOLDCUUR Sm/AVOWGE: 717.6 22.21 0.93 -24.018 -1.881 202.08 -23.176 4.17 -3.041 -17.016
SOfflSnCAL UKZBAIMTX (+/- 2*SD): 0.67 0.03 1.196 0.071 0.07 1.813 0.02 0.013 0.060

Table IV.12 Calculated structural and energetic
quantities from Monte Carlo simulation of Cl*amino-
C4•-methyl-deoxyribose derivative and 202 waters at 296 K
Clementi solute-water potential functions.
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tiqura IV.11.3 First shall coordination nuabars for tha atoss ot aaoxvrlbosa darivativa -Clananti soluta-watar 
ootantial functions.
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Figures £5i.*ll.»!iL through IV .11.12

quasicomponent distribution function 

coordination number for deoxyribose

functional groups (dementi potentials)*

calculated 

of first shell 

derivative and

X. axis - coordination numoer.

X axis - quasicomponent of coordination number
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Eiauta li-ll-aJL tQ.L2jJ3.dL iV.11.21 - calculated

quasicomponent distriDution tunction of average first

shell pair energy for functional qroups of deoxyribose
derivative (Clement! potentials).

X. axis - pair energy (kcal/mole) .

Left JL g.&i.§, - quasicomponent of pair energy. 

Right I axis - running coordination number.
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EiSLUI.fi tV. 11.2.2 - calculated quasicomponent

distribution function of binding energy for deoxyribose 

derivative (Clementi potentials)•

2L axis - binding energy (kcal/mole) . 

i axis - guasicomponent of Dinding energy.
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Aqueous Hydration of Ihvmine

Ihe essential structural feature of the aqueous 

hydration of thymine emerging from the Clementi solute- 

water potential function simulation is a first hydration 

shell consisting of 25 waters. Twenty three of these 

waters constitute the exocyclic ring substituent 

hydration. Ihe other two waters constitute the above and 

below plane hydration of the ring atoms. A 

representative stereo picture of the first hydration 

shell of thymine is shown in Figure V.l

Ihe hydration of the exocyclic ring substituents of 

thymine has varied character. Ihe only atoms of thymine 

with the structural and energetic features of hydrophilic 

nydration are the iroino hydrogens. These atoms have 

larqe first shell populations with average solute-water 

pair energies of -3.552 kcal/mole. When this quantity is 

compared to the average water-water pair energy of -3.010 

Kcal/mole for MCf-CI bulk, water, it is apparent that the 

hydration of these atoms is solvent structure breaking 

(relative to bulk solvent). Ihe carbonyl, methine and 

methyl functional groups all are assigned first shell 

waters with first shell solute-water pair energies more 

positive than the average water-water pair energy 

reflecting a prevalence of water-water interactions in 

these regions.
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Ihe vacuum to water transfer energy of thymine was 

calculated to be -21.4 ♦/- 7.5 kcal/mole. Ihe typical 

solute-water interaction in the first hydration shell of 

thymine (-1.589 kcal/mole) is considerably less than the 

average bulk water-water pair energy. Ihe solute-water 

interactions of the ring substituents predominate not 

only in sheer number (23 vs. 2) but also in average 

solute-water pair energy and binding energy (only -.793 

of the solute binding energy of -39.8 kcal/mole arises 

from rinq atom hydration).

fin interesting result is the unfavorable solute-water 

interactions occurring in the extended (beyond first 

shell) hydration layers of thymine. Ihe binding energy 

of these waters (+32.459 kcal/mole) is nearly as 

unfavorable as the the first shell interactions are 

favorable (-39.792 kcal/mole). About half of this 

positive interaction enerqy arises in the extended methyl 

group shell suggesting that the overall unfavorable 

solute-water interactions in the extended molecular shell 

reqion is the result of a long ranqe hydrophobic effect 

due to the methyl group.

A comparison of results for the hydration of thymine 

obtained from the Clementi, Kollman and BVG solute-water 

potential function simulations follows. The Clementi 

thymine first hydration shell contains 25.04 waters, the 

Kollman thymine first shell contains 22.94 waters and the
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BVG thymine first snell contains 22.84 waters. Iha 

explicit hydrogen atoms of the Clementi thymine molecule 

have much larger first shell volumes and consequently a 

siqnificantly qreater first shell population than the 

united atom Kollman and BVJ methyl groups. Uhen an 

adjustment in the first shell coordination number of the

Clementi methyl group is made proportional to the ratio
of the volume of the BV3 or Kollman first shells (these

are the same) to the Clementi methyl first shell volume,

the coordination number of Clementi thymine is 21.7B. 

Ihus no appreciable difference is found in first shell 

hydration structure with the variety of solute-water 

potential functions.

Ihe average first shell solute-water pair energies for 

Kollman thymine (-.738 Kcal/mole) and BV3 thymine (-.958 

Kcal/mole) are more positive than those of Clementi 

thymine (-1.589 mcal/mole). ftlso, there are no atomic 
first shell solute-water pair energies greater than the 

average water-water pair energies in either the Kollman 

thymine or BVG thymine simulations. Ihus, thymine 

hydration is generally more typical of apolar hydration 

when a simulation is performed with either the Kollman or 

BVG solute-water potential functions.

Values for the solid to water transfer energy (heat of 

solution) for thymine are calculated for each simulation 

by adding the vacuum to water transfer energy (<USLr> in
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Iable IV*1) to the experimentally determined sublimation 

energy of thymine (+29.7 kcal/mole) (50). Ihe values 

thus obtained are: Clementi thymine: +6.3 kcal/mole.
Kollman thymine: +12.9 kcal/mole and BVG thymine: +8.6
kcal/mole. When these values are compared to 

experimentally determined values for the heat of solution 

of thymine ranqinq from +5.3 to +5.8 kcal/mole (50-52). 

it is seen that the Clementi solutewater potential 

function simulation produces a value very close to 

experiment followed closely by the value obtained from 

the BVG thymine simulation.
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Aqueous Hydration of Uracil

Ihe basic structural feature of the aqueous 

hydration of uracil obtained from the Clementi solute- 

water potential function simulation is a first hydration 

shell consisting of 19 to 20 water molecules. Seventeen 

of these waters constitute the first snell hydration of 

the exocyclic ring substituents. Ihe other two or three 
of these waters hydrate the ring atoms of uracil. A 

stereo picture of a representative first shell hydration 

structure of uracil from this simulation is shown in 

Figure V.2.

Ihe imino hydroqens both show definite characteristics 

of hydrophilic hydration witn fully populated, high 

solvent density (average 1.37 x bulk water) first shells 

with stronq solute-water interactions (average -5.309 

kcal/mole) Ihe 32 carbonyl oxygen and H5 methine hydrogen 

first shell waters both have solute-water pair energies 

greater than bulk water (-3.010 kcal/mole)■ These pair 

energies are enhanced by favorable interactions with the 

nearby imino hydrogens.

Ihe vacuum to water transfer energy of uracil was 

found to be -149.7 ♦/- 10.2 kcal/mole. Ihe average first 

shell solute-water pair energy (-3.666 kcal/mole) is 

somewhat qreater than bulk rlC¥-CI water. Ihe waters of 
the exocyclic ring substituents provide a considerable
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majority (-66.202 Kcal/mole of -72.453 Kcal/mole) of the 

first shell solute-water binding energy. Hydration of 

the rinq atoms provides only -6.251 Kcal/mole to this 

quantity.

Comparison of the structural hydration results for the 

Clementi. Kollman and BVG solute-water potential function 

uracil-water simulations again shows no trend in the 

first shell molecular coordination numbers. Clementi 

uracil has a first shell consisting of 19.76 waters. 

Kollman uracil has a first shell consisting of 18.76 

waters and BVG uracil nas a first shell consisting of

21.00 waters. Ihe Clementi uracil first shell is denser 

(1.06) than the Kollman (.97) or BVG (.88) uracil first 

shells.

Ihe denser Clementi first snell reflects the tighter 

clustering of water molecules in the relatively strongly 

bound first hydration shell of the Clementi uracil 

molecule. The order of first shell solute-water pair 
energies is: Clementi uracil (-3.666 Kcal/mole) > BVG

uracil (-.940 kcal/mole) > Kollman uracil (-.760 

Kcal/mole). The Clementi solute-water interactions are 

about four times more favorable than the Kollman or BVG 

energies; none of the first shell waters show hydrophilic 

hydration energetics in the Kollman and BVG simulations.

Solid to water transfer energies (heats of solution) 

are calculated for uracil using the value <USLT> obtained
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from Iable IV.1 for each simulation and and 

experimentally determined value for the heat of 

sublimation of uracil (+20.B kcal/mole) (50)• Ihe 

following values are obtained: Element! uracil: '120.9

kcal/mole, .Kollman uracil: +17.6 kcal/mole and BVS

uracil: +6.1 kcal/mole. Experimentally determined heats

of solution for uracil range from +6.4 to +7.1 kcal/mole 

(50-52,55); in this case, the BVG uracil-water simulation 

produces a transfer energy comparing very well with 

experimental data. Ihe Clementi solute-water potential 

function simulation considerably overestimates the heat 

of solution.
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Fiqure V.2 Stereo view of a representative first 
nyoration shell confiquration of uracil - Clenenti 
solute-water potential functions.
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Aqueous Hydration of Cytosine

Ihe first hydration shell of cytosine was found to 

consist of nineteen water molecules. Sixteen of these 

water molecules constitute the first shell hydration of 

the exocyclic rinq substituents of cytosine. If the out 

of plane hydration of the bare ring nitrogen is assigned 

.59 waters (this number is the average first shell 

coordination number of the base imino nitrogens from the 

Clementi solute-water potential function base-water 

calculations), then the ring atoms are assigned about 

three water molecules. A stereo view of a representative 

first shell hydration structure of cytosine from this 

simulation is shown in Figure V.3.

Ihe waters of the imino and amino nydrogen atoms show 
definite characteristics of hydrophilic interaction with 

the solute molecule with average solute-water pair 

enerqies of -6.215 kcal/mole (imino nydrogen) and -5.B54 

kcal/mole (amino hydroqens) • All other first shell 

waters have average solute-water pair energies less 

favorable than the average bulk water water-water 

interaction. typical apolar solute-water interactions 

are seen with the waters of all ring carbon atoms and the 

methine H5 hydrogen atom. the H6 methine hydrogen atom 
waters interact with the solute somewhat more favorably 

than the H5 waters because of the strong potential of the
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neighboring HI imino hydrogen.

Ihe average first shell solute-water pair energy is 
-3.220 kcal/mole which is comparable to the average bulk 
water water-water interaction of -3.010 kcal/mole. Ihe 
total solute-water binding energy of the exocyclic ring 
substituent atoms (-54.957 kcal/molj dominate the 
molecular first shell binding energy of -60.619 kcal/ 
mole. Ihe remaining tenth (-5.666 kcal/mole) of the 
first shell solute-water binding energy is contributed by 
the ring atom waters.

The vacuum to water transfer energy for cytosine was 
calculated to be -127.4 ♦/- 8.9 kcal/mole. Ihe solid to 
water transfer energy for cytosine can be calculated for 
this simulation if the suolimation energy of cytosine is 
estimated. A value of +30 kcal/mole for this quantity is 
reasonable since known experimental values for uracil, 
thymine, adenine and various methylated bases range from 
+25 to +35 kcal/mole* Using this estimated value, the 
solid to water transfer energy of cytosine is calculated 
to be -97.4 kcal/mole. Comparison with the experimental 
value of +7.7 kcal/mole (50) demonstrates that the 
Clementi solute-water potentials overestimate the solute- 
water interactions.
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Fiqure V.3 Stereo view of a representative first 
hydration snell confiqaration of cytosine- Cleaenti 
solute-water potential functions.
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Aqueous Hydration of Adenine

Ihe aqueous hydration of adenine is found to have the 
basic structural feature of a first hydration shell 
consisting of twenty or twenty one water molecules. 
Twelve or thirteen of these water molecules are found in 
the first hydration shell of the exocyclic ring 
substituents. Ihe ring atoms are assigned four or five 
waters using the same approximated value for the out of 
plane bare rinq nitrogen described for cytosine. A 
stereo view of a representative first shell hydration 
structure of adenine from this simulation is shown in 
Figure V.4.

Ihe waters of the imino and amino hydrogen atoms of 
adenine again show decidedly hydrophilic character in
their interactions with the solute. Ihe average solute- 
water interactions for the imino hydrogen waters are 
-4.792 kcal/mole and -5.357 kcal/mole. All other first 
shell waters have average solute-water pair energies less 
than the bulk water water-water interaction with the 
exception of the N9 imino nitrogen waters.

Ihe averaqe first shell solute-water pair energy
(-2.596 kcal/mole) is less favorable than the average 
bulk water water-water interaction of -3.010 kcal/mole 
due to the weak solute-water interactions of all ring
atoms (including the bare ring nitrogens) and the two
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methine ring fragments. Ine exocyclic ring substituent 
atoms contribute a substantial majority (-43.B38 
Kcal/mole) of the first shell solute-water binding energy 
of -52.953 Kcal/mole. Ihe remaining sixth of the first 
shell binding energy is obtained via the waters of the 
ring atoms from out of plane interactions (r9.115 
Kcal/mole). The vacuum to water transfer energy of 
adenine is found to be -141.4 ♦ /- 13.5 Kcal/mole. The
experimentally determined sublimation energy of adenine 
is +30.4 Kcal/mole (53). When this value is added to the 
vacuum to water transfer energy obtained from this 
simulation, a value of -111.0 Kcal/mole is found for the 
solid to water transfer energy. Experimentally obtained 
value for this quantity range from +7.1 to +8.0 Kcal/mole 
(52-56). The Clementi solute-water potential functions 
again overestimate solute-water interactions.
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Aqueous Hvdratlon of Guanine

Ihe basic structural feature of the aqueous hydration 
of guanine is a first hydration shell consisting of 
twenty one or twenty two water molecules. Seventeen of 
these waters constitute the first hydration shell of the 
exocyclic rinq substituent atoms. Ihe other four or five 
waters are assiqned to the ring atoms using the same 
approximation to the out of plane hydration of the bare 
ring nitrogen atoms described for cytosine. A stereo 
view of a representative first hydration shell structure 
of guanine from this simulation is shown in Figure V.5.

Ihe waters of the amino nydrogen atoms show definite 
characteristics of hydrophilic interaction with the 
solute molecule with solute-water pair energies of -4.331 
kcal/mole (imino hydrogens) and -7.731 kcal/mole (amino 
hydrogens). All other first shell waters have average 
solute-water interactions less than the average bulk 
water water-water interaction energy except for the imino 
nitrogen N9 and carbonyl oxygen 06 waters.

Ihe average first shell solute-water pair energy is 
-3.314 kcal/mole which is slightly more favorable than 
the average bulk water interaction. Most (-61.912 
kcal/mole) of the first shell solute-water binding energy 
of -71.233 kcal/mole arises in the first hydration shells 
of the exocyclic ring substituent atoms. About one-
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seventh (-9.321 Kcal/mole) of this energy comes from the 
out of plane interactions of the waters of the ring 
atoms.

Ihe vacuum to water transfer energy for guanine is 
-112.6 ♦ /- 7.9 Kcal/mole. If the sublimation energy of 
quanine is estimated to be +30 Kcal/mole as in the case 
of cytosine and added to the vacuum to water transfer 
energy obtained in the simulation, a solid to water 
transfer enerqy of -82.6 Kcal/mole is obtained. Ihe 
experimentally ootained value for this quantity is +11.8 
Kcal/mole (54) ; the Clementi solute-water potential 
functions again overestimate solute-water interaction 
energies.
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Fiqure V.S Stereo view of a representative first 
nvaration shell confiquration of guanine - Clenenti 
solute-water potential functions.
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Aaueous Hydration oi fC3-Endo)-5-Deoxy-l-C-Aming- 

B-D-Hibo-Pentofuranose

Ihe basic structural feature of the hydration of the 
rlbose derivative Is a first shell consisting of twenty 
one or twenty two waters molecules. Ihe majority (twelve 
or thirteen) of the first shell waters are assigned to 
the apolar constituents of the molecule (methine and 
methyl groups). Ihe remainder of the first shell (nine 
waters) hydrate the polar constituents (ether oxygen, 
hydroxyl and amino groups) of the ribose derivative. A 
stereo view of a representative first shell configuration 
for the ribose derivative ootainea from this simulation 
is shown in Figure V.6.

Ihe hydrophilic hydration of the molecule is 
constituted by tne waters of the hydroxyl hydrogen atoms 
(average -5.562 kcal/mole) and the H21 amino hydrogen 
atom (-4.331 kcal/mole). Jhen a water molecule is found 
within the first shell of the ether oxygen (first shell 
coordination number only .76) the interaction is also 
quite favorable (-3.591 xcal/mole)• Clearly hydrophobic 
interactions occur with the waters of the ring methylene 
hydrogens with extended cutoffs (average 4.0 Angstroms), 
low first shell densities (.60 x bulk water) and very 
weak average solute-water pair interactions (-.116 
kcal/mole). Ihe waters of the methyl group show similar
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data characteristic of hydrophobic solute-water 
interactions.

Ihe vacuum to water transfer energy of the ribose 
derivative is calculated to be -2.6 +/- 9.2 Kcal/mole.
Ihe average solute-water pair energy in the first 
hydration shell is -1.496 Kcal/mole; the first shell of 
this molecule thus appears to be dominated by water-water 
interactions. Ihe most important solute-water 
associations occur with the four waters hydrating the two 
hydroxyl groups. Ihese contribute the majority (-17.216 
Kcal/mole) of the total first shell binding energy 
(-31.960 Kcal/mole) of this molecule. Nearly the 
remainder (-9.529 Kcal/mole) is provided by the waters of 
the amino group.
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Figure V.6 Stereo view of a representative first 
.lydration snell configuration of ribose derivative
Clementi solute-water potential functions.
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Aqueous Hydration of (C2-5ndol -2.5-Dideoxy-l-C-Amino-

B.-B -8.1bQrP antofuranose

Ihe basic structural feature obtained from the 
deoxyribose derivative simulation is a first hydration 
shell containing twenty two waters. The bulk of the 
waters (sixteen) are assigned to the apolar methylene and 
methyl constituents of the deoxyribose derivative. Ihe 
remainder (seven) of the water molecules hydrate the 
polar ether oxygen. hydroxyl and amino molecular 
constituents. A stereo view of a representative 
configuration of the first hydration snell obtained from 
this simulation is found in Figure V.7.

A definite hydrophilic interaction is found with the 
water of the hydroxyl nydrogen with an average solute 
interaction of -7.271 xcal/mole. Other significant, 
moderate solute-water interactions occur with the waters 
of the ester oxygen and amino hydrogens. Hydrophobic 
solute-water interactions are found with the waters of 
the methylene rinq fragments with the typical extended 
first shell cutoffs, low first shell densities and very 
weak average solute pair interactions of -.236 kcal/mole. 
the waters assigned to the methyl group also display 
hydrophobic interactions with average solute pair 
energies of -.107 kcal/mole.
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Ihe vacuum to water transfer energy is found to be 

-8.6 +/- 8.8 Kcal/mole. Ine average first shell solute- 
water interactions is -1.081 Kcal/mole demonstrating that 
water-water interactions predominate in the first shell. 
Ihe preponderance of the first shell solute-water binding 
enerqy arises with the three amino waters (-9.U10 
Kcal/mole) and the two waters of the hydroxyl group 
(-8.853 Kcal/mole).

Ihe results for each simulation were accompanied by 
plots of the simulation control functions, including the 
running mean total energy. Attainment of a stable mean 
total enerqy over the last 500K to 1000K configurations 
of a simulation is one index of simulation reliability. 
Ihe stability of this quantity varied from a case where 
virtually no variation was seen in the total mean energy 
over the last 1000K of the simulation (thymine, Clementi 
potentials) to a case where the mean total energy drifted 
somewhat less than 10 ucal/mole (less than .05 
Kcal/mole/particle) over the last 1000K configurations of 
the simulation (uracil, Clement! potentials).

Each simulation was run for a period sufficient for 
one large scale fluctuation to appear in the 50K blocK 
averages of the total energy calculated from the 
simulation. These periodic large scale fluctuations, 
also Known as grand cycles, have been found to occur 
about every 2000K configurations in extended Monte Carlo
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liquid state simulations. Only very small changes in 
mean total energy occurs (about .03 kcal/mole/particle) 
when simulation is performed for more than one grand 
cycle (59); considering the extremely large amounts of 
computer time required for a Monte Carlo simulation, it 
is felt that attainment of one full grand cycle is 
sufficient to reasonably insure the reliability of a 
simulation despite a small amount of drift in the mean 
total energy. For this reason, it is felt that the 
calculations reported here are quite reliable.
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Figure V.7 Stereo view of a representative first 
hydration snell configuration of deoxyribose derivative - 
Cleroenti solute-water potential functions.
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Monte Carlo computer simulation studies of the 

hydration of the five nucleic acid bases and derivatives 
of ribose and deoxyribose were performed to obtain 
Knowledge of the microscopic hydration of these systems* 
This chapter is a concise summary of the results and a 
survey of possible extension of this line of research*

Ihe simulation of uracil and thymine hydration were 
performed with each of tnree different solute-water 
potential functions in order to assess the quality of 
these potentials and determine the effects of variation 
of this methodological variable on simulation results* 
Comparison of simulation transfer energies with 
experimentally obtained transfer energies permits 
determination of the quality of simulation energetics. 
Ihe simulation transfer energies calculated for thymine 
are comparable to experimental solid to water transfer 
enerqies (average +5.5 Kcal/mole) with all three solute- 
water potential functions (Clementi: +8.3 Kcal/mole,
Kollman: +17.9 Kcal/mole, BV3: +8.6 Kcal/mole)* On the
other hand, transfer energetics calculated for uracil 
differ greatly between the Clementi simulation and the 
Kollman and &VG simulations. Ihe calculated solid to 
water transfer energies using Kollman potentials (+17.6 
Kcal/mole) and BV5 potentials (+6.1 Kcal/mole) both agree 
well with experiment (averaae +6.8 Kcal/mole)• The 
corresponding transfer energy calculated using the 
Clementi potentials (-120.9 Kcal/mole) is over 120
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Kcal/mole more negative tnan the experimental value. 
This trend of transfer enerqy overestimation is continued 
in the other oase simulations using Clementi potentials. 
The values calculated for cytosine, guanine and adenine 
are all over 100 Kcal/mole more negative than 
experimental results. Ihe conclusion is that the BV3 and 
Kollman potentials calculate reasonable transfer energies 
in the cases investigated here. Ihe Clementi set, 
however, consistently overestimates solute-water
interaction enerqies. Ihe best possible estimate of 
average first shell pair energies for the bases are on 
the order of those calculated for uracil and thymine 
usinq 6VG and Kollman potantials, i.e., about -1.0 
Kcal/mole.

Ihe large negative errors found for the solute 
transfer enerqies of adenine, guanine, cytosine and 
uracil with the Clementi potentials can probably be 
attributed to the use of very small (subminimal) basis 
sets in the ab initio calculations used to determine the 
base-water interaction energies upon which these
potentials are based. Ihe intermolecular interaction 
enerqies are calculated by subtracting the sum of the 
enerqies of the isolated molecules from the energy of the 
interacting molecules. Ihe energy of the interacting 
molecules is lowered relative to the sum of the isolated 
molecules via the formation of new, lower energy, 
orbitals. Ihe calculated energies of the isolated
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molecules, however, become increasingly positive (and 
less realistic) with smaller basis sets. Thus, the 
increased difference between the energies calculated for 
the interacting molecules and the isolated molecules with 
small basis sets results in the calculation of 
unrealistically negative interaction energies. This 
error is known as basis set superposition error and can 
be corrected via the counterpoise correction method (56)
or avoided using large (extended) oasis sets. Thus, the
use of larger basis sets or correction methods is 
indicated in the development of future biomolecular 
solute-water potentials via ab initio methods.

Although the Clementi potential solute transfer
enerqies are considerably overestimated for all bases 
except thymine, relative energetics appear reasonable, 
Tne observed order of the strength of solute-water 
interactions for waters assigned to the various base 
functional groups (imino and amino > carbonyl > methine > 
methyl) is a trend seen in the five Clementi base-water 
simulations as well as the six uracil and thymine 
potential function comparisons;, tnis trend corresponds to 
the decreasing polarity of the functional groups.

Another question addressed was the effect of potential 
function choice on solute coordination number. First 
shell molecular coordination numbers for uracil and
thymine appeared essentially independent of energetic
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trends* Average coordination numbers for the different 
functional groups of uracil and thymine with each 
potential set are calculated in order to assess 
functional group coordination number transferability. 
Ihe averages for the imino groups are: Clementi
potentials: 3*87, Kollman potentials: 3*10 and BVG
potentials: 3*18* Ihe carbonyl groups show exactly the
opposite trend. The average coordination numbers are : 
Clementi potentials: 2.98, Kollman potentials: 3.24 and
BVG potentials: 3.92.

Again, no trend is seen in the methine group average 
coordination numbers: Clementi potentials: 2.51, Kollman
potentials: 3.12 and BVG potentials : 2.86. Finally,
when the coordination numbers of the BVG and Kollman 
methyl groups are adjusted to compensate for the reduced 
first shell volume of the BVG and Kollman united atom 
methyl qroups, the following closely corresponding 
numbers are obtained: Clementi potentials: 9.43, Kollman
potentials: 9.47 and BVG potentials: 9.79. Ihe range of 
values for these coordination number sets is quite tight; 
when the averages are rounded to the nearest integer in 
each case the following numbers are found: imino groups:
3 or 4 waters; carbonyl groups: 3 or 4 waters; methine
groups: 3 waters; methyl groups 9 or 10 waters. The
coordination numbers are seen to be roughly comparable 
from potential to potential. Ihere is also no apparent 
correlation between pair enerqy strength and coordination
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number; no means of determining which coordination
numbers are the most accurate are available*

Some assessment of the changes in coordination number 
upon base dimerization can be made using these results. 
Using the coordination numbers calculated here, the 
formation of a base pair between adenine and thymine or
uracil would displace about seven first snell waters
(interacting at about seven kcal/mole) and formation of a 
cytosine-guanine base pair would displace about nine 
first shell waters (interacting at about nine kcal/mole)• 
Construction of a base stacked dimer, on the other hand, 
would displace only two to four waters per dimer. base 
pairinq would require displacement of a greater number of 
first shell waters than base stacking and thus remove 
more favorable solute-water interactions. Solute-water 
interactions thus may contribute to the well known 
preference of bases to form stacked dimers in aqueous 
solutions, even though the dominant stabilizing force is 
expected to be hydropobic. Dther factors would, of 
course, be important such as base-base interaction
enerqies and changes in water-water energies and 
configurational entropies upon dimerization.

l'he accuracy of solute-water energetics for the 
pentose systems studied cannot be judged since 
experimental transfer energies for these molecules are 
not available. However, the order of solute-water
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Interaction energies for the waters of the various 
functional groups reasonably correlates with functional 
group polarity (hydroxyl > ether > methylene).

Coordination numbers for each of the polar groups 
moieties (hydroxyl groups and ether oxygens) are all 
fairly close wnile the coordination numbers for the 
apolar methylene groups vary more widely. Ihe ether 
oxygen is essentially assigned one water molecule in each 
sugar derivative. Each hydroxyl group is assigned two 
waters: one to the oxygen atom and one to the hydrogen
atom. Considerable variation is seen among the 
coordination numbers for the methylene groups; this 
result is largely due to the variation in first shell 
volumes due to the geometry of tne puckered sugar rings.

Ihe generalization of functional group coordination 
numbers among different molecular systems is an 
interesting question. Average coordination numbers are 
calculated for the various functional groups of the 
Clementi potential base and sugar simulations Ihese are: 
imino: 3.84, carbonyl: 3.14. methine: 3.27, methyl:
7.89. amino: 2.03, bare ring nitrogen: 1.90, hydroxyl:
1.97, ether oxygen: *89 and methylene: 1.78. An
assessment of coordinate number transferability among 
these simulations can be made by examination of the ranee 
of coordination numbers for each functional group when 
each coordination number is rounded to the nearest
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integer. Ihe results are: imino: 3 or 4 waters,
carbonyl: 3 or 4 waters, methine: 3 or 4 waters, methyl:
7 to 9 waters, amino: 2 waters, bare ring nltrogens:l or
2 waters, hydroxyl: 2 waters, ether oxygen: 2 waters and
methylene : 1 to 3 waters. Ihe same rough
transferability of coordination number noted in the 
potential function comparison holds for the functional 
groups of the seven Clementi potential simulations.

Ihe previous Monte Carlo study of the hydration of the 
five nucleic acid bases by Clementi et al. was described 
in the Background section of this dissertation. Each of 
these bases was simulated with a cluster of only 4C water 
molecules. B.Jayaram, in this laboratory, demonstrated 
that waters surrounding the apolar atoms of dimethyl 
phosphate anion rapidly diffuse away from the solute. 
Thus, the first shells of the methyl group, methine 
groups and rinq atoms of the Clementi et al. simulations 
can be considered incomplete; no data is reported for 
apolar hydration and the first hydration shells are lower 
in population than the corresponding base shell reported 
here. Since only 40 waters are included in the Clementi 
et al. base simulations, two complete hydration shells 
cannot surround the solute. Ihe properties of the first 
hydration shell are not likely to be accurate unless the 
water-water influences of a second shell are present. 
Further. the lack of periodic boundary conditions 
logically results in edge effects in the energies
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calculated for tne scant number of waters included. It 
has been shown that the ensemble mean energy obtained in 
Monte Carlo simulations of aqueous systems using force 
bias converges in about half the number of moves required 
for the same system using the straight Metropolis 
alqorithm* Thus, the Clementi et al* base simulations 
used the equivalent of only 250,000 force biased 
equilibration steps and 250,000 force biased history 
production steps* examination of any of the control 
functions for the 2,000,000 step force biased histories 
compiled here reveals that virtually none of the mean 
enerqies have settled to their final values after 500,000 
moves much less 250,000 moves.

Ihe simulations performed here differ from the 
Clementi et al. calculations in several ways. Ihese 
include: 1) the use of periodic boundary conditions, 2)
the use of sufficient waters in the simulation to 
constitute more than two complete nydration layers, 3) 
the use of sufficient simulation length to reasonably 
assure convergence and tne use of convergence
acceleration techniques such as force bias and 
preferential samplinq. Further, the simulations are 
structurally and energetically analyzed using well 
defined, consistent rules based on the proximity 
criterion. These differences in methodology produce the 
differences in structural and energetic results between 
the base simulations reported here and the Clementi et
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al. base simulations. Because of the differences in 
methodology and analysis, it is felt that the simulations 
reported here contribute the most reliable information to 
date on nucleic acid base hydration.

Ihese difficulties are presumably compounded in the 
complex helical DNA systems studied by Clementi where a 
large molecule (24 nucleotide units) is simulated with an 
inadequate number of waters (447) with inadequate run 
lengths ("between 894,000 and 2,235,000 moves") without 
periodic boundary conditions or convergence acceleration.

Several conclusions may oe drawn from this study. A 
comparison was made of biomolecular hydration 
descriptions obtained with the use of three available 
biomolecular solute-water potential functions. Such a 
comparison, of primary importance in the improvement of 
the computer simulation of biomolecular hydration, has 
not previously been performed. Direct comparison of 
simulation produced transfer energies with experimentally 
obtained values for nine simulations distinctly 
demonstrates that the Berendsen-Van Gunsteren and Kollman 
sets provide excellent reproduction of transfer 
energetics in the molecular cases examined; the Clementi 
potentials, however, were found to greatly overestimate 
solute-water interactions. Examination of the first 
shell enerqetics of thymine and uracil using BVG and 
Kollman potentials suggest that an average first shell
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solute-water pair interaction of about one Kcal/mole is 
reasonable for the nucleic acid bases. Molecular first 
shell coordination numbers are found to be essentially 
independent of the choice of potential functions. 
Functional group coordination numbers do not show 
definite trends with the variation of potential function 
and are roughly transferable when rounded to the nearest 
integer. Finally. tne simulation results provide 
qualitative microscopic characterization of the hydration 
of the five nucleic acid bases and two sugars in 
derivative form. The simulations were performed using 
methodology (periodic boundary conditions. adequate 
numbers of waters. convergence acceleration and 
sufficient run length for tne number of molecules in the 
simulation) which 1 believe to supercede the previous 
simulation worh of Clementi.

A very interesting focus for future simulation study 
is the effect of aqueous hydration on the base stacking 
interaction which is perhaps the primary contributor to 
helical stability. The identification of solute-water 
potential functions providing high quality solute-water 
energetics was the necessary prerequisite for this type 
of study. Simulation of aqueous stacked dimers would 
proceed using a potential of mean force Monte Carlo 
algorithm which calculates the energies of solvent 
influenced solute-solute interactions. The result is the 
identification of the most favorable solute-solute
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configurations. Study of‘stacked base diners moved on a 
vertical coordinate would determine the most favorable 
solute-solute separation while simulation of parallel 
displacement of one base in the dimer at a constant 
vertical distance would calculate the most favorable 
dimer overlap. Subsequent higher order systems for 
simulation would be vertically stacked base pairs where 
one pair is moved to simulate the relative displacement 
in base pairs in helical winding and unwinding. Sequence 
dependent effects would be an interesting facet of such a 
study. Finally. a study where one base in a stacked 
diraer is slid parallel to the base planes would simulate 
solvent effects on helical opening and unopening.
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