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Abstract

MONTE CARLO COMPUTER SIMULATION SIUDIES JF THE
AQUEJOUS HYDRATION OF IHE WUCLEOIIDE BASES AND SUGARS.
Dy
Peter V. Maye

Advisor: Professor David L. Beveridge

Monte Carlo computer simulation studies of the
nydration of the five nucleic acid bases and derivatives
of ribose and deoxyribos=2 Jers performed in order to
obtain knowledge of the wmicroscopic nydration of these
systems. A comparison was anade of biomolecﬁlar hydration
descriptions obtained with the use of three available
piomplecular solute-water potantial functions. Sach a
comparison, oOf primary importance in the improvement cf
the computer simulation of biomolecular hydration, has
not previously been performeqa. Direct comparison of
simulation produced transfer energies witn experimentally
obtained values for nine simulations distinctly
demonstrates that the Berands2n-Van Gunsteren and Kollman
sets provide excellent reproduction of transfer
energetics in the molecular cases examined; the Clemneati
potentials, however, wer2 found to greatly overestimate
solute-water interactions. Examination of the first
shell energetics of thymine and wuracil wusing BVG and

Kollman potentials suggest that an average first shell
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solute-water pair interaction of about one Kkcal/mole is
reasonable for tne huclzic acid bases. Molecular first
shell coordinatiosn numpbers are found to be essentially
independent of the choice ©of potantial functions.
Functional group _cbordination numbers do not show
" definite trends with the variation of §otent1a1 function
and roughly correspond wh2n rounded to the nearest
integer. Finally, the 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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Hydration plays a 1leading role in the structural
chemistry of DNA. The structural integrity of a nucleic
acid duplex is strongly dependent on ambient humildity.
The stacking of DNA bases, which contributes to a regular
and rather rigid helical form , is encourageil by
" hydrophobic basa2-water interactlons. _ Thg hydration
changes occuring upon base paliring can aléo be. a
significant factor in the forsation of duplex DNA in an
aqueous environment. The secondary structure of DNA is a
direct function of ambi=nt 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 photoaraphs crucial to the subsejuant
deduction of the three dimspsional structure of DNA

(1,15) .

A complete understanding of the role of hydration in
nucleic acid chemistry r2sguires a precise microscopic
descripticn of polymer-~water interactions 1in structural
and =2nergetic terms. No experimental technijues are
currently available which are capable of providing 2
complete high res>lution (on the order of atomic)
description of solate-water interactions for even small
solute wmolecules. Statistical theoretical computer
simulation techniques, such as the Monte Carlo and
molecular dynamics methods, provide data on the required

microscopic lavel by generating high probability solute-
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solvent configurations and computing average solution
-properties from a large series 2f such configurations.
Computer simulation is a relatively new technlqgue,
however, and problems still remain. The choice of
solute-water and water—waier potential functions is a

critical factor in the quality of a simulation.

Ihis project focasses on the computer simulation study
of the hydration of the nucleic acid constituents as a
preliminary to study of polymeric DNA hydration. The
nucleic acid pases and sugars provide concrete, well
defin=d and relatively simple biomolecular systems whose
structural and apergetic nydration is thoroughly
characterisable by Monte Carld simulation. Furthsf.
these molecules contain several functional groups in
common, facilitating an assessaent of the transfasrability
of hydration data among different solute molecules.
Ihese results are inmediately applicable to the
description of nydration changes upon pase stacking and
pairing. The results are also appiicable to the
construction of a 3Jdescription of DNA polyser hydration

uysing an aufbau approache.

The data base of nucleic acid component hydratiosn is
obtained from Monte Carlo computer simulations of
adenine, thymine, guanine, cytosine, wuracil, a ribose
derivative and a deoxyribose derivative using the

Clementi solute-water potential functions. Additionally,
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thysine and uracil were simalated using the Berenisan-
VanGunsteren and Kollman solute-water potential functions
in 6tder to assess the relative characteristics of the
various available potential function sets. Extensive
structural and energetic analysis were performed on the
simulations uéing the proximity criterion. Inié ana;ygis
proviides a complete description, on the solute atomic
level, of the nydration cnaracter, coordination number
and s>lute-water/water-water energetics of the first ani
extended hydration snells of the nucleotide bases 2and
sugars. #ith this information, one can obtain a complete
theoretical description of the hydration of nucleic acid
constituents, subject td> the guality of the assumei

potential function.
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In 1938, W.T. ‘Astbury (2) studied a dried £ilm of DNA
using x;ray fiber photography. This study opened‘a new
era 1n- the biochehistry of the nuéleic 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
approxicate information 0on ONA structure. The studies
did provide an indication of 1) the structural
periodicity inherent in the mdlecule, 2) the high l=2nath
to width ratio of the molecule ani 3) the high molecular

weight of the molecule.

Around 1950, sevaral researchers (amohg them JOster and
Riley (3), Seads and Wilkins (4), Fraser and Fraser (5))
began studying moist, hydrated DNA fibers rather than the
dried films; this transition enabled crystallographers to
obtain the highly detailesd diffraction patterns of tha
macromolecule tnat were necessary for the ultimate
solution of 1its three dimensional structure. The
clarity, hence information content, of the diffraction
péttern was dependent on the degree of hydration of the
sample; this fact suggestzd that the structural
regularity and definiteness of the macromolecule is a

function of hydration.
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Preliminary studies on nhydrated fibers revealeﬁ that
DNA fibers equilibrated with air of 50X humidity have
some crystalline properties and are well oriented;
consaquently, Maurice Wilkins was prompted to study
hydration mediated physical transformations of the DNA
moleéuie. In 1951, Wilkins (6) described the rev?rsible
variations of fiber properties which occurred upon
ambient humidity changes. IThe fibers were deciiedly
microcrystalline while maintained in air saturated with
water vapor; upon reduction 5f the environment to 50%
relative humiadity, the crystallinity was markeily
reducad. The fibers become increasingly more compact as
their length decreased by 30% ani the cross section was
halvei. UvY and IR dichroiswn, as well as birefring=nce,
were reduced. When the fipers 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 wvariation of hydraticon

conditions.

In 1953, Linus Pauvling (7) developed a triple helical
structure for DNA based on the rather poor dried film X-
ray photographs of R.Coreye. Ihe phosphate groups were
un-ionized retaining their hydro>gens and, inside the
molecule, formed a set of hydrogen bonds which held the
triple helix togethe2r. Th2 bases wer2 turned outsids the

helix as a consejuence of this arrangement. Pauling
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arrived at the triple helical model by using, among sther
measuyrements, a DNA density value obtainesd from anhylrsus
RNA. Thus, a significant factor in Pauling's erroneodus
calculations and modeling resulted from his disregarl for

the influence of hyiration on DNA structure.

Ihe hvdration.of DNA tﬂen played a crucial role in the
attainment, by R.Franklin and 5.Gosling (8), of the first
high gquality ODNAR diffraction patterns. Diffraction
patterns ware 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 thes two humidities. The 1lower
humidity form was referrad to as the A form and ths
higher humidity structure was called tn2 B form. The A
form was a less crystalline fiber than the 35 form and
more compact in size. Franklin and Gaéling proposed that
the structural variation was due to the effect of water
on the phosphate groups of the DNA backoone. Their data
implied that the phosphate groups were on the outsije of
the structure and that the bases were on the insile.
Ihey viewed the phosphate groups 5f parallel moleculzs as
interacting via the shielding Na+ counterions. In ths
lower humidity A form int2rmolecular distances were
small, while in the more extended B form intermolecular
spaces were filled with water. The high gquality data of
Franklin and Sosling were of great importance to Watson

and Clrick in their solutiun of the three dimensional
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structure of the DNA double helix.
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Figure iI.6 ribose derivative - atomic numbering system
observed in text.
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t igure 1I.7 deoxyribose derivative - - atomic numbering
systen observed in text.
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Experimental Descriptiosn of DNA Hydration Shells

Ihe atomic numbering of the nucleic acid bases and
sugar derivatives, discussed 1in this chapter ani
elsewhere in this dissertation, are displayed on the.
molecalar diagrams- of Figures II.l1 through II.7

preceading this section.

Diverse evidence, dating from the diffusion studies of
Wwang (9), has demonstratad that DNA iIs significantly
hydrated and possesses up to two distinct 1layers of
water, the prinary and possibly secondary hydration
shells. The 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 considsrably 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 authdrse.

Falk et al. (10,11), by gravimetric and spectroscopic
means produced de=tailed data on the specific hydration of
the DNA helix. Their studies showed that DNA hydration
proceeds in seqguential, sitewise stages correlated with
increments in relative humidity of the fiber. In the
reqgion of 0% to 65% relative humidity (rh), .water is
adsorbed to phosphate anion sites on the DNA backbone.

As the relative huaidity is 1increasa2d from 65% to 75%,




18
hydration of the phosphodiestar oxygens and deoxyriboase
sugar ether oxygens OCCuUr. Finally, above 75% rh water
£fills the DNA grooves, associating with the base
nitrogens and carbonyl oxygens, completing the specific
hydration process. At relative humidities greater than
80% additional water ﬁerely swells the DNA fiber aﬁd
gives no evidence 2f further specific hydration. Ihe
total number of site-bound first shell waters was

estimated to be around 11 2r 12.

Waters not specifically bound to DNA sites are also
included in the first aydration shell. Infrarel
absorption signals characteristic of bulk water 4o not
occur until 18 to 20 waters associate directly or
indirectly with each nuclestide unit. Thus about 8 of
20 waters constituting the first shell of DNA arsz
presumably associated with sit2-bound waters although not

site~bound themselves.

Falk et al (12) later 2xamined intrared difference
spectra for DNA in the Jd stretching region for levels of
relative humidity ranging from 3% to 93%. This spectrum
of humidities covers the =2ntire seguence of specific
hydration of the DNA helix. Their data showed that
waters of the progressive hyiration stages have diffesrent
hydrogen bond strengths; as the relative humidity
required for a particular hyiration stag2 increases, the

water-nucleotide hyirogan bond energiess decrease.
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Ihe effect of lower temperaturés upon the structure of
the DNA hydration shell was also investigated by these
authorse. Strongly sslute oound 3%nd ordered hydration
shells should not fit 2asily into ordered icelike
structures and should not fresze 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 I regions) only if at 1least 13 waters
per nucleotide unit are present. Below this hydration
level, nd ice characteristics o2ccur in the spactrum 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
indistinguishabl2 from bulk water. Falk speculated that
a structure slightly different from bulk water could
arise from Donnan equilibrium ©of countarions between the
region of the chargad DNA Dbpackbone and the outlying bulk
solvent. Counterions concentrate clos2 to the DNA helix
and effectively empty tne second shell region of 1ions
(which could act as an ion permeable Donnan wmembrane)
thereby concentrating waters in this regione. Bnother
mechanism wnich could result in a second hydration shell,
suggasted by Cohen and Eisenberg (13), is the specific
associatioh of counterions with the anionic oxygens of
the phosphate qroupse. Ine 1less strongly associatel

waters of the first shell could then be rslsased t> the
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second hydration shell.

Recent studies have focused primarily on the structure
of DNA single crystals., Ihe most important of these
studies in terms of specific hydration of the DNA helix
~was performed by Drew and Dickerson (1iu), who examined
the hydration of the B-DNA crystal dodecamer
CGCGAATICGCG. Haters hydrating the phosphate backbone
were found to be crystallographically disordered;however,
in regions near thymine methyl qroups, the movement of
water molecules was appérently restricted and waters were
somewhat better resd>lved. E£sp2cially interesting was the
discovery of a "“spine of hydration" in the mindr groove
which is a reagular structure 2f two zigzagged layers of
water molecules. The spine pridges 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 ani would be 1likely to confer
significant structural stapility on B form helices rich
in B-T regions. IThe 2-amino groups of the guanine bases
tend to fray the hydration spine in the end regions of

the dodecamere.
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DNA Secondary Structural Iypes and ﬂr_ri;ag_én

DNA secondary structure falls into three
"characteristic ranges, known as Yfamilies“. Within each
of these.families (R, Bor 2), relat=d on fhe basis of
similar structural charactsaristics, 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 incrzasing salt
concentration at a glivan humidity decresases water

activity.

The A family (including A and A®* forms) of DNA helices
are encountered under ambient conditions resulting in low
water activity: low humidity and moderate to high salt
concentrations. ANA structures are found exclusively
within this family. Ihis family of helices |is
characterised by CZ3'-endo pucker of the deoxyribose
sugars. A family structurass have base pairs displacsd to
the periphery of the helix, resulting in an extremely
deep (12 A) narrow major groove and a wide, shallow sminor
groove. In the A form, 11 bas2 pairs per turn with a
rise 2f 2.56 A per base pair yield a helix of 28.2 A per

turn.
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The B family (including B, 2-B*, b-B*, C, C*, D, 2nd E
forms) of helices are right handed and characterisad 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 8 A) depth although the
minor groove is narrower. Both grooves are filled with
water molecules. The minor groove is apparently lined
with a regular “spine" of water molecules, lacing the
groove with hydrogen bonds, #shich presumably contribute
significantly to the stapility of the high huinidity form.
The 8 family is morz extenieid 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 T
form, exists under B-family highb humidity conditions
where salt concentration is raised tb 3 molar or more; it
is a more compact foram than the ©B-form completing a

nelical turn in 9.33 base pairs.

Tne third family of DNA helices are the left handed Z
family (including Z, Z* and Z°'* forms) helices which
arise from an alternating purine-pyrimidine dinucledstide
repeat unit under hign (> 2.5 ¥ Na+) salt or high ethanol
concentration. Six dinucleotide repeat units form a full
double helical turn of 45 A. Tne purine residus 1is
attached to a sugar of C3*-endd> pucker with an unorthodox
syn-glycosyl torsion angle while the pyrimidine residue

residue is 1linked to a CJ2'-endo sugar via an anti-
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glycosyl torsion anglza (15).

Transitions from one family or form 2f DNA to another
~can be studied in solution via cirular dichroism, which
vyields a cnaracteri§t1c spectral shape Jdirectly relateil
" to the twist and handedness of the helix. . In 1970,
Tunis-Schneider and Maestre (16) exanined the CD and'
absorbance spectra 2f oriented and unoriented DNA films.
In their study, the relative humidity at which the fibers
were maintained was varied. DNA in agueous solution was
found to provide the sane spectrum as B-form DNA
maintained at > 92% relative humidity. At lesé than 75%
relative humidity a spectrum corrasponding to A form DNA

was obtained.

Ivanov et al. (17) studi2d conformational changes of
double stranded ONA in solution. DNA dissolved in water,
water/methanol, water/ethandi, water/isopropansl ani
water/dioxane were examined using circular dichroise.
The effect on CD spectra of varying counterion types and
concentrations was also monitored. They concluded that
DNA dissolved in water or water/methandl mixtures exists
as a B family structure (B-, C~-, or I-DNA). The higher
molecular weight alcohol systzms (containing ethanol,
isopropanol or dioxane) caused conformational transition
of the DNA to a 8 form. These transitions were

cooperative, sudden traasformations between DNA families.

ey v o ——e -
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Further, Ivanov et al. found that variation in cation

concentration (as well as cation type) caused a change in
the winding angle betwzen adjacentlbase pairs. As the
cation concentration was increased, the winding angle was
also increased. This resul;ed‘ in a continuous,
noncoaberatlve conformational change within the B family
to C or D forms. Sufficiently high concentrations of
salt caused a change to the 15w humidity A fora as

expected with a large decrezase in water activity.

DNA in aqueous solution, and presumably in vivo, 1is
approximately a 8 form helixe. Ihe exact 10-fold respeat
of the helix in the crystal structure 1is not found in
solution: the repeat number of the classic B-form helix
is apparently a functions of crystal packing (helix-
helix) forces since even axtremely wet crystals do not
show deviation from this repaat numbere. Removal of the
interhelical interactions upon dissolution of the polymer
results in helical unwinding 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 (18},
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 DNA, it is 1likely that the
majority of in vivo DNA exists in some variation of this

form.
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Theoretical Studies of Nuclei

Acid Component Hydration.

-

o

Port and Pullman (21), as part of a guantum mechanical
Study of environmental effects on molecules, studied the
hydration sites o@_the nacleotide bases. Mu;tipole
expaﬁgions were used to reprasent electrostatic term only
atomic orbitals in a superamolecule self-consistent field
calculation. Base-water interactions were calculatad bty
moving water molecules arouni the periphery of the base,
ceeping the water oxygen in the base planee. The water
orientation was optimized at each position. A constant
2.85 Angstroms was maintained between the water oxygen
and hydrogen bonding base atoms. No approach closer than
the sum of atomic Van der Waals radius was permitted for

two non-hydrogen bonded atonms.

Three strong lnteraction sites were found with
adenine. Ihe global minimum occurred where a base
coplanar water bridged the ring nitrogen N3 and thes NHS
imino hydrogen. An energy of -12.0 kcal/mole was founi
for this interaction. Another wminimum (-9.9 kcal/mnole)
was found with a water bridge betw2en 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/mdle). The wminimum interaction
energies in the aethine hyirogen regions were =5.1

kcal/mole (CH8) and -3.9 kcal/mole (CH2).

s s R - -
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Ihree significant 'ﬁinimum enargy - 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 NHl. A woinimum
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. Anothar favorable interaction
site was a water-Hl imino hydrogen association at -9.9
kcal/mole with a water hydirogen pointing at the 02
carbonyl oxygen. B minimum en=rgy of about -4 kcal/mole

was reported for the HS asethinz-water interaction.

All minimum interaction sites on thymine were found to
bridge imino nhydrogen and gcarbonyl oxygen atomse. The
minimum enerqy H1/02 bridg=s rasulted in a -10.1 kcal/mole
interaction, an 02/H3 pbridge gives -9.6 kcal/mole and an
H3/04 bridge gives -8.7 Kcal/mole. NO en=2rgies ware

reported for methine or methyl group lnteractions.

Inhree general features Sf base hydration emerged from
their calculations. First, there was a large number of
bridged interactions. Saconi, coplanar base-water
interactions wer2 preferreld where sta2ric clashes did not
prevent such a geometry. Finally, there was a notable
absence of repulsive base-watar interactions (although no

base-water interactions were reported in the region of
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the methyl qrouﬁ in thymine).

Clementi and Corongiu (22) reported a theoretical
study of the hydration of the nucleic acid bases and base
pairs at 300 K. Monte Carlo computer simulations were
performed for adenine, cytosine, guanine, thymine and
uracil, .éach with a cluster (no périodic bbundary
conditions) of 40 water mdlecules. Ihe number of water
molecules in each case was Jeemed sufficient to comprise
an excess of the number raquired 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 wused

cannot provide a second layar 5f waters.

An initial equilibration period of 500,000 moves was
performed; a subseguent 400,000 to 500,000 moves produced
a history file which was wused for analysise. Data
analysis consisted of the construction of isoenergy
contour plots and probability contour plots for each

simulated system.

The first sha2ll of adenine was assigned seventeen
waters an the basis of the probapility contour
constructed f?r the simulation. The NH3 imino group was
assigned four waters, the N1, N3 and N7 nitrogens one
water each and the amino group was assigned five water
molecules. NOo methine group hydration data was reported.

The solute binding energy was =-64.,09 kcal/mole, the

-y o - .-
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average water-water binding energy was -6.58 Kkcal/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 sheil. IThree waters were assignzd to
the CJO2 carbonyl group, six to the amino group, four to
the iamino group and one to the N3 ring nitrogen. No
methine qroup hydration Jata was reported. The solute
binding energy was -68.30 kcal/mole, the average water-
water binding energy was -6.41 kcal/mole and the energy
required fo create a cluster solute cavity was 15.7

kcal/moles.

The gquanine first shell was Jjudged to consist of
eighteen waters. The carbonyl group was assigned twd
waters, the amino group four waters, the NH1l imino group
(no 3ata was reported for the NH3 imino group) One water
{and said to be perturbing four other waters), and the N3
and N7 ring nitrogens one watar each. No methine group
hydratiosn data was reporteil. The solute binding energy
was -154.33 Kkcal/mole, the average water-water binding
energy was -5.69 kcal/mole and the energy requirs to
create a cluster solute cavity was -41.5 kcal/mole. The
first shell of thymine was found to contain eighteen
waters. Ine C02 carbonyl was assigned four waters, the
CO4 carbonyl group three waters, the NH1 imino group four

waters, and the NH3 imino group six waterse. Neither

R = R S - -
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methyl nor methine group nhydration data was reported.

The solute binding energy was -36.99 kcal/mole, the
average water-water binding =nergy was -6.44 Kcal/mole
and the energy required to create a cluster energy cavity

was 45.8 kcal/mole.

| The first sﬁelllof uracil was calculated to consist of
eighteen water molecules. Ihe CO2 carbonyl group was
assigned four waters, tne 204 carbonyl group three
waters, and the NH1 and NH3 imino groups three waters
each. No data was presented on methine group hydration.
ITne solute binding energy was -77.18 kcal/mble, the
average water-water binding 2nergy was -6.43 Kcal/mole
and the energy reguired to create a cluster solute cavity

was 2.0 kcal/mole.

Del Bene (23), continuing a study 5f 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 dimerse. Three cyclic structures were found
pridging 1) the NH1 imino hydrogen and CO2 carbonyl
oxygen (the second most favorable interactions at -3%.7
Kcal/mole), 2) the CJO2 carbonyl oxygen and NH3 imino
hydrogen (-8.0 kcal/mole), and 3) the NH3 imino hydrogen
and CO4 carbonyl oxygen (-89 Kkcal/ wmole}. Three
favorable open (unbridged) structures were found at 1)

the CO4 carbonyl oxygen (~-5.4 kcal/mole), 2) th2 NH1l
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imino hydrogen (at -9.9 Kkcal/mole the most favorable

interaction) and 3) the NH3 imino hydrogen (-8.7
kcal/mole) .

Since the NHl open structure‘ and NH1/202 bridged
structure were easily interconverted, they were tesrmed
"uobble“‘ qimers. The open NH3 and bridged NH3/204
structures similarly constituted “wobble“" dimers. Ihe
two wobble dimers were significantly more stable than the
open CO4 dimer. The strongest interactions occurred
through NH1, rather than NH3, dues to more optimal
alignments of base and water dipole moments when

associations formed at NHl.

Higher order base-water structures were also
investigated. Jracil-water trimer interaction energies
could nearly be added wup Jdirzctly from the calculated
dimer energies. The most stable trimer (-18.7 kcal/mole)
consisted of a water bridging NHl and CO2 and a water
pridging NH3 and CO4. Tetrameric uracil-water structures
showed a small cooperative effect (tetramer energles
lower than the sum of dimer energies) in the hydrogen
bond energies. The wmost stable tetramer (-24.1
kcal/mole) consisted of a NH3/CJO4 bridge, an open CO4
bond and an open NH1 bond. Basically, the tetramer is a
wwobble® structure while the CJO4 open structure is fixed
and the other two waters move freely over the other

bridged and open structures dascribed for the dimers.
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DellBene also studiea (24) ‘the properties of thyamine-
water complexes. Three stable thymine-water dimers
structures were founde. The most stable dimer was a
wobble dimer consisting of an open NH1T imino hydragen-
ruater structure (-9.7 kcal/mole) and a bridged NH1/C02
structure: (-9.5 kcal/molée). A wobble dimer consisting cf
a CO2/NH3 pridged structures, an 5pen NH3 structure and a
pridged NH3/CJo4 structure is next in stability at arouni
-8.0 kcal/mole. A third structure, formed by an open
water-CO4 association, on the CHS wmethine side of the
carbonyl group, has an energy o9f only -4.0 kcal/mole. NoO
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. The function set was experimentally
derived containing electroastatic (first power) and
Lennard-Jones terms (sixth or tenth and twelve power).
The tenth power Lennard-Jones term was used with atonms
forming hydrogen bonds (oxygen and nitrogen atoms
interacting with water atoams). 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 mdlecule at 10 da2gre2
angular 1increments 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 minimam was founi in the N6/N7i7 region at
-10.8 kcal/mole, f£or guanine in the 06/N7 region at -12.5
kcal/mole, for cytosine in the N3/N4HY4 region at -12.0
kcal/mole, for wuracil in the 'NiHl1 region at -8.8
' kcal/mole and for thymine in the N1H1/32 region at -8.6
kcal/mole. A1l global minima in- these calculations fall
betwez2n two hydrophilic func£iona1 groups; four of five
have a minimum point next to an imino functional groug.
Ine authors compare their results for base-water
interactions in the metnine regions to those obtain=d by
Clementi et al. The Poltev =t al. set yield interaction
energies in the range ~1 to -3.5 kcal/mole here whil2 the

Clementi set yield en=zrgies up to -7 kcal/mole.

An attempt to estimate the effect of water-water
interactions on base-water intsraction energies was also
investigated using systems Of one base molecule and 2, 3,
or 4 water mdlecules. zach of the two water systems
showed several local minima. Some local minima invdolved
water molecules interacting separately with the base;
some local wminima occurrad where the water molecules
interactéd with each other at substantially favorable (-5
to -6 kcal/mole) energies and bridged twb hydrophilic
centers on the base. One of these bridging structures
always turn out to be the 31obal minimam (except in the
case of cytosine). The glopal minimun with cytosine is a
structure with both waters interacting with the base N3

ring nitrogen. The global minima in the bridged

ey T e ————— - -
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structures range from =-17 kcal/mole (uracil) to -20
kcal/mole (guanine). Higher order base-water structures
generally resulted in alnimue energy Etructures which
mixed bridged hydrophilic centers énd single interaction
structurese. Further infornmation on these higher order
‘'structures was hot reported; the authors consider=d it
gjuestionablewhether global minima had indeed been found

in these cases.

Danilov, TIolokh, Poltev and Malenkov (26) performed
Monte Carlo simulation studies of the hydration of
uracil. Single, stacked gimer and paired dimer uracil
systems were simulated. All simulations were performed
at 298 K with the uracil system surrounded by a clustér
of 200 water molecules. Ina clusters wa2re placed inside
a sphere of 22 Angstrom radius which was not complatzaly
filled by the base-water systen. The stacked uracil was

moved accoraing to a Metropolis algorithme.

The simulations consisted of a 600,000 step
eguilibration period ani a 500,000 step history
production period which was wused for analysis. Ihe
enerqgetic results reported for the uracil + 200 water
molecule system were: total systea energy -1591.92 */-
4.02 kcal/mole; total water-water binding energy -1530.00
+/- 4,00 kcal/mole; uracil-w%ter binding energy -54.l1 +/-
.1 kcal/mole and and average of 1.75 water-water hydrogen

bonds per water molecule.
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The stacked base pair struzture 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 enzrgy,
-7.1 kcal/mole in base-watzr esnergy and 5.1 kcal/mole in
base-base energy. Five more water-water hydrogen bonds
were found in the stacked aracil dimer simulation on the
average. The 39 water molecules nearest to the dimers
were responsible for the majority (>758) of the eneray
changes. According to th=ir simulations, the grea;est
stabilization of the stacked dimer structure in water
arises from the decrease in water-water interaction
energies around the dimer compared to the separated

mMONOM2IS »

Continuing the Monte Carlo studies of stacked nucleic
acid bases, Danilov and Iolokh (27) simulated the
hydration 2f two stacked thyaine dimers. Iwo cluster
calculations of stacked dimers and 200 water moleculzs at
298 K were performed. Each system was egquilibrated with
600,000 configquratisns before 500,000 configurations werse
generated for data analysis. Jdne stacksd dimer, t2rmed
the A-stack, was an antiparallesl stack. Ihe other stack
of thymines, termed the O-stack, was generated from the
A-stack by rotating one thymine wmolecule 180 dejrees
around the N1-H1 bond. This rotation changes the
separation of the twd methyl groups from 180 degre2s to

60 degrees.

e T -
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The O-stack was found t> be the staoler dimer. This
stabilization emanated completely from the water-water
interactions in this systam. The hydration shell of the
O-stack contained six mor2 hydrogen bonds than that of
the A-stack, resulting in an enhancement of -38 kcal/mdle
in the watér-water binding ensrgy of the O-stack systeo.
A small (+5.4 kcal/mole) destabilization of the O-stack
pase-water interaction en=r3y accounted for nearly the
remainder of the total -34 Kkcal/mdole stabilization of the

O~-stack structure.

Ine favored approach of th2 methyl groups in the O-
stack is likened to the association of apolar speciz2s in
the hydrophobic effect. Most of the =38 kcal/mole
stabilization of the O-stack structure 1is found in the
6.3-6.8 Angstrom layer of waters (-22.5 kcal/mole). Ihe
additional dacresase in en2rgy occurs throughout the
system and suggests a rather 1long range cooperative

structuring of the water molecules.
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- Lheeretical Studies of Bolymeric ONA Hydration

Perahia et al. (28) performed a theoretical stuldy of
the hyaration of DNA using espirical potential energy
functionse. Hater polecules were"allowed to explore for
-potential energy minimé among the nydrdgen bonding sites
of a B-form double strandei DNA trimer. The calculations
were performed in two stages. In the first stage, waters
were placed at successive hydrogen bonding sites anid two
of three torsional angles determining the hydrogen
bonding geometry were optimized. When all possible
hydrogen bonding sites were occupieid, the complets
nydrogen bonding geometry, including three torsional
anglas, two hydrogan bond anglas and tha hydrogen bond

distance, were optimized for sach water molecule.

In2 data produced included structural and energetic
information on the hydration of the bases and sujarse.
Iwo water molacules are found to be very strongly bound.
One of these waters bridged a gquanine caroanyl 06 and
ring nitrogen N7 witn a binding energy of -19.6
Kcal/mole; the other water associataed only with the
guanine N7 at -16.1 Kkcal/mole. Three water molecules
were found to bind to ester oxygen on the sugar, two of
which simultaneously bound to cytosine carbonyl oxygense.
The bridged waters had binding energies of -11.8 and -9.4

kcal/mole; a binding energy of -11.7 kcal/mole was found

T e et - . -
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for the third water. Ine2se 2nergies are guite negative
since they are total biniing energies incldding water—~

water interactions as well as solute-water engsrgies.

The results obtained in this study were observed by
the authors to correspond to. the aﬁ initio SCF
calculations perforaed earlier by Port and Pullman‘on the
hydration 5f the free bas2s. TIhe favorable nature of the
06-water~N7 bridge 5f guanine agreed witn the free bas2
calculations. The number of favorable interactions per
bpases (one or ¢two with c¢ytosine, three or four with
guanine) also appeared to corraspond when allowances wer2

made for base-pairing interactions in the polymer.

Clementi and Corongiu (29) began a series of
theoretical studies of tne hydration 92f polymeric DNA in
1979 with the publication 5f isopotential energy maps for
the DNA double helix (GICA3I) in tha2 B conformation.
Cylindrical contours were gensrated at radial distances
of 19.84, 20.84 and 22.84 atomic units from the central
helical axis. Ihe contours dstailed only the especially
strong phosphate-water intsractions along the DNA
backpbonee. Data explicitly describing base-water or

sugar-water interactions was not reported.

Next, Monte Carlo simulation of th2 DNA single helix
in the A conformatiosn was performed at 300 K (30). Ivo
simulations were run 1including a cluster of the hexamer

(GICASTI) and an 18 water cluster ana the hexamer with a
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thirty wéter cluster. A sguilibration period of 250,000
moves was followed by a history production period of
300,000 moves of Matropolis Monte Carlo (no convergence
acceleration). Water molecules were placed at 1local
energy minima determined froa isoenergy contours and
-constrained to remain betwean two phosphate groups. ' The
energy of a water molacule was determined from 1its
interaction with the entire DNA molecule and all other
waters involved in the sinulation. Th=2 probability cof
finding water moleculas, at selacted gridpoints on planar
surfaces perpendicular to tne helical axis and coplanar
with the phosphate groups 2f the central (C,A) resijues.
No explicit information on base or sugar hydration was
reported. An identical study of the hydration of a B DNA
singls helix was perforhed {(31) « Again, no information

on base or sugar hydration was reported.

Clementi and Corongiu (32) proceeded to the stuly of
the double nelical form of ONA. A dodecamer of seguence
AACIGACGIAGS was simulated with 447 water molecules; this
proportion of ONA to water corrasponds to 95K relative
humidity. Waters were confined to a cylindrical valugme
enclosing the DNA helix and coaxial with the helicsal
axise. Periodic boundary cand;tians wers not used. The
Monte Carlo history used for analysis was composed of
w2000 to 5000 moves per water¥ after equilibration. This
corresponds to a sinulation history of between 894,000 to

2,235,000 moves for a W47 water molecule ensemble;
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unfortunately. the authors do ndt 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. Jnly average
distributians displaying camposife éata optained from a11'
fuctional groups or atoms Of a particular type were
reported in the publicatione. Thus, the graph of the
distribution of water oxygens versus distance from the
ring nitrogen atoms was a compdsite distribution from the
four N3 and N7 atoms of both adenine and guanine. Graphs
of water hydirogen number va2rsus distanca from the atom or

functional group were alsd prepared.

A water molecule was judged as pbound 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 valu2. However,
the authors did not specify how these cutoffs werz
determined or what the cutoff values were. The values
probably are takz2n as th2 first minimam in 2ach of the
distributions mentiosned above. If this is the case, then
the boundary of bound waters for a specific atom is
determined from the averagé distribution for all atoans or
functional groups of that type. These averagsa
distributions are prepared for the sugar O1' atoms, the

ring nitrogens (N3 and N7) of adenine and guanine, the
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carbonyl groups 2f thymine (32 and J4), cytosine (02) and
guanine (06) and the amino groups of adenina2, cytosine

and guanine.

The total water populations and interaction energles
"for waters bound to each- type of fﬁnctional group or atom
(e.g., all waters bound to the five guaniné amino grbups)‘
were then calculated. These values, converted to average
number of waters per site per base and the corresponding
average 1interaction energy per watsr, follow. Also
indicated 1is whether a site is partially involved in
base~palring and whether a sit2 is in the major or »inor
groove. Each sugar ether oxygen has .80 waters assigned
at an average enercy of =1.54 kcal/mole. The adenine
amind qroups are assigned an average l.11 waters at -3.€3
kcal/mole each; the cytosine amino groups 1.97 waters &t
-3,682 kcal/mole esach; the guanine awino yroups .97 waters
at -4.61 kcal/mole each. All amino groups have Oone
hyarogen atom which are involved in base-pairinge. The
adenine and cytosine amino groups are situated in the
helical major groove while tne amino group of guanine is
in the minor groove. Ihe adeniné N3 ring nitrogens are
assigned .45 waters interacting at -8.96 kcal/mdole =2ach;
the N7 atom is assigned .19 water at -21,20 kcal/mole
each. The gquanine N3 riny 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 involvad 1in base pairing; the N7 ring
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nitrogens occupy the major groove and the N3 atoms occupy

the minor groove.

Ihe carpbonyl groups of tnymine interact with .40
waters at -13.04 kcal/aole each (J32) and .92 water at
-4.18 kcal/mole each (O4). The cytosine 02 carbonyl is
. assignéd an averége of .;uovwaters at -11.77 kcal/mole
while the guanin2 06 carbonyl 1is assigned 1.03 waters at
-4 .0 kcal/mole each. The thymine O4, cytosine 02 and
guanine 06 atoms are 4involved in base-pairinge. Thymine
04 and quanine 26 are in the helical major groove while

thymine 32 and cytosine 02 are in the minor groove.

Some data on th2 hydration of the apolar sugar and
pase hydrogens is also presented. The average number of
waters per hidrogen and average interaction energy per
water for the sugar hydrogans are: Hl': .65 waters/-1.90
Kcal/mole; rH3 and HY: 1.44 waters/-.d41 kcal/mole; H2 and
H2': +58 waters/-1.08 Kcal/molz. The corresponding
values for the base hydrogans (n> further distinction is
made by the authors) are: adenine: +32 waters/-6.B3
kcal/mole; cytosine: «95 waters/ =2.23 Kkcal/mole;
guanine: 1.60 waters/-4.98 kcal/mole; thymine: «50

waters/—~2.26 Kcal/mdle.

The next study in the series (33) simulated B-DNA anid
447 waters under identical conditions to the previous
simulation except that 22 Na+ counterions were placed

near the charged oOxygen atoms of the backbone phosphate
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droup. The counterions were not moved in the Monte Carlo

simulation.

A general increase of bound waters was noted for the
polar sugar ester doxygens and base asino and carbonyl
groups and | ring nitrogens' relative to the B-DNA
simulation omittingr counterions. This corfesponded to

the expectad electrostriction of surrouniing water by ths

charged ions. The average number of waters bound per
group were: sugar ester OJO1°': .8U; -NH2 (adenine,
guanine, cytosine) : 1.25; ring nitrogen (adenine,

guanine}): .41; carbonyl (cytosine, guanine, adenine) .65.
Large 1interaction energi=zs for the waters were also
noted; this is due to the addition of Na+-water
interaction energies to tha B-DNA-water interaction

energies.

The next simulation expariment by Clementi and
Corongiu (33) 1included counterions which were moved. A
ten base pair seqguence 2f b-DNA (ATIGACGIAG) was
surrounded by 20 Na+ counterions and 400 water molecules
and the entire system was contained within a cylinder
coaxial with the DNA bhelical axis. The central
simulation cell was surroundied at top and bottom by
identical images 2f itself; zach time a water or
counterion was aoved, its corresponding top and bottom
image was moved identically. Interaction energies for a

water or counteriosn were calculated within a unit cell

s T P - . [
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centered on the water or counterion; edge affects were
thus minimized. No information was presentei on
simulation 1length except that “the initial 1,000,000

contigurations were disregardei®.

Rn increase in the average number of waters bound to
poiar ring‘and sugar Qtomé sccurs relative to the fixed
counterion simulation. Tne av2rag2 number of bouni
waters found per atom or group are: sugar ester Ol1l°':
1.16 waters; -NH2 group (adenine, guanine, cytosine):
1.91 waters; ring nitrogen (adenine, cytosine): 0.62
waters; carbonyl group{cytosine, guanine, thyamina): 1.03

waters.

A final tMonte Carlo simulation study of the hydration
of b-DNA (35) examined tne conterion structure around
hydrated DNA at differant humidities, ionic
concentrations ang temperatures. The simulation
conditions were identical to the previously described
simulation including mobile counterions. No notables new
data was produced on tha hydration of the bases or

Sugars.
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Statistical Ihermodynamics

A liquid may be described theoretically in terms of an
ensemble of N molecules contained in a volum2 V,
maintained at a temperature T. Ihis so-called TI,V,N
ensemble forms the basis of a tneoretical descriptisn of
the system via the semi-classical‘ canonical ehsamble

partition function Q3 (I,V,N):
~
(T, V.M =(a"/ (sTH R NN Z(T,v.N)
N N
where Z(T,V,N)=1}--- f exp(-E (X )/KkT) 4X

where q 1s the partition- function for the intsrnal
degrees of freedom of the molecule, /M is the one-
dimensional translational partition function for each
molecule and s(x”) is the energy of each configuratione.
The indicated integration is ideally carried out over all

possible configurations of thz system.

The ensemble average 2f any configuration dependent

guantity follow from the partition function as
A= .- 1 AGX ) B(X ) 4dX

N
where P(X“)= exp(-E(X )/kT)/ Z(I,V,N)

) N
is the Boltzmann probability of each configuration X of

the ensemble 2i mdlecules. Ihe expectation value for the

excess internal energy, G: of the system is -

- [ N N
U=<-“S' U(x ) P(X ) ax
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and the pressure is

~N
v
p=  (KI/V) (N-<E (R;* AZ (X )/8R;) D)

i}
where the R are the coordinate

molecules.

vectors of each of the N

lhe excess constant volume heat capacity is often 2

guantity of interest. This guantity is related to tha

average fluctuation of the =2xcess internal energy and

takes the form

N 2
= (EQ Y ><E()>) 7 kI™.
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Monte Carle Simulations and the Metropolis Method

Liguid state computer simulations proceed via
numerical evaluation ©of the esxpressions for the various
thermodynamic guantitiese. For instance, . integrat1$n of
the expression 2f the intérnal energy‘ of the ensemble
proceeds by averaging the values obtained for the
internal energy equation over a very 1large number of
molecular arrangements. A problem arises, however, in
the direct evaluation of the inteyral for a ;ampletely
random choice of configuratiosns. The integrand E(KJ)-P(fj

is 1large only in a very restricted rangz of
configurational space and thus the Yintegral" converges
extremely slowly. In other words, molerular
configqurations of significant probability (generally,
lower energy) are relatively few, and with random
sampling would be encounterea infrequently. Suzh a
calculation is expected t> be intractable in a computer

simulation.

A comprehensive treatmznt procedure is made possible
by biasing the sampling of mdolecular configurations in
the direction of the highest probability configurations.
Sampling moliecular configurations directly with a rate
proportional to their Boltzmann probability achieves
exactly this goal. This meth23d, due to N.Metrbpolis et

al., is entitled the Metropolis Monte Carlo algoritham
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(MMC). It is inplemented 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
N Y
p= Pr(xf”=1 / X, =Kk)
Collection of all transitio; 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
inteqgration. In the Metropolis method, the unigue
limiting stationary distribution p 1is the Boltzmann

distripbution:

™ =P where ’"?=P(X?)

In an actual simulation, 2a mdolecule is selecteld for
movement accdording to so>me sampling procedure. Ihe
molecule is then translated and rotated, generating 3 new

molecular configuration. Ihe juantity
R= E x” E xJ /KT
= exp(-{( (,0’ (kn )

is then calculated. This guantity 4is the Boltzmann
probabiiity for the energy change. R is compared with a
number randomly generated from th2 interval (0,1). If R
is greater than the number generated, or greater than

one, the move is rejected. configurations are




‘ 49
accumulated with a freguency  proportional to their

individual probabilities P(XAS= Average properties are
then simply calculated as a summation over the properties

: N
of the individual configurations X :

M
"
™= am g )
, T

As the number of accepted configurations increases, the
v
accumulated E(X ) approaches the ensemble average <E(X )>

(36) «

The Monte Carlo simulation of an agueous solution
begins by randomly placing water molacules around a
solute molecule. This arbitrary configuration is
extremely 1likely to have a very high energy (and
correspondingly 1low Boltzpann probability), and the
configurations accepted immediately following this
starting configuration are likely to contribute
vanishingly small amounts to the desired configurational
integral. Thus, in a typical Monte Carlo simulation, th2
first 500,000-1,000,000 (500K-1000K) perturbations of the
system are discarded. ILhis part of the simulation is
termed eguilibration; daring this period the
configurations selected are of steadily increasing
Boltzmann probability. When the energy settles down 3and
begins to fluctuate around a steady mean value, a history
of accepted configurations is collected. Ihis proceeds
for another 1000K-2000K perturbations of the system until

key thermodynamic gquantitiss (e.q., internal en2ragy)
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reach stable values. The simulation 1is now termed
convergea and the various calculated values of the system
are considered to be valig. Actually, the number of
configurations and amount of computer time reguired for
simulation is appreciably greater .than described above if
cgrtain, conVerqence acceleragion techniques are not
implemented. Ihese algorithas, specificaliy -force
piasing and preferential sampling, are discussed in the

following section.

Dt s e e -
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.

Erevious work has demonstrated that biasing the one
molecule perturbations constituting a Monte Carlo
simulation of a 1liguid in the direction of the resultant
of the . forces: exerted on the perthrbed 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 liguid state simulation, the
sampling domain is the maximam displacement and maximuam

rotation allowed a molecule in a perturbation. That is:

s
constant if Rk €D(R)
T(R / R")=
0 if R’¢D(R)

where T(R / R*) 1is the transition probability for the
displacemant of one molecule from position R to position
R'; where O(R) 1is some sampling domain. In the force

bias method, I(R /7 R*) is taken as:

¢ exp(A(F(R)- (R=R*)}+I(R)- (4=W*) / kI))

where R*,d* € D(R,W)
IT(R / R*)=
0 whare R',H'#D(R,H)

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

moved, I(R) is the net torjue exerted on the molascule
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moved
and @ is a normalization constant depending on F(R) ani
I(R). Ihe constant A is an optimization parameter; R-R?
is the displacement and W-d® is the rotation of the
molecule movede. Application of the force biasing

technigue can reduce simulation time approximately 50X.

The method of preferential sampling makeé additional
convergence acceleration posssible. In regular and force-
biased Monte Carlo procedures, 2all solvent molecules are
selected for Jdisplacement with equal probability.
Senerally, however, the proparties of central interest in
molecular solutians involve solvent molecules close to
the solute. Whan preferential sampling is invoked, the
probability of selection of a solvent for displacement
increases near the solute. In this technigue the
perturbation frequency ©of first shell m2lecules is
typically increased from 103 or 20% to as much as 50% of
the total wmolecular perturbations to obtain optimal

convergence.

Another useful convergznce acceleration technique is
the preferential sampling fechnique; the following
formulation is due to Owicki (38). A weighting function
w (R) is constructed which is sonme non-negative,
decreasing function of R, where R is the solute-solvent
distance. A probability distripution function is

defined:

T T o [ -
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N N N ot
MK = (0 (K)ol (K )aeeenly (X))

as a set of probabilities for the individual solvent
molecules labeled by the subscripts. The individual
molecule probabilities are:

Wy (Xg) = W(R) /S W(R))
12

where the w(R ) are the previously described welighting
functions evaluated for tha distance R from the solute of
each solvent wme. The propaoility distribution H(xzb is
sampled in order to> selsct the solvent molecule to be
moved. The preferential sampling technique has been
demonstrated to significantly improve the correspondence
of water-water g(R)s to experimentally obtained results.
In practice, this technijue is implement2d in conjunction

with Metropolis sampling and the force blas techniqu=.
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alysis of Simulation Rgsults

4 Monte Carlo computer simulation of an agqueodous
solution consists of a series of molecular configurations
each containing structural and energetic information.
_Analysis of the simulation proceeds via a configuration
by configuration cilculatibn of the désired quantities
followed by calculation of siaulation averaéés for these
gquantities and the construction of the corresponding

distribution functiosns.

ITnh2 proximity criterion (39) is central to the
analysis of the simulations performed in this study.
This criterion provides a dascription of solute hydration
by assigning a water molecule to the solute atom to which
it is closest. Ine procedure 1is formally equivalent to
the assignment of a water mdolacule to a solut2 atom based
on the inclusion of the watar molecule within the limits
of the Voronoi polyhesdron constructed around that atom;
the Voronoi poalyhedron center=d on an atom is simply the
points in the space of the simulation cell closest tdO 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. TIhe total
atom~water g(r) is derived by 1including all the water
molecules in the simulation c=2ll; the primary atom-water

g(r), which is generally of much greater interest, 1s
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calculatéd by including only the waters assigned to a
particular atom by the proximity criterion. In gensral,

a g(r) is calculated using the formula
a(R) = N(R) /[ Dull & =e'(a)/e

- where N{(R) is the average number of particles in a
spherical shell of width 4R at a radial distance R from
the solute atom, @ is the density of bulk solvent and p*
is tne solvent density at a distance R from a solute atom

(or solute center of mass).

Ihe first coordination snell of an atom 1is 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 numbsr in any configuration is
just the number of water molecules contained within the

atomic first shell cutoff in 3 configuration.

Ihe variation of the coordination number over a Monte
Carlo realization 1is descripzd by the guasicomponant
distribution function (QCOF) of coordination namber
written as

(=)
X (K) = n(k) / Z n(K)
M50
Here, n is the number of simulation configurations with
coordinatio>n number K ani n{K) is the total numbar of
configurations composing the simulation. The numbers

Xe {K) are termed the guasicomponents of the coordination

s BT —— -
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number and (ideally) correspond to the mole fraction of

solute molecules with tne coordination number K for this
~atome The average coordination number of an atom is
related to the gquasicomponents of coordination nuazber by

the egquation

— OO 2
K =% Kxg (K) =\ a(x)47 R4R
keo

o
which also shows the relationship of the average

cooraination number to the primary g(R) of the &atom.

The gquasiconponent of atom-water pair energy in the

range e to a+de is calculated from the expression

N W N N
xP(e) = < é (e;.(x ) - e)C‘.(X“) > /z < C (X)>

where e(x;) is the pair energy between water molecule i
ana solute molecule j and C‘j is a function evaluzted as
one if the distance betwz2en i and 3 is less than a cutoff
distance R and zero otherwise. If R, is the first shell
cutoif of the atom to which the water molecule is assigned
Dy proximity, then the distribution is calculated for
first shell pair energies. Eneryetic 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 peaks

reflecting one or more types of structural/energetic

interactions.

The binding energy of a molecule i, in some N-molecule
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configuration, is the guantity

N
B; (X ) = E(X,,--.,Xi_‘ 'Xi ,X.-“..-o,x“) -
E(X, .—-ot,Xi_' ,X“_,,.-. ,X,,)

Then the expression
' ) N N N
Xg (V) = < ¢ v - VICHIX ) > /< CjX)>
i<y
defines the guasicomponent of binding energy for
molecules with a binding en2rgy in the range v to v+dv.

The average binding energy is given by
+a0

1 = vxb(v)QV

- 00

Any structural or energetic averages or QCDFs which
have been calculated for atoms wusing the proximity
criterion can be combined by simple addition to form any
desired averages or QJCDFs for any composite atomic
structures of the molecul=. Thus, distribution functions
for coordination numbers and pair and binding energies
are calculated for functional groups such as abnino,
carbonyl and methyl groups and molecular fragments such
as m2thine purine ring fragnmants. Finally, averages and
distribution functions for the entire molecule can be
constructed providing a picture of solute hydration bullt

from microscopic (atomic) results.
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Solute~kater Potential EFunctions

The solute-water and water-water potential function
set chosen to calculate intermolecular energies and
forces in the simulation of an agueous solution determine
the qbalitv of the simulation. Although comparisons have
been made oOf uidely used water-aafer potential function'
sets (40), no study has y2t been publishel comparing
available solute-water potential functions. Three
solute-water potential function sets especially designed
for biomdlecular calculations include tnose developz2d by
1) Clementi and coworkers, henceforth referred to as the
Clementi set, 2) Kollman and coworkars, henceforth
referred to as the Kollman set and 3) Berendsen ani van
Gunsteren and cowokers, henceforth referred to> as the BVG
set. These sets have the common feature of atomic
pairwise addition of interaction energies, 1i.e., the
energy of interaction betw2sn the solute mdlecule and
water molecule is calculated as

EMM=S iy (1.H)
)
where Eaj‘“-”’ is the interaction energy between atom i
of the solute molecule M and atom j of the water molecule
e Also, each solute-water potential function set is
designed to b2 usad with a spacific water-water potential

function set.

The Clementi potential function set (41-u43) was-
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calculated from SCF-LCAD-MD ab initio calculations for

each of the 21 amino acids and four nucleic acid bases
and one water resulting in 368 computed energies which

were fit to an analytical potential of the form

ab ¢ a® 12 abo .
E-'-'*éj' (-A.J /135 #Bi; /ri; ~Cij q:3;/Ti5 ) +E (amino acid
or base) +E (water) '

The 1 and j inaexes range over the solute atoms and water
atoms respectively and a refzrs to the electronic
environment of the solute atom while b depends on whether
the water atom is an oxygen sr a hydrogen. &, B and C
are fitting constants which are calculated for each a and
b combination; E(amino acid or base) and £ (water) ars the
total energies of the base or aaind acia énd water
molecules. The Clementi solute-water potential function
set is expressly designed for use with the MCY-CI water

model and water-watzr potential (44) function set.

Kollman et al. (44,U45) designad an analytical
potential function set for the calculation of biomdlecule
intramolecular conformations. Thair function included
provisions for the calculation of nonbonded interactions
including solute-water interactions. The functional form
is

L3
e

-] PN )
E= £ (-3 /r% +8y; /e

.
i) i Y T/ Ty5)

The A and B parameters are calculated for specific

solute atom-water atom interactions from
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"b_ a b v . RO®
Aij- (A|“j) ’ B-,.-,

'z

- A b
= (3187)

where A and B are empirically determined. The Kollman
set is used with the TIP3P water model and water-water

potential function set (47).

The Berensen-VanGunsteren potential function set

{48) uses the formula

_ - ab ¢ .ab n _
E= '-§_j { A;J-II,J. "5=j /r;J- q=qJ./r‘J.)

for the solute-water oxygen energies and the eguation

E: - . e
i!'éj (-q; /r,) )
for the sdlute-water hydrogsn energies. A m2thold of

determining solute-~water energy cutoffs 1is also specific’
to this set. The solute amolecule is divided into local
charga groups of 2, 3 or u' atoms each. The partial
atomic charges within each cnarje qroup are chosen soO
that their sum is egual to zero. If the distance between
the center of geometry of a charge group and the oxygen
of a particular water mdlecule 1is greater than =iaht
Angstroms, the interaction energy of the water and that
fragment of the solute molecule is taken to be zero. TIhe
BVs solute-water potential function set is designed to be
used with the SPC water mdodel and water-water potential

function set (49).
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The calculations performed in this project all use
periodib boundary conditions to minimze cell edge effects
in the calculation of interaction energies. With
periodic boundary conditions, the simulation cell,
containing solute and solvent wmolecules, is complately
bounded‘ by identical cells. These cells . are exact
replicas of the central cell in terms of disensions and
placement of solute and solvant molecules; each time a
molecule is displaced in the central cell an identical
displacement dccurs in all other images. Thus, a simple
cubic cell is surrounded by 22 images: six at each face,
eight at sach edg2 and s2ight at each 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, n> sudden truncation of energies
occurs at the edge of the boxe. 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 ca2nter of mass; this is
the “Yminimoum image cﬁtotf“ and rasults in calculation of
a water-solute pair ene2rgy including interaction with one
{(and only one) solute malzcule. The water-water
interaction energy cutoff is a spherical cutoff; 1if the
center of masses ©Oof twd water molecules do not fall
within 7.75 Angstroms of each other, their interaction

enerqy 1s taken as zero.




62

CHARTER IV

RESULTS AND CALCULATIONS
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Monte Carld computer simulation studies were perforaed
on agueous sdolutions of the five common nucleic acid
bases and derivatives of the ribose and deoxyribose
Sugarse. IThese molecules c¢anstitute all nucleic acii
components except the phosphate wmoiety. Agueous
solutions of cytosine, guanine, vracil, thymine and
adenine, each with 215 waters, were simulated using the
Clementi sdolute-water potential functions. Additionally,
thymine and uracil solutions were simulated using the
Kollman solute~-water po;ential functions and the
Berendsen-Vaniunsteren solute-water potential functions.
(C3-endo) -5-deoxy-1-C-amino-3-D-ribo-pentofuranose ahd
(C2-endo)=-2,5-dideoxy-1-C-amino-B-D~-ribo-pentofuranose
molecules and 202 waters ware simulated wusing Clementi
solute-water potential functions. lhese compounds will
henceforth be referred to as ribose derivative and

deoxyribose derivative, respectively.
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General Simulation Characteristics

At the practical 1level, a siwmulation involves the
selection of intermdlecular potentials, the Monte Carlo
- realization and analysis 2f the calculation. General
characteristics of each of these phéses of a calculation
are cdllected herein. Specific results will be givan in

the £ollowing section.

Eotential fneray Contour 3Surfaces. Isoenergy contour
surfaces for the interaction »f a solute molecule ani 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 mdolecule is placed at a grid point and its energy
of interaction with the solat2 wmolecule is calculatzd as
the water orientation varies. Wwhen an orientation of
minimum enerqgy is found, this energy is recorded. The
calculation 1is repeated until all grid points bhave
assigned energies. Lines are then drawn to connect
continucus 1soenergf points on the grid plane using the

computer program YCINSURE™.

Simulation Detajls. Cell dimensions are calculatel
from the volume of the number of water molecules used in
the simulation and the partial molar volume of the sdlute

molecule. Experimental partial molar volume values are
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not available for the systems s;udied here. TIhus, values

for the partial molar volume of the nucleic acid bases
and ribose and deoxyribose derivatives were obtained
using the additivity rules of Kiyohara et al. (60) and

Mishra et al. (6l).

Geometries for all basa2s were obtained from the
crystallographic work of Spenser. Ihe atomic charges
used in all base siwmulations werz obtained from Clementi
et al. except for the charges ased for thymine and uracil
in the Kollman and BVG soluts-~water potentia; function
simulations; thes2 charges were obtained with the

Gaussian 680 computer program using an SIJ-3G basis set.

Geometries for the ripose and deoxyribose sugar
derivatives ware obtained from W.Jlson. These geometries
lacked explicit coordinatas for the amino, methyl and
hydroxyl hydrogen atoms; tie coordinates for these atoms
were deterained and optiaized using the MM2 molecular
mechanics package available o5n the PROPHET computer
system of Bolt, EBeransk and Newman. Atomic charges for
tnhese structures were obtain2d by using the Gaussian 60

program with the Clemanti basis s=t.

All simulations were carried out with a initial
equilibration portion consisting 2f 3 minimum >f 600,000
force biased moves, which was discarded. Iranslational
and orientational displacements of the solute and solvent

molecules were set to produce an approximately 50X
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acceptance rates. An additional 600,000-2,000,000 force-

biased steps were generated to produce a Monte Carlo

history which was used for subseguent analysis.

Convergence of the simulation control functions,
especially the mean internal enérgy, to stable valuzs is
the criterion for judging the length of a simulation as
adeguate. Figure IV.1.2 provides a typical plot of
simulation control functions. The lowar plots are the
averaged internal energies. Ihe curvé without markings
plots the <calculated average internal energy as the
simulation progresses. IThe superimposed curve marked
with crosses plots the average internal energy OVer
sequential 50,000 step blocks. Fluztuation of this
guantity around the evolving mesan en2rgy is an important
characteristic and reflects the sampling of a range of
energies around the mesan value. IThe simulation mean
energy converges to a stable value and thus averag2
energy values calculated from this simulation are
acceptable. Another guantity which can be monitored as
an 1index of convergence is the excess internal heat
capacity. The heat capacity is plotted in the auapper
curve of Figure IV.1.2. Inis value typically reguires 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 ensriaye.

Iherpodynamjc Resultse. Tabl2 IV.1l contains various




T1able IV.1 Calculated ensenble- thermodynamic guantities
for Monte Carlo simulations of aqueocus nucleic acid

constituents at 298 K.

MONTE CARLO MEAN ENERGY SINULATION RESULTS ON NUCLEIC ACID CONSYITUENTS IN WATER AT 25 C

ENERGETICS OF HYDRATION OF NUCLEIC ACID CONSTITUENTS
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thermodynamic quantities for the simulations of nucleic
acid constituent hyiration. Ihe quantity labeled <U> is
the total ensemble binding esnergy (containing solute-
water and water-water contributions) calculated. Ihe
quantity <UWW?®*> 1is the water-watér binding energy only
and the -‘guantity iﬁbeled‘<USLI> is the solute-water
binding energy only; the sum of these two guantities is
<U>. <UWW> 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. Th2 difference betw=a2n <UWW'>
and <UWK> for each simularion is the energy reguired to
open the particular solute cavity in pure water; this
energy is 1listed in the row lapeled <URELD>. Finally,
CUSLI> is the vacuan to water solute transfer energy and
is the sum of the solute-watzr binding energy <USLT> and

the sdlute cavity energy <UREL>.

Analvsis of Results. Atopic first shell quantities

are computed by determination of a first shell radial
cutoff for a particular atom 3and calculating the desired
property for the water molecule within the limits of the
Voronsi and first shell cutoff for that aton. A
reasonably consistent manner of defining the radial
cutoff of an atom is necassary for consistent property
calculations. Examination of Figure IV.l shows the g(r)
functions and running cooriination numbers for the N1

atom of thymine; labels for this graph are found on thes
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fiaure IV.l - total ani primary g(r)‘ functions and
corrasponding running c¢oordination numbers for N1

nitrogen atom of thymine.

X 3Xis - distance from Ni nitrogen atoa (Angstroms).
Left X axis - g(r).
kRight Y axis - running coordination number.

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

Curvesg with crosshatches - primary g({(r).

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

Mopnotone dincreasing gurves - running coordination

numbers for total and primary g(r) functions.
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preceeding page. . IThe curve marked wifh crosses
displaying maxima and miniaza is the primary g(r) for this
atome. As previously describei, this function describes
the fluctuation of densities of water molecules closest
tﬁ a particular atom as a function of increasing
distance. TIhe radial cutoff tor an atom is generally
chosan as the first minimum 1in tne primary g(r)e. Thus,
for the thymine N1 atom, the cutoff is selected as 4.00

Anstronse.

Once the radial cutoff for an atom is defined, various
guantities are calculated. The first shell coordination
number of an atom is simply th2 namber of water molecules
falling inside the 1limits of the Vorondi 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.l.l4. This graph
(the guasicomponent distripbution function of coordination
number) reveals that in about 3% of the configurations
the (NH)1 functional group has two waters in the first
hydration shell, three waters in about 40X of the
configurations, four waters in about W45% of the
configurations, five waters in about 10X of the
configurations and six waters in about 1% of the
configurations. Another important guantity is the
distribution of pair energiss between the first shesll

water molecules of an atom and the solute molecule.
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In the following Computational Results saction, 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 precea2ding
each similar set of- graphs, i.e., graphs of the
gquasicomponent distribution function of coordination

number.




73

computational Results

‘1. Ihvaine with Clementi Solute-Water Potentials
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Computatjional Sgecif;gg; An agueous solution of
thymine and 215 waters was simulated using Clementt
solute-water potentials ani MCY-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/mdole 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 ejuilibration period. The ensemble
averages and othar analyses were formed over the

succeeding 2000K configurations of the realization.

Potential Surface. The potential function contour

surface for the interaction 2f thymine and one water
based on Clementi solute~water potential functions |is
shown in Figure IV.l.1. Ihe most tavo;able thymine-water
interaction 1is found in the r2gion of the H1 imino
hydrogen at an energy of -12.25 kcal/mole. The H3 imino
hydrogen is also a strong interaction site, with values
of between -11.25 and -12.25 kcal/mole on its 02 sidz and
-9.25 to -10.25 kcal/mole on its 04 side. The carbonyl
group oxygens 02 and O4 have energy woinima for water
interactions in the range =-6.25 to -7.25 and -5.25 to
~6.25 kcal/mole, respectivelye. An interaction site near
the wmethine HS exhibits a binding 2nergy of -5.25 to
~-6+25 kcal/mole. Interaction energi2s in the region of
the methyl group are around 0 kcal/mole, consistent with

the apolar character »f this grouape Hydrophobic

ey . a  —— — s -
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interactions with water are expected in this region.

Conyeraence and Thermodynamic Results. The control

functions for the agueous thymine simulation are given in
Figure IV.1.2 and the calculatead thermodynamic guantities
are given in Table IV.1l. TIThe control functions show that
the total binding énergy reaches aﬁ-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. The calculated transfer
energy from free space to water is found to be 21.4

kcal/mole.

Figures IV.l1l.4 thru IV.1l.9 and IV.l.11 thru IV.1l.17
contain distribution functions for the quasicomponents of
coordination number and £first sh2ll pair energy _for the
imino, carbonyl, wmethyl and methine functional groups of
thymine. Figures 1IV.1.10 and IV.1.18 contain the
gquasicomponents of coordination number and bpinding energy

for the thymine molecule.

Jable 1IV.2 contains many calculated quantities for
this simulation. tntries are made for all atoms of the
molecule. Composite values for each functional group ani
average values for each s2t 5f all functional groups of
the same kind are are also> tabulated. Finally, values
for. the sntire thymine molecule are presented. ILh2

following guantities, defined in Chapter III except as
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noted, are contained in the table. = RFS is the radiﬁs of
the first coordination sphere of an atom, VFS the the
first shell volume, <K> is the number 5f water molecules
in the first shell coordination sphers. <K/V> 1is the
density of first shell waters with values scaled to
multiples of fhe denéity of bulk water (1.00). ~ <SLTBE>
is the average sd>lute binding energy of first shell
waters or of all waters in the Voronaoli polynedron ani
<SLIPE> is the average first sh=21ll solute pair enz2rgy.
IThe properties calculated for water-water interactions
include <KWd> the average water-water coordination number,
<NNWWPE>, the average n&ar neighbor water-water pair
energy and <KBEWWI> the average water-water binding

enerqgys

Structyral HRasultse. Tne first shell coordination

numbers for all atoms 5f the thynine mdlecule, dJerived
from the column labzled <K> in Table IV.2, are displayed
on the molecular diagram of Figur=2 IV.l.3. 1Ine essential
structural features of thymine hyaration are as follows.
The ring nitrogens N1 and N3 of the imino groups are
sparsely hydrated due to'their low solvent accessibility.
dowever, the H1l and H3 imind> hydrogens are assign2d 3.18
and 3.47. waters respectively 1in proximity analysis.
The oxygens, 32 and 04, are both significantly hydrated;
o4, however, has a lower first shell coordination namber
(2.19 vs. 3.07) than DJ2. The lower first shell

coordination number of O4 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 82X decrease
in volume. Tha oxygen atom 32 also has a first shell
density of .90, which is lower thén the density of bulk
water; in comparis>n, tha J4 oxygen first shell density
is 1.03. TIhe density value for 62 suggesfs a hydrophobic'

mode of (or influence on) hydration.

The hydrogen atoms of th2 methyl groups are assigned
first shell cutoff which ara larger than those of the
imino and methine hydrogens of the molecule (HS5: 4.2 A;
H5': 4.2 A; H5'%: 4.4 A). <£ach 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, .20 and .95 respectively), also

consistent with the picture of hydrophobic hydration.

R graph of the quasicomponent distripution functiosn of
coordination number for thymine is shown in Figure
IV.1.10. Contributions range from 21 to 30 with the
maximam contribution at 26. The average first shell
coo;dination number of thymine in thlis simulation 1is

25-0“ "/- 0.50.

Energetic Results. The first shell average solute-

water pair energies assigned to each atom are displayed
on the molecular diagram in Figure IV.1l.11; these values
are taken from the column labeled <SLIPE> in Table IV.2.

The water molecules interacting most favorably with the
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thymine molecule are assigned to the imino hydrogens.

The Hl atom is assigned waters with avarage 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 averags pair energy of
-3.473 kcal/mole and binding enérgy of -12.065 kcal/mole.

keak solute-water interactions are found in the rsaion
of the methyl groupe daters in the first shells of the
nydrogens of the methyl group contribute binding energles
which are overall slightly poa>sitive: =-.331 kcal/mole for
H5, 1.447 kcal/mole for fS* and 1.008 kcal/mole for H5*'*.
Water-water pair energiazs 1in the Voronoi polyhedra
constructed around the methyl hydrogens are more negativg
{(averaging -3.080 kcal/mole) than waters assigned to the
imino or methine hydrogans and car»onyl oxygens. This
pattern of energetics 1s chracteristic of hydrophobic

hydration.

Rlthough it seems reasonable that weak (hydrophbsbic)
solute-water interactisns w2uald be found with waters
assigned to an apodlar hydrogen such as the H6 atom,
relatively strong pailr energies are encountered in the
first shell of the {6 metnine hydrogen atom. The avarage
pair energy of ;2.279 kcal/mole 1is about as favorable as
the first shell pair energies of the carbonyl oxygens 02
(-2+555 kcal/mole) and 04 (-2.164 kcal/mole). The water-

water pair energies of the water molecules in the primary
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hydration region 9f this atom are the most - positive

(-2.948 kcal/mole) in the molecule.

Ihe quasi-component distribution function f£or the
solute-water binding energies of thymine are displaysd in
Figure IV.1.18. A range 5f values from -20.00 kcal/mole
to about +5.00 kdallmoie are fouhd with the greafest
contributions in the -10.00 to -5.00 kcal/mole portion.
The average solute-water binding energy is -7.4 +/- 0.9

Kcal/mole.

3 Tt ———— [ -
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Eigure IV.l.l - isoenergy contour surface for thymine

and one water (Clementi solute-water potential

functions).

X axis =~ X axis of plane defined by molecular ring

atons (Angstroms).

Y axis - Y axis of plane defined by molecular ring

atoms (Angstroms).

Contours - isoenergy contours witn one Kcai/mole
increments with alphabetical labels referring to contour

energy values in list at riant.
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Fiqure IV.l-.2 - contral iunctions. for Monte Carlo
simulation of thymine and 215 waters (Clementi solute-

water potential functions).

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

Bight Y axis. - egonstant volume heat capacity

(cal/mole-degree).
Upper curve - constant volume heat capacity.

Bottom curve without crosshatches -~ average total

enerqy for entire simulation.

Eottom curve with crosshatches - average total energy

for preceeding 50K configurations.

e e ——— - e B b o .
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Eilqure IV.1,2 Control functions for Monte Catio U-
simlation of thysine ani 215 waters at 298 K using Clesanti N
solute-wvater potantials. .
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THYMINE IN WATER AT 298K -~ PORCE BIAS AND CLEMENYT FOTENTIAL PIRCYIONS

LAST CONFIGURATION: 2060641

INDEX TYPE
METIYL, GROUP
1 9 €6 ¢ 4.6 0.0
2 13 3 4.2 952.85
3 4 3 B 4.2 114,38
4 15 3 =8 4.4 188.01

TOTALS FOR FUNCTIONAL GROIP -CH3 3 382.45
STATISTICAL UNCERTRINTY (v/- 2¢3D):

METHYLENE (DISOBSE,)

5§ 7 2 ¢ 4.6 .42
STATISTICAL BOBORINTY (+/- 2'E8D):
METHYLENE (MONDSUB. )

6 6§ 25 ¢ 4.6 17.87

7 12 X B8 34 6.0
TOTALS FOR FUNCTIONAL GROUP =CH~ 1 78.67

STATISTICAL UNCERTAINTY (+/~ 2°8D):
ANMIDE GROUP
8 3 15 N 4.0 16.32
9 11 1 H 34 NS
TOTALS POR FUNCTIONAL GROUP >ME 1+ B7.82
18 4 15 » s 12.21
i1 18 16 #H 3.6 .08

10INLS FOR PACTIONAL GROUP DM 1 95.02

AVERRGES OVER PIBLCTIONAL GBP > 1 91.42
SINT1ISTICAL AREERIATIEY (+/- 2¢8D)1

8.0 8.8
2.93 5.95
3,31 0.99
3.19 0.95
9.43 0.93
8.31 8.3

.07 0.4
.93 0.83

5,14 0.23
2.87 1.2

.
& BIR2ES
-
-
w

s
N
-~

025
.16
1.28
.M

l-lh".l-'h'-
&

1

" W NP.UU-

8y

#.331
1.447
1.088
1.7185
8.142

-4.008
.08

-5.854
-4. M9
-4.764

8.583

8,615
=11.568
-12.175

8,342
~12.865
-12.497

-12 0 :91
.713

RS WS <& A0 GUmd e

b8

9.113
0.407
8.316
0.295
8.017

-4.003
s.082

-$.393
-2.2719
-2.]“

8.239

-1,354
-3.632
=3.348
-l .m
=334

-3.361
8.222

TOTAL 81 FROPS  WATER PROPERTIES

8.0
28.83
25.58
18.32
45.13

.54

.13
.08

.21
31.82
33.u

1.58
35.33
3s.83

3‘.’3 .

.02

e.8
S.416
1.508
4.963
17.959
‘.“1

a.818
e

-4.518
-1 .'n
-1.097

8.663

-$.513
-8.664
~49.177
-1.121
-8.168
-9.282

~9.22%
2.997

WPSi=3.38 ICB= 7.75 A
> Gl D ANPD PR

8.0

4.16
4.18
4,18
4.17
.02

4.9
.37

4.22
4.26
4.2¢
.03

4.18
4.23
4.2
4.05
4.3
4.36

4.29
8.02

9.8
=3.856
-3.068
-3,125
-3.008
- 8.858

.3cm
1.163

=3.087
-2.948
-2,951

¢
5005

-3.823
~3.026
~3,263
-2.965
-2.97

=3.082
2.047

Iable IV.2 Calculated structural and energetic guantities

from Monte Carlo simulation of thymine and 215 waters at 298.
K - Clementi solute-~water potential functions.

n.¢
=17.447
~17.497
~12,629
~17.518

0.126

~17.438
2.575

-17.77’
~17.327
-17.336

0.296

-18,227
-17.746
=17.764
"'17 07"
-17.11%
-17.722

"1?07‘3

he



CARBONYL, GROUP
12

[

4
15
TOTALS FOR PUACYIONAL GROP OO 3

AVERAGES OVER FUNCTIONAL G OO 1
SINTISTICAL USCERTAINTY {4/~ 2°8D)3

NOLBCIEAR SUM/AVERAGE:
STNTISTION. UNCERTAINTY (+/- 2°ED):

3.7 1.3
0.4% .73
3.56 5.9
2.1’ ..”
8.27 8.46
2.47 0.82

N en
5.12 .4

T77.4 25.04 9.9%

~7.852
-4.611
-8.463
-4.749
-2.028
=4.769

-£6.616
.42

-18.792
1.348

-2.355
=1.246
-20375
-2.164
-4.73
'lo’“

-2.13%
8.156

=1.389
5.857

.06
141
B.e
23.67
..“
u.n

082

215.08
.0

ﬁ.m
-0.495
-5.704
~4,.857

0.515
4.0

-2.8713
1018

=7.33)

1.

.123
4.16
4.
4.26
3.9
4.23

42U
.02

-3.010
~3.145
=3.016
'2.“.

'3.2.3

=2.995
(N

=3.00%
[ F

- Table IV.2 Calculated structural and energetic guantities
from Monte Carlo simulation of thymine and 215 waters at 298

K - Clementi solute-water potential functions.

"11. m
-17.521
=17 . 209
-17.421
-11 447
-17.422

=17.35%
8128

-11.52‘
8.064

S8
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fiqure IV.1.) First shell coordination nusbers for the

atoas of thysine - Clesenti solute~water potential function
siaulation.

SCALE FACTOR = 1.89
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figqures I¥.l.4 thraugh IV.1.10 - calculated
guasicomponent distribution function of first shell

coordination number for thymine and functional grougs

{Clementi potentials)e.

% axis - coordination numder.

Y axis - quasicomponent Oof coordination number.
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tiqure IV.l.11 Aversge first shell solute-water paelr

eneraies of wvaters assicned to the stoms of thymine -~
Clesanti solute-~-water potantial function sisulation.
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Figure IV.l.12 througi ' L!.i.;l - calculated
quasicomponent distributiosn function of average first
shell pair energy for functional groups of thymine

(Clementi potentials).

X axis - pair energy (kcal/mole).

Left ¥ axis - guasicomponent of pair energy.

Riaght Y axis - running coordination number.
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i Eiqurs IV.l.12 Calculaced (CDF of soluts-vatszr pair
eneizqies of waters of the (NH)1 functional group of taymine
~ Clessnti solute-vater potential function simsulation.
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figure 1IV.1l.13 Calculated QCDF of solute~-wvater pair

enarqies of vaters of the

= Clesenti soluts~water potsntial function simulation.
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fiqure IVil.is Calculated yCDF of solute-vater pait
eneraiws of vaters of the (NH}3 functional group of thyasine
- Clsaenti solute-water potantial function siaulation.. .
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Figuzs IV.1l.15 Calculated woDF of soluts-watsr pair
eneraies of waters of tne (CO) M functional group of thyaine
= Clesenti solute-wvater potential tunction sisulation.
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Eiqure IV.1.1s Calculated (QCDF of solute-wvater pais
enerqies of waters of the -Cé3 functional group of thyaine -

Clenanti solute-watsr potential function simulation.
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figure IV.1.17 Calculated (GCDF of solute-water pair
enerqies of waters of the (CH)6 functional group of thymine
= Clasenti solute-water potential function simulation.
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Fiauxe IV.1.18 - calculated quasicompdonent

distribution function of binding energy for thymine

(Clementi potentials).

X axis - binding energy (kcal/mole).

Y axis - quasicomponent of binding energy.
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Fiquze 1V.1.18 Calculated QCOFf of total binding snergy
for thvains =~ Clesasnti soluta-wvater potential functioa
simulation.
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2. Ihymine Hith Kollman Splute-water Potentials
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Computational §égg;§;g§. " An agueous solution of
thymine and 215 waters was siwmulated using the Kollman
solute-water potentials ani the TIP3P water-water
potentials at 296 K. Siaulation conditions were
identical to the thyamine simulatiop described previobusly
. using Clementi solute-water potentials. Face centered
cubic boundary conditions were used with a unit cell edgs
of 14,87 Angstroms. Inhe simulation consisted of an
equilibration period of 600,000 wmoves, which was
discarded, and a production period of 2,000,000 moves.
All analyses and ensembl2 averages were formed over phe

last 2000K configurationse.

Potential Surface. Ihe potantial function surfacs for

the interaction of thymine and one water, using Kollman
solute-water potential functions for the calcalation, 1is
shown in Figure IV.2.1l. Ihe lowest energy solute-water
interaction occurs in the region of the Hl imino hydrogen
atom at an enerqgy of -~6.76 kcal/mole. Nearly as
favorable an interaction is found at the H3 hydroagen site
with energies between -4.76 and -5.76 Kkcal/mole. The
carbonyl 02 and J4 oxygens bind water somewhat more
weakly with the range of interactions for waters in the
region of both atoms falling between -2.76 and -3.76
kcal/mole. Ihe apolar methine H6 atom 1interacts 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 enargizs around 0.0 kcal/mole.

Convergence and Ihermodynamic Results. The control
functions for the Kollman potential aguedus thymine
simulation are shown in Fijure IV.2.2; the calculated
thermdodynamic quant{ties are given in Table 1IV.1l. Ihe
control -functidn plots revéal ‘that the total bindin§
anerqy reaches an appatenily stable value around 600K
configurations and after tne next 1200k configurations
this value is found to be -2136.3 +/~- 5.5 kcal/mole. TIhe
heat capacity attains a final value of 18.1 cal/mdole-K
after the 2000K configurations. The vacuum to water
transfer energy is calculated to ove ~16.8 kcal/mole.
Figures IV.z.4 thru IV.2.9 and 1IV.2.12 thru 1IV.2.17
contain distrioution functions for the guasicomponents of
coordination number and £first shell pair energy for the
imino, carbonyl, w@mesthyl and methine functional groups of
thymine. Figures 1IV.2.10 ana Iv.2.18 contain the
guasicomponents of coordinatiosn number and binding energy

for the thymine molecule.

Structural Results. The atomic first shell

coordination numoers, derived from the column labeled <K>
in Table IV.3, are displayed on the molecular diagram of
Fiqure IV.2.3. The H1 and H3 imino hydrogens are fully
hydrated with 2.67 and 2.91 waters, respectively, in each
first shell. The first shell water densities of the

polar atoms is about that of bulk water (Hl: .97; H3:

R R T —— - I
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1.03). The carbonyl oxygens 02 and O4 are also

significantly hydrated (3.05 and 3.18 first shell waters
respectively) with first shell water densities abdut
equal to bulk water (.99 and .96 respectively). Thus,
none of the polar ring substituents show the increased’

first shell concentration exp=cted of polar atoms.

The methyl group is repra2sentad as a united atom in
the Kollman potential function set; 1in other words the
hydrogens are not explicitly represented but are
effectively included in the potential which 1is centered
on the methyl carbon atom. Thus, the first coordination
shell volume of the Kollmsan methyl group (197.95 cubic
Angstroms) is smaller than that of the Clementi methyl
group (300.00 cubic Angstrowms) Ihe coordination number of
the Kollman methyl group 1is 6.20 (vse. 9.43 for the
Clementi methyl group). The extended first shell radius
(4.6 Angstroms) and low first snell water density (.94)

is characteristic of the hydration of apolar atoms.

Rnother nydrophobic hydration pattern is seen with the
C6H6 methine united atom. The extensive first shell of
radjus 4.8 aAnstroms contains 3.00 water molecules. The
first shell water density of .92 is the lowest in the
molecule (with the exception of substituted ring atoms

with much reduced solvent accessibilty).

The QCDF of coordination nunber for thymine is

displayed in Figure 1IV.2.10. The contributions fall in
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the range 19 to 29; the most common cdordination number
is 25. The 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 1v.2.1i. Ihe waters assigned to the
imino hydrogeas interact with thymine at 1lower energies
than any other waters. Tha H1l hydrogen has first shell
waters witn average pair energies of -1.268 kcal/mdole
while the waters of hydrogen H3 each interact with an
average =-1.073 Kcal/mole. The total binding energy of
the Hl1 and H3 waters is -6.504 kcal/mole, about 40X of
the total tnymine first shell binaing energy of -16.943
kcal/mole. Ihe pair ensrgiss for the carbonyl oxygen
waters are somewhat less strong (02: -0.766 kcal/mol2 and

O4: -0.766 Kcal/mole).

The waters of the methyl group have the 1least
favorable averaqge pair energies of the molecule: -.3594
kcal/mole. Overall, the methyl group waters contribute a
solute binding energy of -2.443 Kkcal/mole which 1is
comparable to the oxygen 2 (~-2.8%4 kcal/mole) and oxygen
4 (-2.600 kcal/mole) contributions. This is wunusual
considering the apolar natur= 2f the methyl group ani the
polar nature >f the oxygen atoa. The average water-water
pair energies in this regiosn are -3.189 kcal/mole, only

slightly more enhanced than those of the imino hydrog2ns
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(-3.177 and -3.153 kcal/mole), carbonyl O4 (-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 regian_would generally be expected to te
less favorable than those in the polar oxygen region.
' The waters of the wethine group interact witn an average
pair energy of -.591. The water-water pair energias of
-3.268 kcal/mole are enhanced considerably relativa to

other waters in the simulation.

Ine JCDF of solute~water binaing energies for all 215
waters is displayed in Figure Iv.2.18, Energy values
ranging from -33 to -14 kcal/wmolza are encountered; the
most significant contributions range from -27 to —él
kcal/mole. The average solute binding energy is -22.97

+/- 0.6 kcal/mole.

s - ——— -
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Eigure Iv.2.1 - isoenergy <contour surface for thymine

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

X axis - X axis of plane defined oy wolecular ring

atoms (Angstroms) .

Y axis - Y axis of plane defined oy molecular ring

atoms (Ahgstroms) e

Contouyrs - 1isoenergy contours with one kcal/mdl2
increments with alphabetical labels referring to contour

enerqy values in list at rijht.
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Figure 1I¥.2.2 - control functions for donte Carlo

simulation of tnysine and 215 waters (Kollman solute-

water potential functions).

X axis - number of configurations.
Left Y axis - mean total energy (kcal/mole).

kight Y axis. - constant volume heat capacity

(cal/mole-dagree).
Upper curve - constant volumes heat capacity.

Eottom curve without crosshatches = average totel

energy for entire simulation.

pottom curve with crosshaktches - average total energy

for preceeding 50K configurations.
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THYNINE IN WATER AT 298K - FORCE BIAS AND KOLIMAN FOTENTIAL FONCTIONS

LAST CONFIGURATION: 2008801

AT NO INDEX TYPR

RING CARBON

1 9 15 CC 4.2
STATISTICAL UNCERTAINTY (+/- 245D)
METHYLENE GROUP

2 11 4 Cosus 4.0
SIRTISTICAL UNCERTAINTY (+/- 2°SD)

METHYL, GROUP
3w 4 can s 4.6
STATIGTICAL UNCERTAINIY (+/- 2*4D)

ININD GROUPS
4 1 3 §NN 4.0
5 902 1% HH 3.4
TOTALS FOR FUNCTIOMAL GROIP
8 5 3 NN 4.2
7 e 139 B - - 3.6

AVERAGES OVER FURNCTIONAL GROUPS:==
* SINTISTICAL UNCERTAINTY (+/- 2*SD)

PIRIT SHELL SCLITE PROPERTIRS

97.48

197,95

16,31
T1.85
93.37

17.38
82.74
188.54

96.78

0.47 0.64
0.05 0.11

3.08 8.92
5.28 0.9

6.28 0.94
5.4 0.85

#.33 8.6
2“1 1.“
3.00 8.9

5.29 0,58
2.91 1.0%
3.20 5.9

3.18 8.96
0.13 5.4

-#.253
.00

-1.77‘
s.418

~2.483
8.338

~8.268
-83.382
-23.642

-$.213
-93,122
-23.33%

-83.489%
| J5c p 1}

RFS W8 <© G @b e

-4.535
0.084

-5.591
.14

4.3“
f.045

9.789

-1.268

-1.21%

-$.739
=1.073
-1.43

-1.129"

x Em

1.768
8.002

15.835
8.012

45.771
8.020

4.3
8.2

.2.231
5.208

-3.288
s.108

~5.338
-4.813
-5.143

-8.247
-3.984
-4.231

.68
s.158

WATER PROPERTIES
RP5=3,38 BCB= 7.75 A

4.4
4,39
‘.”

4.45
4.49
4.4

4,44
0.0

-313‘2
1163

"'30 n’
0.852

~3.243
=3.177
~3.17%

<3107
.3.m
-3.151

=3.164
8.548

-19.827
2.575

=19.643
8.206

~19,748
0.122

~19.785
~19.661
=19.665

~19.513
-19- .’
-19.676

-19.771
0.094

Table IV.3 Calculated structural and energetic quantltiés *

froa Monte Carlo simulation of thymine and 215 waters at 298
K - Kollman solute-water potential functions.

STT



THYMINE IN WATER AT 298K —~ PORCE BIAS AND KOLIMAN POTENTIAL PUNCTIONS

CARBONYL. GROUPS
g 3 0N ca 4.2
9% 4 34 802 .6
TOTALS FOR FUNCTIONAL GROUP
13 7 81 cCcd 4.2
11 8 4 004 3.8

TOCALS FOR FUNCTIONAL GROUP

AVERAGES OVER PUNCTIONAL, GROUPS ;==
STATISTICAL BCERTAINTY (+/- 2%6D)

THYMNINE
NOLECULAR SUM/N

\VERAGE:
SIATISTICAL UNCERTRINTY (+/- 2*SD)

Table IV.3 Calculated structural and energetic qnantities
from Monte Carlo simsulation of thymine and 215 waters at 298
K - Kollman solute-water potential functions.

19.68 8.52 8.78
88.93 3.85 1.3
188.61 3.56 0.9

19.28 8.35 8.55
188.31 13.18 0.95
119.58 3.54 8.88

114,19 3,55 4.93
8.15 0.84

739.28 22.97 §.93
0.58 8.92

-4.4%4
-2.48)
-2.894

8.164
-2.436
2,688

-2. 147
8.297

-16.943
1.082

-4.959
4,787
-4.812

-5.459
-$.766
-$.73%

-4.TH
2.869

.78
.53

sl.sm
3"“1
3.1

51.433
37.3715
”.m
37.454

0.3

215.000
0.644

-5.565
~3.6711
*Im

-4.18)
-3.467
-3.648

-3.942
8.168

.n.m
0.501

4.41
4.35
433

4.39
4.4
4.48

4.42
4.8

4.42
.02

-3.149
<3.21
-3.200

-3 a3
-3.137
=3.137

~4.172
.54

3,19
4834

"1’.‘8,
-”t."l
-19.781

-19.516
=~19.84
-1s.m3

-1’.1‘1
.495

~19.748
8.056

97T
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figure IV.2.3 Fizst snell coordination numbers for the
atoas of thyaine - Kollsan soluts-vater potential function
siaulation.

' SCALE FACTOR = 1.89
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Eigures IV.2.4% througn Iv.2.10 - calculated

guasicomgonent distribution functlon of first shell
coordination number for tnymine and functional groups

(hollman potentials).

X axls - coordination number.

Y axis - quasicomponent'of coordination nunber.
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Figure 1IV.i.11 Avaraae first shell solute-vater pair

energies of waters assianed to the atoas of thymine
Kollaan solute-water potential fumction simulation.

0_m1

SCALE FACTOR = 1.89




127 ‘
Eigure IV.2.12 through  IV.2.17 - calculated
guasicomponent distribution function of average first
shell pair energy for functional groups of thymine

(Kollman potentials).

X axis - pair energy (kcal/mole).

Left Y axis - guasicomponant of pair energye.

Eiabt Y axis - rumning coordination number.
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. Fiqure 1IV.2.12 Calculated ‘QCOF of solute-watar pairlz
eneraies of wvaters of the (nNH)1l functional group ¢f thymine
- Kollsan ‘solute-vater potential function sisulation.
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fiqure 1IV.2.13 Calculasted ¢QSOF of solute-wvater pair
aneiqies of vaters of the (CO)2 functional group of thyaine

=~ Kcllsan soluts-watar potential function sisulation.

T™

I ¥ L)
go'sh  Q0'Ch 0d'Ze  QO°me

L

T

0091 00’8
[ 4-01XI Y03 NNM

2.0D

0.00

THY PK PRIR ENERGY

LI

-8.00 4.0 -2.00

i LD LB '
00'Rd 00°C2 - mO'El . 00°21
[ 5.010 : e P=])

oo
HSJ 340

00°h

8
?



130

Figuss IV.l.1ls Calculated QIDF of solutea-water pair
enaiaies of waters of the (NM)3 functional group of thymine
. = Kollman solute-water potential function simulation.
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filoure 1IV.2.15 Calculated (QCOF of solute-vatsr pair
eneraies of wvaters cof the (CO)s tunctiohal group of thysine
= Kcllaan solute-water poteatial function sisulation.
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Fiqure IVe2.146 Calculated GOOF of solute-watsr pair
snercies of vaters of the - H) functional group of thysine -

Kollaan solute=-vater potential function sisulation.
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Figure IV.2.17 Calculated QJTDF of solute~-watsr paic
snerqies of waters of toe (CH)é functional group of thyaine

= Kollasn solute-watar potantisl function simulation.
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Eiqure IV.2.18 - calculated guasicomponent
distribution function of binding energy for thymine

(Kollman potentials).

X axis - binding energy (kcal/mole).

Y axis - guasicomponent of binding enzrgy.
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Fiqure IV.2.13 Calculated GCDF of total binding energy
tor thysine -~ Kollsan solute-water potantial function
sisclation.
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3. Ihypine Witn BYG Solute-wWater Potentials
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Computational Specifics. An agueous solution of

thymine and 215 waters was simulated wusing the BVG
solute-water potentials ani the sPC water-water
potentials at 2968 K. ’ Simulation conditions were
identipal to the thymine simulation described previously
. uéinq Clementi and Kollman solute-water potentials. Face
centered cubic bouniary conditions were used with a unit
cell pdqe of 14.87 Angstroms. The simulation consisted
of an egquilibration perio3d of 600,000 moves, which was
discarded, ana a production period of 2,000,000 moves.
All analyses and ensemble averages wer2 formed over the

last 2000K configurations.

Potential Surface. The potential energy surface fﬁr
the interaction of thymine and one water, wusing BVs
solute-water potential functions for the calculation, is
shown in Figure IV.3.1. Tne wvicinity of the H3 imino
hydrogen contains the aost favorable solute-water
interaction at an energy of -8.10 kcal/mole. Strong
thougn 1less favorable interactions are found in the
region of the Hl hydrogen at energies betwe2n -6.10 ani
-7.10 kcal/mole. The polar carbonyl oxygens interact
more weakly with water. Ihe ou' oxygen binds with
energies between -3.1 and -4.1 Kkcal/mole and ths 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
kcai/mole colinear with the C=J bond. The 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 J4 side of the rethyl group.

Converaence and Ihermodynamic Results. Ihe control

"functions for the BVG potential agueous thymine

simulation are shown in Figure IV.3.2; the calculated
thermodynamic guantiies are given in Table 1IV.1. The
contr>l function plots reveal that the total binding
enerqgy is rather stable for the 1last 1000k or so its
value after 2000K is -2224.8 +/- 3.9 kcal/mole. The heat
capacity reaches the valua 15.4 cal/mole-K after 2000K
configurations. The vacuuan to water transfer energy is
calculated to b2 ~21.1 kcal/mdle. Figures 1IV.3.4 thru
IVv.3.9 and 1IV.3.12 thru 1IV.3.17 contain Jdistribution
fuﬁctions for the guasicomponents 0of coordination namber
and first shell pair energy for the imino, carbonyl,
methyl and methine functional groups 2f thymine. Figures
IV.3.10 and IV.3.18 contain graphs of the guasicomponents
of coordination number and oinding energy for tnhe thymine

molecule.

Structural Results. The first shell coordination

numbers for the atoms of thymine are displayed on the
molecular diagram of Figure IV.3.3. The imino hydrogens
both have significant first shell populations. The H1l
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. Neithgr shell is packad at a- high density;
solvent densitlies are around bulk water values in both
cases (Hl: .97 x bulk water3H3: 1.03). This results
suggests that 1little hydrophilic water concentration is
occurring in these solvatioq' shells. ' Similarly, the
carbonyl oxygens have significant first sﬁell populations
(022 3.79 waters; Ou4: 2.83) with low solvwnt densities

(02: 993 OU: .,96).

The apolar methyl group united atom, CH3 5*, has a
large first shell radial cutoff (4.6 Angstroms). A first
shell population o2f 6.47 waters is calculated; fhe
combination of extended first shell radius, large
coordination number and low solvent density (.97) is
generally seen with apolar solute-water interactions.
I'he methine united atom, CH6, 1s assignad 1.99 waters in
a 4.0 Angstrom first shell. IThe first shell solvent
density is .88; thus, the methine united atdom shows th=

characteristic hydration of apolar moieties.

Ihe gquasicoamponent distriobution function of
coordination number for thymine is ‘found in Figure
IVe3.10. The coordination numbers range from 18 to 28
and the greatest contripbutions arises from coordination
numbers of 23 and 24. Ine average coordination number is

22.8“ *l" 085-

tneraetic Resultse. Ihe first shell solute pair

energies for the waters assigned to the atoms of thymine
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are disﬂlayed on the molecular diagram of Figure IV.3.11l.
The waters of the H3 imino hydrogen have the 1lowest
average pair energies (-1.743 Kkcal/mole) and make the
greatest contribution to the total solute binding energy
{(-5.647 kcal/mole). The water-water pair energlies in the
extended coordination - shell of this atom are the most
destabilized overall (—-3.294 kcal/mole)s this result is
consistent with the solute-water pair energies found
here. The waters of the Hl imino hydrogen show less
favorable solute-water pair energies (average <«.B876
Kcal/mole) presumably due to the influence of the

neighboring apolar methine groape.

The waters of the carbonyl oxygen 02 and O4 are rather
weakly bound (average pair energies =-.949 and -.947
Kcal/mole,respectively). The average pair energizs of
the ring carbonyl carbon waters are actually greater than
those of tne carbonyl oxy3en waters (-1.210 > -.949
kcal/mole for C=0 2 and -1.129 for C=2 4); the same

unexpected ordering is also seen with N1 and Hl.

Ihe waters assigned to the CH3 5°' methyl group
interact the leasf favoraoly of all at an average -.590
Kcal per sdlute-water interaction. The extanied
hydration shell of this ring substituent has the enhanced
water-water pair enargies (-3.425 Kcal/mole vs. -3.390
kcal/mole averages for this simulation) expected with

apolar hydration.
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The quasicompgnent distribution function of solute-
water binding energies for thyaine is displayed in Figure
IV.3.18. Energy values range from -39 to -17 kcal/mole;
the most significant contributions range froa -32 to -25
kcal/mole. The average solute binding energy 1is -28.6

+/- «9 kcal/mole.

e T et —— P R
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Eigure IV.3.1 - isoenergy contour surface for thymine

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

-

X axis - X axis of plane defined by molecular ring

atoms (Angstroms).

Y axis - ¥ axis'of plane defined by wmolecular ring

atoms (Angstromns).

caatours - isoenergy contours with one kcal/mole
increments with alphabetical labels referring to contour

energy values in list at right.
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Eigure IV.3.2 - control functions for Monte Carlo

simulation of thymine and 215 waters (BVG solute-water

potential functions).

X axis - number of configurations.
Left Y axls - mean total energy (xcal/mole).

fiaht Y axis. - constant volume heat capacity

{cal/mole-degree).

Upper curve - constant volume heat capacity.

fottom curve without crosshatches - average total

energy for entire simulation.

Eaitom curye with crosshatcnhes - average total energy

for preceeding 50K configurations.
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THYMINE IN WATER AT 298K - PORCE BIAS AND BVG

METMYLEE (DISUBST.)

l1 18 18 c S 4.2 22.28
STATISTICAL RCERIAINTY (4/- 2*8D):
METWNE ORoo?

2 3 117 CHéE 4.8 61.29
STATISTICAL (NCENTAINTY (+/- 2*8D):

METHY L GrooP

-

311 15 CHRS 4.6 197.9%
STATISTICAL (+/- 2%8D)s
ANIIE GO

¢ 1 N w1 4 1802

5 2 19 8 1 34 TS
TOTALS FOR FBCTIONAL GROUP JMH @ 95.87

6 & 31 N 3 448 16,47

7 7 19 B 3 3.8 94.89

TOTALS FOR PUNCTIONAL GROUP >N 3 118.56

AVERMGES OVER FUNCTIONAL GRP >N 1 182.82
STATLATION, (BCERIADNTY {+/- 2°6D)3

$.59 0.79
.14 5.18

1.99 9.88
.25 .11

6.41 0.97
0.45 0.07

8.35 5.58
2,51 .97
2.86 .99
0.24 .43
3.241.03

.48 .4

3.17 8.92
0.22 0.06

-5.656
s.283

-1.676
8.33

-3.783
0.425

-.354
-201’.
-2.552
-$.238
5,647
-5.886

-4.219
8.477

PoTESTIAW TFONCTIOAS

RF8 W8 d&© A Gmp e

8.469

-4.843
0.193

-$.5%
.075

-2.676
-5.893
-4.995
=1.743
.1."1

-1-292
8.165

TOIN, 81X PROPS  WATER PROPERTIRD
RES=3.38 BCB= 7.75 A

x> <HLTBE> CL> GAEE> PENT>

1.34
38.‘1
39,715

1.26
35.37
36.63

38.1%9
.82

~4.745

0,386

-2. 23‘
0.308

-4.642
.37

-8.436
-3.813
-4.249
2,322
-$.653
-6.975

-35.612
8.356

4.18
8.28

4.31
a.n

4.36
.05

4.34

4.34
4.4
4,35
4.51
4.51

4.42

-30‘11
8.161

.3|‘“
8.054

© ~3.425

=3.461
-3.434
-3,43%
~-3.303
-312“
.3 .m

~3.365
e.024

Table IV.4 Calculated structural and energetic guantities
from Monte Carlo simulation of thymine and 215 waters at 298
K - B VG solute-water potential functions.

".121
0.3

.”.‘”
0.229

'2‘.57.
6131

=28.6¥)
-20.519
-28.513
-20.315
-”c 6 29
-” .‘u

-’A“I
0.182
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lanle IV.4 Caicuiated structural ana energetic guantities
from Monte Carlo sisulation of thymine and 215 wvaters at 298
K - BVG solute~water potential functions.

CARRONY, GROLP .
8 4 18 ¢ 2 4.2 19.68 g.d08.61 -8.486 -1.219 1,62 8,584 &.36 -3.442 W6
9 5 3 o 12 4.0 114.73 3.798.99 -3.598 -9.949 M5 4454 439 3408 -20.589
TOTALS FOR FUNCTIONAL GROUP O-0 : 134.41 4.196.93 -¢.084 -0.9M 36.31 -5.08 4.3 -3.4)9 -20.5M
i 8 18 ¢ 4 4.0 10,34 $.499.81 -8.,558 -1.129 1.62 - -9.660 4.21 <3362 ~19.942
1 9 3 0 4 3.6 88.21 2.“ 8.9 -z.ﬂ‘ -.09‘1 36.76 =-3,723 4.42 -3-3‘1 ‘1..3“
TOTALS FOR FUNCTIONAL GROUF C=0  186.35 3.329.93 -3.24 -0.9M4 38,37 ~4.383 4.4 3,342 -20.361
AVERAGES OVER PNCTIONAL GBP C=0 3 120.48 3.76 0.93 -3.659 -4.974 37.34 -4.7111 4.480 -3.388 -20.478
STATISTICAL IRCESTAINTY {4/- 2*SD)s §.248.86 $5.38 .14 .02 5.302 084 B.524 8182
MOLECULAR SUM/AVERAGE: 734.1 22,84 0.93 -21.871 -§.958 215.00 -28.267 4.39 -2.,39 -20.525

SIATISTICAL UNCRRTRINTY (+/- 2*°HD): 8.659.03 1,302 B5.065 8.86 1.068  0.02 08U 0.061

Lat



SCALE FACTOR = 1.89
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fiqure 1V.3.3 First shell coordination numbers for the
atoas of <thyaine - BVG solute-vuter potential function
siaulation.
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Fiqures IV.3.4 through IV.3.10 ‘- calculated
guasicomponent distribution function of first shell

coordination number for tnymine and functional grouags

(8B¥G potentials).

X axis - coordination number.

Y axis - quasicomponent of cocoraination number.
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nusber for -CH3 functional jroup of thysine - BVG solute-
water potential functicn sisulation.
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Fiqure IV.3.9 Calculated QCOF of first sheil coordisation
number for (CH)& functional qroup of t.nnlnl - BVG solute-
7] water notentul function nlulatlou-
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- cootdination nusber for thyains - 8YG solute-vater potential

function sisulation.

—

) |} L) L} L] L
21.00 22,00 23.00 2u.D0 25.00 28.00

THY BV6 K

T Y
19.00 20.00

9<T



SCALE FACTOR = 1.89
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Fiqure IV.3.11 Averagqes first shell solute-wvatar pala
- BY

«neraies of waters assiqned to the atoss of thyzine
solute-wvater potential function simulation.
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Eigure IV.3.12 throuah I¥.3.17 - calculated
gquasicomponent distribution function of average first
shell pair energy for functional groups of thymire (BVG

potentials).

X axis - pair energy (kcal/mole).

Left ¥ axis - guasicomponent of pair energy.

i

ight Y axis - runninj coocrdination number.
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Figure IV.3.12 Calculated (CODF of solute-watsr pair
eneiraies of waters of the (NM)1 functional group of thysine

~ oVS solute-vater potencial function sisulation.
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. fiqure 1IV.3.13 Calculated QCOF of solute-vater o-»m
snerdles of waters of the (C0)2 functional group of n.:ipao

~ 8¥S solute-vatar potential function sisulation.
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flouwre IV.3.is Calculated QCDF of solute-water paiz
enerdies of waters of the (NH)3 functional group of thysine

=~ oVG solute-vater potential function sisulation.
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Fiqure IV.3.15 Calculated QCDF of solute-vater . pair
vnerqies of vaters of the (CO)8 functional group of thymine
= BvG solute~water cotential function sisulation.
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Fiqure 1IV.3.16 Calculated QCOf of soluts-wvatsr paiz
enerqies of wvaters of tha -Cid functional group of thyaine =
' oVG solute-water poiential function simsulation.
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Fiqure IV.3.17 Calculated (CDf ot solute-vater pair
enerqies of waters of the (CH)é functional group of thyaine
- 3¥3 soluta-water potential function sisulation. :
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Eiacure IV.3.18 - - calculated quasicomponent

distribution function of binding enerqy for thymine (BVG

potentials) .

X axls - binding energy (kcal/mole).

Y axis - guasicomponent of binding energy.
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kiqure IV.3.18 Calculated QCOF of total binding energy
tor thysina - bV¥G soluts-water potential functiom
Sim.lation.
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4. Ugacil with Clementi Solute-Watar Potentials
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Computational sSpecifics. An aguedous solution of

uracil and 215 waters was simulated using Clesenti
solute-water potentials and MCY-~CI water-water potentials
at 298 K. Face centered cubic boundary conditions with a
unit cell of 14.87 Angstroms edge were used, deterained
by a partial molar volume of 75 cc/méle for ' uracil and
16.01 cc/mole for water. An initial 600,000 steps of
Monte Carlo simulation were carried out and were
discarded as an eguilibration period. ihe ensemble
averages and other analyses were formed over the

succeeding 2000K cbnfigurations of the rezalization.

Potential Surface. he potential energy surface for
uracil and one water, using Clementi solute-water
potentials for calculation, 1is shown in Figure 1lV.H4.1.
Ihe peak between the Hdl hydrogen and 02 oxygen 1is the
lowest enerqy point on the surface with a ainimum
interaction of -13.40 kcal/mole. Energizs become as high
as =-6.40 kcal/mole as the regiosn near the H1l hydrogan is
traversed towards the H6 mcsthine hydrog=en. The region of
the H3 imino hydroagen has minimum solutewater
interactions of -11.40 to -12.40 kcal/mole on the 02
side. A significant minimum also> occurs on the J4 side
of this hydrogen between -10.4 ani -11.4 kcal/mole. Ihe
interactions in thz regions immediately surrounding the
carbonyl oxygens (coaxial to the C=0 bonds) are 1less
favorable, ranging from -6.4 to -7.4 kcal/mole for 04 and

from -7.4 to -8.4 kcal/mole for J2. The region of the
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methine hydrogens contain interactions as favorable

&s.u to -8.4 kcal/mdle) as tne darbonyl oxygen regions.

Convergence and IThermdiynamjc Results. 'The control

functions for the Clementi potential wvracil simulation
are shown in Figure 1IV.u.2. Calculated thermodynamic
gquantities are qiven‘ in Tabnle IV.1l. The total bindiné
energy remains within 10 kcal/wole for the final 1000K of
the simulation attaining a final value of -2009.5 +/- 8,1
Kcal/mole. The heat capacity rzaches a final value of
18.1 cal/mole-K. Ihe vacuun to water transfer.energy is

-149.7 kcal/mole.

Figures IV.4.4 thru IV.%.9 and 1IV.4.12 and 1IV.4.17
contain distribution functions for the guasicomponents of
coordination anumber and average first shell pailr energy
for the imino, carbonyl and metnine functicnal 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
Fiéure 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 Hl and 1.42 for H3);
accordingly, the first shell populations are high (Hl:
3.16, H3: 3.43). TIhe polar oxygens (02 and O4) also have

significant first shell populations of 2.31 and 3.07
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waters respectively. Ihe first shell densities, however,
are significantly lower than bulk water at values of .89

for 02 and .90 for OJ4.

Although the methine hydrogens are considered apolar,
the first shell population densities are both higher than
bulk water. The H5 density is  1.05; the H6 density is

considerably higher than bulk solvent at 1.27.

Ihe (QCDF of coordination nueber for wuracil ani
Clementi solute-water potentials is displayed in Figure
IV.4.10. The contributions fall in the range 18 to 25;
the most common coordination number 1is 21. The average

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

gnergetic Results. First shell solute-water pair
energies for the atoms of uracil are shown in Figure
IV.4.,11. Tne waters of the imino hydrogens have the most
favorable pair energiss of all first shell waters. Ihe
H1 hydrogen waters have the 1lowest 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/mple) of the total solute binding
energy {(-72.453 Kcal/mole). The polar carbonyl oxygens
are assigned waters with average pair energies (-3.623
kcal/mole for 02 and -2.458 kcal/mole for ou)

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

Waters assigned to the methine hydrog=ns have the most
favorable water-water pair energias (-3.113 kcal/mole for
H5 waters and ~3.064 kcal/mole for H6 waters); all waters
assigned to other ring substituents have average water-
water pair energies ~3.000 ktal/mole. This result is
reasonable considering the apolar character of the

methine hydrogens.

The QCDF of solute binding energies for uracil ani
Clementi potentials 1is displayed in Figure 1IV.4.l18.
Energy values ranging from aroand -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/mwdole.
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Eigure IV.4.l - isoenergy contour surface for uracil

and one water (Clementi solute-water potential

functions).

X axis - X axis of plane defined by molecular ring

atoms (Angstroms).

Yy axis - 1 axis of planz defined by molecular ring

atoms (Angstroms).

Contours - isoenergy contours witn one Kcal/@mole
increments with alphabetical labels referring to contour

enerqy values in list at right.
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Figqure IV.4.2 - contrdl functions for Monte Carlo
simulation of wuracil and 215 waters (Clementi solute-

water potential functions).

X axis - number cf configurations.
Left ¥ axis - mean total en=rgy (kcal/mole).

Bight Y axis. - constant volum2 heat capacity

=

{cal/mole-degree).

Upper gcurve - constant volum2 heat capacity.

gottom curve without crosshatches - average total

energy for entire simulation.

pottom curve with crosshatches - average total energy

for preceeding 50K configurationse.
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URACIL IN WATER AT 298K - PORCE BIAS AND CLEMENTI POTENTIAL PACTIONS

LAST CONPIGURATION: 2000081

AT NO TNDEX TYPE RF8
METIVLENE GROUPS
1 5 35 CG 4.2
2 1 16 H HS 1.6
TOTNLS FOR PUNCTIONAL GROLRP
3 6 25 CC6 3.6
¢ 11 )8 3 66 3.6

TOTALS POR FUNCTTONAL GROUP

AVERAGES OVER PURCTIONAL GROOPS:=s
STATISTICM. (NCERTAINTY (+/- 2%SD)

5 6 15 RN 3.8

6 88 16 HH) 3.4
TOTALS POR PUNCTIONAL GROUWP

7 7T 15 AN 3.6

@ 12 1 HH 3.4

TOTALS FOR FIRCTITONAL GROXP

AVERAGES OVER PUACTIONAL GROUPS:==
SITISTICAL UNCERTAINIY (+/- 2%8D)

Table IV.5 Calculated structural and energetic guantities
from Monte Carlo simulation of uracil and 215 waters at 290

WS dO CAD> A T

17.88 8.24 0.41 -8.911 -.845
81.14 2.841.83 -7.068 -2.493
§8.98 3.88 .93 -1.079 -3
.86 .24 0.48 -5.207 -0.866
S5.67 2.37 1.7 -8.232 -3.41
78.53 2.611.11 -3.439 -3.233
.73 2.841.08 -1.759% -2.767

.090.03 8.0 4.158
15.58 4.91 1.7 -3.023 -3IN

3.43 1,42 -17.511
87.91 4.34 1.40 -0.5)4

14.60 0.66 1,35 -1,655
71.62 3.16 1.32 -17.473
86.22 3.82 1.33 -19.117

67.06 4.88 1.40 -19.331
$.138.85 OLTH

-5.186
-4.712

-2.518
-5.524
-5.086

-4.069
8.267

o <S>

1.1m -4.,328
32.252 -16.842
33.35% ~16.309

1,241 -6.644
32.471 -16.9%
3. N2 -17.613

33,536 -17.m,11
0.028

l.ee3 -3.432
U5 -28.678
36.30 3211

1,567 -2,136
31.9% -27.39
33.“3 -z’o‘n

H.973 -N.793
8.521 0.493

K - Clementi solute-water potential functionse.

.27

WATER PROFERTIRS
FFSi=3.30 KCB= 7.75 A

"n
424
4.4

‘.u
4.17
4.17

‘.u
.n

4.78
‘.n
4.29

4.12
4.2
‘.23

4.26
.02

-2.976
=-3,113
-3.]"

-2.9%
-3-'“
«3.861

=3.005
0.832

=3.17?
~2,968
=2.97%

-3.142
-2.,'.’
«3.959

-2.96%
8.030

-17.524
-17.463
=17.465

-17.568
~17.569

=17.517
0.138

~20.168
~17.A84
=17.686

~17.089

=17.249
"11-27 -

~17.448
8.246

9LT
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URACIL IN WATER AT 298K - FORCE BIAS AND CLEYENTI FOTENTIAL FUACTIONS

QUREWYL GRAPS
$ 1 1 o 3.4
W 2 % ca 4.0
TOIALS FOR PUNCTTOMAL GROUP
11 ¢ 26 cCccd 3.4
12 8 7 004 3.0

TOTALS FOR PUNCTIONAL GROUP.

AVERNGES (NER FUNCTIONAL GROUPS) ==
STATISTICAL UNCERTAINTY (4/~ 198D)

DCIL
MOLAOEAR SUM/AVERNGE:
SENTISTICAL INCERTAINTY (+/~ 2*8D)

Table IV.5 Calculated structural and energetic

77.59
l.'"
96.36

15.41
182.25
117.66

w.n

2.31 b0
0.36 .57
2.671 .13

4.18 8.4
3.07 0.9%
L. unm

2.96 1.3
.05 8.83

557.66 19.76 1.06

8,31 4.02

-5.383
~4.966
~5.34%

-$.389

=7.536

-1 .’25
-5.637
8317

=72.453
1.465

-3.623
-2.693
-zu‘”

-2.196
~2.458
-z.m

~2.911
8.154

-3.666
0.858

38.736
l.m
39.952

133
36.654
37.991

38.591
8.022

~21.0%
~1.3%
=22.432

-5.M47

-18.398
'”-m

-20.808
.27

215.088 ~137.783

8.033

1.851

-3.128
=2.9%

2,902
<299

~2.99%
5.028

3

-Sn.u
8.013

w d .Q.. ' ¥ Y
Bk Bibk bRb

=
=R

-2.998

=-17.493
=17.981
~17.588

-17.558
~17.588
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8.1

~-17.491
8.568

quahtities
from Monte Carlo simulation of uracil and 215 waters at 298
K - Clementi solute-water potential functions.
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Eiqure IV.4.3 First shell coordination nusbers for tne

atoas of uracil - Clementi solute-vater potential function
sisulation.
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Eiaures IV:4.4 torouga  IV.4.10 - calculated

guasicomponent distribution function of first shell
coordination number for uracil and functional groups

{(Clementl potentials).

X axis - coordination number.

Y axis - quasicomponent of coordination number.
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solute-vater potential function sisulation.
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tiqure IV.s.l1l Averaae first shall solite~water pait
enertaies of wvaters assiqned to the atoas of wuracil -
Clementi solute-water potential function sisulation.
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Elaure IVeldol2 throajh IV.4.17 - calculated

quasicomponent distribution function of average first
shell pair energy for fanctional groups of wuracil

(Clementl potentials).

X axis - pair energy (kcal/mdle).
Left X axis =~ guasicomponent of pair energy.

fiaht ¥ axis - runninj coordination numder.
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" ieure 1IV.4.12 Calculated QCOF of solute-vater pair
snerqies of waters of the (NH)1 functional group of uracil -~
Clementi solute-water potential function simulation.
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Bioura IV.s.1) Calculated QSOF of soluits-vater peir
eneraies of waters of the (CI)2 functional group of urscil -
Cleaenti solute~water pocential function simulation.
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Fioure IV.s4.18 Calculatad yCD7¥ of solute-water pair
enuiaies of waters cf tne (NH)3 functional group of uracil -
Clementi solute-water potentisl function simulation.
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Flauze a.V.8.15 Calculated QCDF of solute-vater pair
sneargies of wvatsrs of the (CI)8 tunctional group of uracil <
Clenmenti -or-an..:-non potential function sisulation.
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Eiqure IV.4.16 Calculated (CDF of solute-wvater pair
enerdies of veters of tne (S4)S functional group of uracil -
Clesent) solute~water potential function simulation.
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- kiqure IV.4.17 Calculstad QSOF of solute-watsr v-pw
enetyies of waters of the (CH)e functional group of urscil -
Clesanti solute-water potsntial function sisulation.
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Eiaqure IV.4.18 - calculated guasicomponent

distribution function of »inding energy for uracil

(Clementi potentials).

X axis - binding energy (kcal/ancle).

Y axls ~ guasicomponent of bpinding en=rgy.



156

Figure IV.8.18 Calculated QCOF of total binding snergy
for uracil -~ Clesenti solute-vatezr potential ngnnpgm

sisulation. 1
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5. Uracil with Kollman Solute-dater Potentials
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Computational Specifics. A solution of uracil and 215

waters was sinulated using Kollman 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 is cc/mole for
uracil and 18.07 cc/mole for watere. The initial 600,000
steps of Monte Carldo simulation were discarded as an
egquilibration period. Ensemble averages and other
analyses were calculated using the succeeding 2000K

configurations of the simulation.

Eatential Surface. The potential energy surface for

the interaction of uracil and one water molecule using
Kollman solute-water potential functions 1is shown in
Figure IV.S;l In2 lowest enesrgy solute-water interaction
is found in the area between the U2 carbonyl oxygen and
the H1l imindo hydrogen atoms at an energy of =-6.98
Kkcal/mole, The region of the H3 hydrogen similarly
contains quite favorable solute-water interaction
energies between -4.93 and -5.98 kcal/mdle. The regions
surrounding oboth the carbonyl 02 and the carbonyl .Du
atoms contain interaction energies between -2.98 ani
-3.98 kcal/mole. Finally, the apolar methylene ragion
minimum solute-water energies fall between -.98 and -2.98

kcal/mole.

Converqence and Ihermodynamic Hesults. 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 1last 1000k of thez simulation reaching a final
value of -2131.1 +/- 5.6 kcal/aole. The vacuum to water
solute transfer energy is -~il.2 kcal/mole.. The heat

capacity reaches a final value 0of 18.4 cal/mole-K.

Figures IV.5.4 thru IV.5.9 and IV.5.12 thru IV.5.17
c¢ontain distribution function plots for the
gquasicomponents of coordination number and average first
shell pair energies for tha imino, carponyl and methine

functional groups.

Structural HBesults. ithe first shell coordination

numbers for uracil in this simulation are 1listed in the
column labeled <K> in Tabl2 IV.6 and are displayed on tha
molecular diagram in Figure IV.5.3. IThe ring nitrogens
of wuracil are unhydrated due to their 1low solvent
accessibility. The imino hydrogens, H1l and H3, are fully
hydrated. Ihe d1 hydrogen has the highest coordination
number in the molecule and contains 3.32 waters in a
first shell of radius 3.8 Angstfoms. 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 mdolecule. Ihe H3 hydrogen
contains abpout one 1less (2.57) water in the first

coordination shell. Tne low water density of .93 is
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nonetheless the second nighest in the molecular

coordination shell. Ine carbonyl oxygens (02 and O4)
also turn out to be significantly hydrated by 2.22 waters

(02) and 3.09 waters (J4).

The united atoms (C5HS and C6H6) have tpe‘extended
first shell characteristic of apolar atoas (both radial
cutoffs are 4.6 Angstroms). On the average, these ring
fragments have 3.08 (C5HS) and 3.29 (lé6il6) waters in
their coordination shells. The coordination shell water
densities for CSH5 and CS5H6 are .91 and .92 respectively,
demonstrating that, in thi; simulatioh, there is only a
small difference between the first shell structural
hydration character of polar and apolar riﬁg

substituentse.

Ihe QCDF of coordination number for uracil in this
simulation is displayed in Figure IV.5.10.
contributions range froam 1% tD> 243 the most common values
are 19 and 20 The average first shell coordination namber

is 18.76 './- 070.

Ensraetic Results. Ihe first shell average pair

energies collected for thz watzars of the first hydration
shell of each atom of uracil are displayed on the
molecular diagram of Figure IV.5.11. The values in this
table are taken from the column labeled <SLTPE> in Table
IV.6. The H3 imino hydrogen 1is assigned relatively

strongly bouna waters at average pair energiss of -1.299
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kcal/mole resulting in a total solute binding energy
contribution of -3.341 kcal/aole. The waters assigned to
the H1 hydrogen are bound less strongly at an averags of
-.664 kcal/mole. Ihe apolar aethine united atoms posass
the waters with thes most positive average pair energies

 (-+394 kcal/mole for CSH5 and -.5i5 kcal/mole for C6H6) .

The gquasicomponent distribution function of sdlute
binding energy for uracil 1is shown in Figure 1IV.5.18.
The values range from -30 tO <-10 kcal/mole with the most
significant contributions occurring in the =23 to ~-17
kcal/mole rangee. The average solute boinding energy is
-20.9 +/- 1.0 kcal/mole. The average water-water pair
energies in the C6H6 region arz the lowest of any resgion

of the molecule at -3.204 kcal/mole.s
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Eiqure IV.5.1 - isoenergy contour surface for uracil

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

X axis - X axis of plane defined by molecular ring

atoms (Angstroms).

Y axig - Y axis of plane dJdefined by molecular ring

atoms (Angstroms).

Contours - isoesnergy contours with one Kkcal/mole
increments with alphabetical labels referring to contour

enerqgy values in list at right.
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Eigure IV.5.2 - control functions for Monte Carlo

simulation of uraéil and 215 waters (Kollman solute-water

potential functions).

X axis - number of configurations.
Left ¥ axis - mean total energy (kcal/mole).

Riaht X axis. - c¢onstant volume heat capacity

(cal/mole~-degree).
Upper curve - constant volume heat capacity.

Bottom curve without crosshatcnes - average total

enerqy for entire simulation.

Pottom curve with crosshatches - average total energy

for preceeding 50K configurations.
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URACIL IN WATER AT 298K —~ FORCE BIAS AND KOLIMAN POTENTIAL FURCTIONS
FIRST SHRLL SCLATR PROPERTIES

LAST QONFIGURATION: 28000881
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Table IV.6 Calculated structural and energetic gquantities
and 215 waters at 298

from Monte Carlo simulation of uracil
K - Kollman solute-water potential functions.
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Iabple IV.6 Calculated structural anc energetic quantities
11om Monte Carlo sisulation of uracil and 215 waters at 296

'K - Kollman solute-water potential functions.
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fiqure IV.5.3 First shell coOrdination NUADEIS for the
atoss of uracil - Kollaan solute-vater potential function
sikulatione.

2228

5CALE FACTOR
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Eigures IV.3.4 throujh IV.5.180 - calculated
quasicomponent distribution function of first shell

coordination number for uracil and functional groups

(Kollman potentials) .

X axis - coordination nuaoer.

I axlis - guasicomponent of coordination number.
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tiqure IV.5.9 Calculated JCUF of (irst shell coordination
nusbar for (CH)6 functional qroup of wuracil - Kollsaan
solute-water potential tunctlon sisulation.
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Fiqure IV.5.11 averade £irst shell solute-watsr pair
eneraies of watars assiqned to the atoms of uracil - Kollaasn
solute-vater potential function sisulation.
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figure IV.5.12 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 Y axis - quasicomponent of pair energy.

kight ¥ axis - running coordination number.
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..wn:n. IV.5.12 Calculated (CDF . of soluta-vater palr
enerqies of vaters of tne (WH)1l functional group of uracil -
aollasn solute-vater potsntial function simulation. -
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tiqure IV.5.13 Calculsted QCOF of solute-vater pair
enei1qies of vaters of the (JJ)2 functional group of aracil -
Kollsan solute-water potantial function sisulation.
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tiqure "IV.S.18 Calculatad JCDFf of soluts-water pair
«nergles of waters of the (NH)3 functional group of uratil -
Kollaan solute-water potential function simulatione.
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Figure 1IV.5.15 Calculatsd QCDF of soluta-vatar pair
sheziies of vaters of the (CO)s functional group of urscil -
Koilsan solute-watar potential fuanction sisulation.
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Fiqure IV.5.16 Calculated UCDF of solute-water pair
ensraies of waters cf the (CA)S functional roup of uracil -

Kollsan solute-vater potential function siaulation.
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Figure IV.5.17 Calculated QCDF of -owcuou._in-.u pair
enerqgies of vaters of the (Ci)é functional group of uracil -
hollman soluts-water potential function simulation.
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Fiaure IV.5.18 - calculated guasicomponent

distribution function of binding energy for uracil

(Kellman potentials).

X axis - oinding energy (kcal/amole).

Y axis - quasicompaﬁent of binding enasrgye.
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tiqure [V.5.18 Calculated (CDf of total binding enelgy
tor uzacil « EKollsan - solute-vater potentisl ngo.n»o:

sim.lation.
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6. Yyracil with BYG Solute-Water Potentials

D e i m————— - s - -
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Computational Specifics. An agueous solution of

uracil and 215 waters was simulated usibg the Berendsen-
VanGunsteren solutaz-water potential functions and SPC
water-water potentials functions at 298 K. Face centered
cubic boundary conditions were used; the unit cell eldae
was 14.87 cubic Angstroms. . ‘Ihe cell edge was calculated
using a partial wmolar volune of 18.07 cc/mole for water
and an estimated 65 cc/mole for the uracil molecule. The
simulation wés performed witn an initial 690,000 movz
eguilibration segment wnich was discardei. A subsejuent
2,000,000 force-biased wmoves were saved and wused to

compute all ensembl2 averages ana perfors analysese.

Potential Surfaces. The potential energy surface for
the interaction of uracil and one water molecule using
BVG solute~water potentials is shown in Figure 1IV.6.1.
The minimum interactioan energy occurs near the H3 imino
hydrogen at =-6.39 kcal/mol=. Another minimum is found
betwezn the H1 imino hydrogen and 02 carbonyl oxygen
where the energy ranges between =4.,39 and -5.39
kcal/mole. Interaction energies fall between -2.39 ani
~3.39 kcal/mole in the vicinity »of the carbonyl oxygjens,
airectly in line with the carbonyl double bonds.
Finally, the H5 and H6 methine hydrogens each have n=2arty
minima with energies in the range -3.39 to -4,39
Kcal/mole. It is striking that the waters near methinsas
hydrogens interact at enerbies as favorable as waters in

the 22, 04 and Hl rzgions.




229

Convergence and Thermodynamic Resalts.  Control
functions for the simulation of uracil and 215 waters are
shown 1in Figure 1IV.6.2. Thermodynamic quantities
calculated for tnis simulation are 1listed in Table IV.1l.
The mean enerqy 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 18.5 cal/mole~-K and a vacuum to water
transfer energy for wuracil of =-22.7 kcal/mole 1is
calculated. araphs of the juasicomponents 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 1IV.6.8 eand
IV.6.12 thru IV.6.17. Figur2s IV.6.9 and IV.6.18 contain
graphs of the guasicomponents 2f molecular coordination

number and binding esnergy for this simulation.

Structural Results. The molecular diagram of Figure
IV.6.3 displays the ffrst sn21ll coordinates numbers found
for uracil in this simulation; these numbers are obtained
from the <K> colamn of Tapl2 IV.7. The imino hydrogens
are seen to have well populatea first shells. The hl
hydrogen has 3.51 waters within a 3.8 A cutoff. Ihe
first shell of the H3 atom is somewhat 1less populated
with 2.2 waters in a 3.2 A shell. Ihe polar. carbonyl
oxygens have similar first shell cutoffs (02: 3.6 A304:

3.8 A) but differ by nearly one and one half waters in
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first shell population (J2: 293; Du: 4,34). This

difference is paralleled by a roughly proportional
difference in first shell volumes (02: 89.09 cubic A; J4:

114.53).

Ihe methine (CH)5 and (CH) 6 united atom ring fragments
have similar structural ﬁydratién chaiacteristics; Both
first hydration shells have the same extended radial
cutoff value (4.6 Angstroms). In addition both havz the
high first shell populations ((CH)5: 3.13; (CH)6: 3.U47)
and low first shell densities ((CH)S: 0.97;(CH)6: 0.93)

often found in the hydration of apolar hydrogens.

Ine guasicomponent distripution function of
coordination number for wuracil in this simulation is
found in Figure IV.6.10. The coordination numbers ranges
from 16 to 26 and the greatest contributions are from
coordination numbesrs of 21 and 22. 1Ihe average molecular

coordination number is 21.00 +/- 0.54.

Energetic esu . First shell pair energies for
waters assigned to the atoms of the uracil in this
simulation are displayed in the wmolecular diagram of
Figure IV.6.11; these values are obtained from the first
shell <SLTPE> column of Table IV.7. The waters of the H3
imino hydrogen are the most strongly bound to the solute
at an average =-2.432 kcal/mole. These waters contribuate
the most to the total solute binding energy (-5.34B

kcal/mole) . The waters of the H1 imino hydrogen are
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considerably less favorably bound at an average =-.770

kcal/mole eache.

Ihe waters of the methine ring fragments are
moderatély strongly bound compared with other waters.
For }ns;ance. the waters of the Od4 carbonyl oxygen bind
at an average -.563 kcal/mole whereas the waters of (CH)S
bind at -.683 kKcal/mole eacn and the waters of (CH)6 biﬁd

at ~-.781 kcal/mole each.

The quasicomponent distribution function of first
shell pair 2nerqgy for uracil in this siaulation is snown
in Figure IV.6.18. Energi2s range from -38 to -17
kcal/mole with significant contriputions in the range -31
to -25 kcal/mdole. The average solute binding energy is

~27.0 +/~- 0.5 kcal/mole.
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Eigure IV.6.1 -~ isoenergy contour surface for uracil

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

X axig - X axis of plane' defineld by molecular fing

atoms (Angstroms).

Y axis - Y axis of plana defined by molecular ring

atoms (Angstroms).

Contours - isoenergy contours with one Kcal/mole
increments with alphabetical labels refe2rring to contour

energy values in list at right.
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URACIL-HATER BYG 2

LIMITS: -6.0 6.0 -6.0 6.0
o.ml [} B | ] | ] |

- tigure IV.6.1 lsoeneray contour surface for uracil and‘-
Oli water using BVG solute - water potential functions.
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Figure IV.6.2 - contrdl functions for Monte Carlo

simulation of uracil and 215 waters (BYG solute-water

potential functions).

X axis ~ nuaber of configurations.
Left ¥ axis ~ mean total energy (kcal/mole).

Right Y axjis. - ~constant volumz heat capacity

(cal/mole-degree) .
Uppel curve - constant volume neat capacity.

Bottom curve without crasshatches - average total

energy tor entire simulation.

bottow curve with crosshatches - average total energy

for preceeding SO0K configurations.
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LAST CONFIGURATION: 2000001

INEX TYPR
1 3 17 cH € 4.6 197.34
2 18 1T C4 S 4.6 181,15

AVERAGES OVER FRCTIONAL G =O= 1 104.25
GINTISTICAL UNCERTADIFY (+/- 208D)

NUIIE GROP
3 12 0 w1 3.6 1464
4 2 19 8n 1 3.8 151.72
TOTALS FOR FUNCTIOMAL GROP >NH @ 116.36
S 6 3 x 3 3.8 15.57
6 7 1 § 13 3.2 e&m
TOPALS FOR FORCTIONAL GROUP 23 1 78.28

AVERAGES OVER MACTIONAL G >N @ 97.32

SINTISTICAL UNCERTAINTY (4/- 2°6D)s
CARBOMIL, GROIP
7 4 18 2 4.2 19.73

C
e 5 3 o 2 3.6 '89.0%

TOIALS FOR PUNCTIONAL GROIP O=O 1 198,85
s & 18 C 4 42 1921
¥ % 3 o 4 3.8 114.93

TOTALS FOR FONCTIONAL GROOP O=0 3 133,74

AVERAGES OVER FURCTIONAL G O=0 3 121.29
GINTISTICAL BACERTAINIY (+/- 2°8D):

MOLBCULAR SUN/AVERAGE:
SIATISTICAL MCERIRINIY (+/- 2%HD):

3.47 0.7
3.1 0.9

3.38 0.55

8.15 0.8

.21 .83
3.511.m3
3.72 0.9
§.28 9.53
2,20 1.85
2.47 9.95

3,14 8,95

9.15 0.85

9.44 0,66
2.93 0.98
3,36 0.92
.50 .78
4.34 1.13
4.84 1,08

4.10 1.81
0.17 0.84

$45.7 21.08 0.97

8.54 0.03

-2 -1.,
-2 .l‘l‘

~2.425
g.138

-4.189
~2.706
-2.893
-5.298
-5,348
-5,.647

-4.211
9.207

-2.931
'3-2“
-$.64)
-2.443
-3-“5

-3 . 17‘
0.185

-19.742
8.728

NS W & KAV EUBD <G

-5.781
-4.603

~$.732
9.063

-5.898
-8.770
-2.TN
=1.082
-2.432
-2-2'2

~1.539
'.us

-5.769
-1.841
-4.911
’1 . 21,
.56
-$.637

-4.604
0.062

-5.949
9.043

ToTEATIAL FONCTIOND

TOTAL BLY PROPS  WATER

26.39
23,26

24.83
s.0

1.26
35.65
40.91

1.32
3s.21
37.53

39.22
.02

1.57
36.57
30.14

1.5
47.2%
48.76

42.45
a2

215.09
0.05

"3.53'
-2.718

-3.120
'.m

4.317
-3.7’1
-4,11%
~§,.386
.1|153
.1u53’

-5.827
0.232

-5.3688
-4.59
-4.978
~4.693
"3019'
-4.493

-4.736
.179

~27.365
§.658

PROPERTIES
RPSW=3.38 RCB= 7.75 A
x <GB <KD ANNWPD  GEWND

4.36
4.40

4.38
0.02

4.29
4.37
4.37
‘-21
4.39
4.2

4.38
.

‘-25
4.30
‘.3.
4.22
4.0
4.42

4.36
.0

+3
.0

-3.30
'3.365

.3 .3“
8.549

'3.‘11
-3.359
-3,360
-3.409
-3.367
~3.368

~3.36d
.02

=3.382
0.924

- Iable 1IV.7 Calculated structural ana energetic huanfities
fron Monte Carlo simulation of uracil
K - BVG solute~water potential functions.

and 215 waters at 298

-”.2“
'2..‘71

-20.36%
0.163

-20,351
-28.354
~26.354
«~20.254
~29.475
-29 .“1

~29.411
.13

"”. 332
=-2.284
-28,206
-19,91%
-29,571
-28.551

=20.419
9.124

-28.408
2.079
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fiqure IV.6.3 '!‘unt shell coordination nusbers for the
atoas of uracil - BVG saluteu-water potential function
sisulation.

) 293

a9
H

SCALE FACTOR = 2.
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-Eiqures IV.6.4 througn IV.6.10 - calculated

gquasicomponent distribution function of first shell
cooriination numoer for uracil and functional groups (BVG

potentials).

X axls - coordination number.

Y axis - quasicomponent of coordination number.
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Filqure IV.6.4 Calculated JCLF of first shell cooidination
nusber for (NH)1 functional qroup of uracil - B8VG solute-
water potentia)l function sisaslation.
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7 Fiqure IV.6.5 Calculated JCOF of first shell coordinatioa
.nhusber for {CO)2 1iunctional qroup of uracil - BVG solute-
vater potential function sisulation.
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- Eigure IV.6.6 Calculated JCOF of first shell coordinatioa
nusber for (NH)3 functional group of uracil - BYG soluts-
water potential function simsulation.
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Fiqure 1IV.6.7 Calculated JCDF of £1rst shell coordination
nusber for (CO)8 functional qroup of uracil - BVG solute-
water potential function sisulation.
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fiqure IV.b.1l1l Average first snell solute-watar pair
eneraies of waters assianed to the atoas of uracil - B8VG
solute-water potential function sisulation.
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Eigure IVe6.32 through IVeHel?T - calculated

guasicomponent distribution function of average first
shell pair enerqy for functicnal qroups of wuracil (BVS

potentials) .

X axis - pair energy (kcal/mole).
Left Y axis - gquasicomponent of palr energy.

Fight Y axis - running coordination number.
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Eigure IV.b.12 Calculatad (QCDF of solute-watar pair
enuiaies of waters of the (Nd)l functional group of uncu -
6VG solute~wvater potential functiadn sisulation.
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Fiqure 1IV.6.13 Calculatad (COF of sclute-vater pair
Shwidies of Jaters of the (J0)2 functional group of uracili -
oVG solute-Jater potantial fanction simulation.
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kloure IV.s.14 Calculated QCDF of solute-vater pairl
enerqaies of waters of the (NH)3 functicnal group of uracil -

aVvVG solute~-wvater potential function simulation.
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Figure IV.6.15 Calculated QCOLEF of solute-watsr [aAr
«nher3ies of vaters of the (CI)é functional group of =u-n»w -
bVG solute-<ater potential function sisulation. .
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flquzre IV.6.16 Calculated QCOF of sclute-vater pair
eneralius of wvaters of the (Ci)S functional aroup of uracil =
BV soluterwvater potential function simsulation,
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Figqure IV.0.17 Calculated (QCDOF of solute~water pair
enezaies of vaters of the (24)6 functional group of uncu -
BYVL solute~vater potential function sisulation. ’
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Eigure IV.6.16 - calculated '‘quasicomponent distribution

function of binding energy for uracil (BVG potentials).

% axis - pinding energy (xcal/mole).

Y axis - guasicomponent of binding energy.




254

tiqure IV.6.18 Calculated QCDF of total "lbl.nung sharcy
1OL uracil = 3vG solute-wvater potesntial function simulstion.
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2. ¢ = e
cytosine with Slemgntd Solute-Water Potentials
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annntiglgngl Specifics. An aguedus solution of

cytosine and 215 waters was simulated using Clementi
solute~water potential fanctions and MCY-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/mdle for:
cytosine and 18,07 cc/mole for water, were used. An
initial eguilibration period of 600,000 moves was
discarded; a subsejuent 2,000,000 step production period
was used in the formation of ensemblg averages and for

all subseguent analysis.

Potential Surface. In=2 contour surface for the

potential enerqy of the intaraction of cytosine anl3 one
water molecule 1is shown in FfFigure IV.7.1. The global
minimum is found next to tne imino Hl hydrogen at an
energy of -12.92 kcal/mol=. The next deepest minima are
proximal to the amino hnydrogens, H4* and Hu'*, at
energies petween -8.92 and -9.%92 Kkcal/mole. The 02
carbonyl oxygen is surrounded by 3 region containing

minimum interactions between -7.92 and -8.92 kcal/mole

The area near the methine hydrogen H6 is also under
the influence of the neardby imindo hydrogen and contains
rather favorable interactions in the range -7.92 and
-8.92 Kkcal/mOle. The ragion of the other methine
hydrogen, H5, does nat contain such favorable

interactions; energies here range betwezn -5.92 and -6.92
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Kcal/mole. Finally, the rejion adjacent to the bare ring

nitrogen, N3, contains the lz2ast favorable interactions

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

Copyexasnce and Ihermpdynasic Results. The control

" functions for the aqueous cytosiﬂe simulation are given
in Figure IV.7.1 ani the calculated thermodynamic
quantities are given in Table 1IV.l. Examination of the
contrasl functions reveal that the mean total binding
enerqgy is restricted to witnin about 3 kcal/mole of -1980
kcal/mole for th= final 500 R mdoves of the simulation and
attains a final value of -1982.2 +/- 6.2 kcal/mole after
2000 K. A final heat capacity value of 19.1 cal/mole-K
is obtained. Ihe calculatad vacuum to water transfer

energy is -127.4 kcal/mole.

Fiqures IV.7.4 thru IV.7.9 and 1IV.7.12 thru IV.7.17
contain distribution functions for the guasicomponents of
coordination number and average first snell pair energies
for the 1imino, amind, caroonyl and methine functional
groups and bare ring nitrogean of cytosine. Figure IV.7.4
and IV.7.18 contain the guasicomponant distribution
function of first shell coordination number and binding

energy 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, Hl, significantly

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

water) reflecting strong solute-water associations and
concentrated first shells. The amino hydrogens have
tight first shells (2.4 and 2.2 Angstroms for H4' and
H4°*' respectively) each containing about one water (Hud?®:
. 1.07 waters; H4'*: .83). . Ihe carbonyl 02 oxygen and the
N3 ring nitrogen are both significantly hydrated. Ihe
carbonyl oxygen contains 3.48 waters in a somewhat
diffuse first shell (of den;ity «92 x Dbulk water) more
typical of apolar hydration than of polar hydration. The
first shell population of the pare ring nitrogen N3 is
2.07. This atom has a larger degree 0of access to solvent
tnan other ring atoms and conseguently makes the largest
contribution to ring constituent / pi cloud nhydration in

cytosinee.

finally, the methine H5 and H6 hydrogens are both
fully hydrated (2.46 and 3.77 waters respectively). IThe
first shell solvent densiti=zs are lower than (H5: .90) or
equal to (H6: 1.01) water bulk density; these results are

characteristic of apolar hydration.

Ine qu?sicompanent distribution function of
coordination number for cytosine is shown 1in Figure
1V.7.10. The values range from 16 to 233 the maximumm
contribution is from a coordination number of 19. Ihe
average coordination number f£5r cytosine is 18.83 +/-

«31.

oy L A A—— - PR
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Energetic Results. Tha average first shell solute-

water pair energies of the waters assigned to the atoms
of cytosine are displayed on the molecular diagram of
Fiqure IV.7.11. The waters of thg Hllinino hydrogen are
the most strongly bound of the cytosine _hydration shell
at.an average of -6.215 kéal/nole. The soiuté binding
enerqy contribution of these waters 1is also the greatest
overall at -17.170 Kkcal/mdlee. Average pair energies for
the waters of the imino hydrogens are nearly as favorable

(H4*= -6.055 kcal/mole; du**= ~-5.688 kcal/mole).

Rather low average pair energies arz seen with the
waters assigned to the methine hnydrogens (HS5= <-1.619
kcal/mole; Hb6= -2.,417 kcal/adle). Thus, the relatively
weak solute-water pair 2nergies indicative of apoler

hydration are found here.

The quasicomponent distribution function of solute-
water binding enerqy for cytosine 1is displayed in Figure
Iv.7.18. Tne values range from -126 to =93 kcal/mole;
the most significant contriputions arise between -116 and
=105 Kcal/mole. Ihe average solute binding energy for

cytosine is -108.1 +/- 1.4 Kcal/mdle.
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Figure IV.7.1 - isoenergy contour surface for cytosine

and one water {Clementi solute-water potential

functions).

X axis - X axis of plane defined by molecular ring

atoms {(Angstroms).

Y axis - ¥ axis of plane defined by molecular ring

atoms (Angstroms).

Contouyrs - isoenergy contours with one Kcal/mole
increments with alphabetical labels referring to contdur

energy values in list at rigat.
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fiagure 1I¥.2.2 - control functions for Monte <Carlo

simulation of cytosine and 215 waters (Clementl solute-

water potentlial functions).

X axis - number of configurations.
Left Y axis ~ mean total en=2rgy (kcal/mole).

Riaht Y axis. - constant volume heat capacity

(cal/mole-degree).
Upper cyurve - constant voluae heat capacity.

Bottom curve without :rosshatcggg' - average total

enerqy for entire simulatione.

Eottom curve with crosshatches - average total eneray

for preceeding 50K configuratiosns.
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CYTOSINE IN WATER AT 298K - FORCE BIAS AND CLEMENTI TPEENTIAL FodcTions

LAST CONFIGLRATION: 2000861

INDEX TYPE RS W3 & GN\» Emd LD
METWYLEE (DISURST. ’

1 6 24 cY 4.0 18,64 0.350.5 -0.458 -1.39
STATISTICAL (RCERTRINTY (+/- 2%8D): .04 097 0.882 0244
METHYLENE {(MOWOSUB.)

7 3 ¢§ 4.2 17,72 0.9 8,66 -9.082 -4.211

3 11 16 B8S 3.8 81.86 2.46 0.9 -3.986 -1.619
TOTALS FOR FUNCTIONAL *CH-¢ 99.58 2.85 .86 —4.968 -1,427

4 8 23 cé 3.8 15,79 0.2 0.46 -8.179 -9.732

S 12 16§ 86 4.0 111.21 3.771.80 -5.878 -2.497
TOTALS POR FIRCTIONAL GROUP =CH- 1 127.08 4.82 0.95 -3.257 -2.385
AVERAGES OVER FUNCTIONAL GRP =CH- 1 113,29 3.43 0,91 -6.663 -1.866
STATISTICAL INCERTAINEY (+/- 2*80)a 0.890.02 5,24 0879
AMIDE GO

¢ 2 B i 3.4 13.46 $.801.9 -2.63 -~2.971

7 33 1 Hi 3.2 69,32 2.76 1,37 -11.179 -6.215
TOTALS FPOR PUNCTIONAL GROUP >N 1 73,77 3.65 1.48 =19.793 -5.429
BYRTISTICAL (NCESTAINTY (4/- 2%8D): 2.040.05 1118 §.34
ANINE GROUP

¢ ¢ 11 nuy 3.8 12.30 5.1 0.7 -5.893 -~9.834%

s 9 1 HY” 2.4 3288 1.671.08 -6.072 -5.688

s 18 3 8m¥ 2.2 23,9 0.31.M4 5050 6,855
TOPALS FOR FACTIONAL GROUP ~MH2 3 68,28 2.01 8.88 -11,216 ~5.578
SINTISTICM, (BCERTAINTY {+/- 2*ED)) 0. 10 0.4 5.852 9.4

TOTAL Sf PROPE  WATER PROPERTIES

Wei=3.30 ICB= 7.73 A

¢
> <gLreR> 40> CAAPE> GRNT>
1,29 -5.94 4.6 -2.713 -18.614
s.00 f.158 817 0220 5.0
1,11 6,261  4.65 ' -2.9¢4 -19.080
19.65 -7.937 4.24 -3.089 ~17.540
20,75 -8.198 4.26 -31.885 -17.652
.94 -6.328 4,96 -2.999 -21.8M4
36.59 -16.258 4.22 =348 ~17.466
37.53 -16.585 4.23 -3.881 -17.542
29.14 -12.392 4.25 ~-3.083 -11.597
a.01 6.309 882 0.836 5.122
1061 -3.1’1 ‘02, "’3.'” -u.m
31-3' -25052, ‘.2‘ .2097. .11.61‘
32.97 -28,726 4.25 -2,976 -17.6M
.81 8.951 0.03 0.548 8.164
8.85 -4.451 4.47 -2,881 -17.61)
N 77 -15' e 4.2% -3 .'.' =17 I“S
.30 -11,565 4.19 31851 -17.486
68.91 -277.846 4.22 -39 -17.48)
8.02 .63 .02 9.0 0.112

Table IV.8 Calculated structural and energetic guantities
froe Monte Carlo simulation of
298 K - Clesenti solute-water potential functionms.

cytosine and 215

waters at

79



11 3 12 NA 4.8 358,98 2.57 1.22 -4.582
BIMTISTICAL UNCESOTAINTY (+/- 2%6D): 8.100.86 8.3
CARBONYL, GROUP

12 1 2 o072 3.0 112.58 1.48 9.92 -18.374

13 5 .2 Cca 3.8 16.77 sdd 01 .99
TOTALS FOR FUNCTIONAL GROUP O=0 : 129,35 3.88 0.99 -11,313
STAYISTICAL URCERTAINTY (+/- 2%8D)1 .14 0.03 0.6
MOLECULAR SUM/AVERAGE: 567.6 16.83 0.99 -68.619
STATISTICAL, DNCERTAINTY (+/- 2%8D)3 9.31 0.82 1.587

-2.178
.ll‘?

-2.982
-2.393
-2.921

8.164

=3.228
9.882

‘6.38
1.24
47.62
8.0l

215.80
0.93

6.3
8.49

-19.983
-1.235
-21,218
§.584

-189.033
1.424

4.25
sm

4.18
4.28
4.18
8.02

4.3
9.51

1

-3.029
-3.928
-31.3

0.041

3.9
0.819

Iable IV.38 Calculated structural and energetic guantities

cytosine and 215
258 K - Clementl solute-water potential functions.

froas Monte Carlo sisulation of

waters at

=17.851
.37

~17.314
«17.956
-17. 33.

.13

=31.588
9.863

q9?
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tigure IV.7.3) First shell coordination numbers for the
atoms of cytosine - Claseanti solute-water potential
functions. ’
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8 Figuze IV.7.5 Calculated JCDF of first shell coordination
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Fiqure IV.7.6 Calculated JCUF of fiist snen coordination
nusber for H3 rinq nitrogen

of cvtosine - Cleaentl sqlute-water potenull funciions.
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kiqure 1V.7.7 Calculated JCUF of first shell coordinstion
nusber for -NH2 functional group of cytosine - Clesenti
solute-watar potantial functions.
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€lqure IV.7.8 Calculated JCDF of first shell coordination
nusber for (CH)5 functional group of cytosipe - Clesenti
solute-vater potential functions.
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riqure iv.7.10 Calculated
coordination nuabes for cytosine
potential functions.
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Fiqure IY¥.7.11 Averace first shell solute-watsr paar
enerqlies of vaters assigned to the atoms of cytosine -
Clesenti solute-watur potential function sisuviation.

e ™~
] I
5 |
p =4
»
[ ]
.8
wn
[} W
= =
A & N
q! N -
\ Y
= =

H\"

g >
3 I
] G

nNo
b
o
™~
13




275

Eiqure IV.7.12 Calculated GCOF of solute-water pair
sneryies of waters of the (iNH)1 functional group of cytosine
~ Ciementi solutsa-wvater potantial functions.
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fiqure IV.7.13 Calculatad yCDF of solute-water pair
enerqies of weters of the (CJ)2 functional group of cytosine

= Clementi solute-water potential functions.
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Eigqure IV.7.1% Calculatad yCDF of solute-water bm
eneirqies of wvaters of the N3 rinq nitrogen .
of cytosins - Clesenti sdlute-water potential functions.
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fiqure 1IV.2.15 Calculated UuCDF of solute-vater pair
snerqgies ol waters ¢f tha =NH2 functional group of cytosins
- Clementi soluts-vater potential functions.
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Tiwure IV.7.16 Calculated QCDF of solute-wvater pair
enerdie«s of vuters of the (CH)5 functional group of cytosina
= Clessnti solute-water potential functions.
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ticure IVe7.17 Calculated CDF of soluta~watar pair
snexqies of waters of the (Cr)é functional group of cytosine
« Clesenti soluts-watsr potential functions.
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Eiaure IV.7.18 - ° calculated guasicomponent
distribution function of binding energy for cytosine

(Clementi potentials).

X axis - binding energy (kcal/mole).

Y axls - gquasicosmponent of binding energy.
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fiqure 1IV.7.18 Calculatai QCOF of total binding snergy
for cytosine - Clemunti solute-water potential functions.
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8. Bdenine with Clementl Solute-uater Potentials
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Compytational Specifics. A solution of adesnine and

215 waters was simulated using Clementi solute-water
potential functions and MCY-CI water-water potential
functions at 298 K. Siiple cubic boundary conditions
were ‘used with a unit cell edge 1length of 18.75
Angstroms. ‘These dimensions were determined using a
partial molar volume of 85 c¢ct/mole for adenine and 18.07
cc/mole for water. The initial 600,000 steps of Monte
Carlo simulation were discarded as an eguilibration
period. Ensemble averages anj othar analyses wera
performed using the succeeding 2000K configurations of

the simulation.

Eotential Surface. The potential surface for the
interaction of adenine and one water molecule is shown in
figure IV.8.1. Ihe global ainimum is found near the H9
imino nitrogen at -10.24 kcal/mole. Another deep minimum
occurs near tne H2'' amind nydroasn at an energy som2what
lower than -8.24 kcal/modle; IThe other amino nitrogen,
H2', has a shallower minimun lying oetween -6.24 ani
-8.24 kcal/mole. Potential =nzrgies in the rsgion of the
bare ring nitrogens, N1, N3 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. The
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/molz
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rangee.

Convergence and Ihermpodynamjc Results. The control

functions for the adenine simulation are given in Figure
IV.8.2. and the calculated thermodynamic guantities are
given in Table 1IV.l. The total binding energy remains
within about 5 kcal/mole of -2010 kcal/mole for the last
500K of the simulation. The mean total binding eneragy
after 2000 K moves is =-2001.2 +/- 11.9 kcal/mole; the
heat capacity reaches a final value ot 25.5 cal/mole-K.
The vacuum to water transfer s2nergy is calculated to te

-141.4 kcal/mole.

Figures 1IV.8.4 through IV;B.lo and 1IV.8.13 thru
IV.8.19 contain distribution functions for the
quasicomponents of coordination number and first shell
pair energy for the aaino, imino abd methine functional
groups and base ring nitrogen atoms of adenine. Figures
IV.8.11 and 1IV.8.20 contain the gquasicomponents of
coordination number and binding energy for the adz2nine

molecule.

Structural gesults. The atomic first shell

coordination numbers for adenine are displayed on the
molecular diagram of Figure IV.B8.3. The imino H9 atom
has a fully populated first shell (3.61 waters) limited
by a 3.4 Angstroa cutoff and is thus similar to the imino
nydrogens 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 atoa. Ihe amino hydrogens,
H6' and H6'' each have very small first shell cutoffs of
2.2 Angstroas. The first snell of H6*' contains .81

waters while the first shell of H6'* contains .90 waters.

Ihe base 'ring nitrogens have significéﬁt first shell
populations. The atom N1 is assigned 2.21 waters, N3 is
assigned 1.14 waters and N7 1is assigned 1.91 waterse.
These relatively apolar ring atoams have both in plan2 and
out of plane access to solvent but do not have the degree

of solvent exposure of a ring substituent.

The methine hydrogens, HZ2 and Hs8, are assigned
identical 3.6 Angstrom cutoffs resulting in first shell
populations of 3.81 and 3.35 waters raspectively. The
first shell solvent densities are somewhat above bulk
water (.12 and 1.03 times bulk water density,

respectively).

Ihe guasicomponent distribution function of
coordination number for adenine 1is displayed in Figure
IV.8.11. The contributions £3l1ll1 in the range 17 to 24u4;
the most common coordination nuaber is 21. Ine avsrage

first shell coordination number is 20.40 +/- .32.

tnergetic Resuylts. Average first shell pair energies

for the waters assigned to each of the atoms of adenine

are shown on the aolecular diagram of Figure 1IV.8.12.

——3 2 e o mm—— - - .
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The waters of the amino hydrogens H6®* and H6'' interact

most favorably with adenine (H6** :{SLTPE>=-5.662
kcal/mole; H6':{SLIPE>=-5.026 Kkcal/mole). The waters
assigned to the 1min5 H? atom associate nearly as
favorably with the solute at an average -4.792 kcal/mole
each. The large first sha21l population of H9, however,
results in the greatest total solute binding eneray
contribution of all waters in the adenine coordination
shell (<{SLIBE>=-17.298 kcal/mole). The waters of thz
methine hydrogens, H2 and Ha, interact relatively wzakly
with the solute {H2:<SLTPE>=-1.30u4
kcal/mole;HB8:<SLIPE>=-1.996 Kkcal/mole). These low
interaction energies are expected for apolar atoms. Ihe
average water-watar 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 atomse.
Average solute-water pair esnergies for the waters of the
apolar barea ring nitrogens, N1, N3 and N9, are comparable
to those of the methine waters (-1.855, -1.817 and -1.3C0

Kcal/mole respectivaly).

Ihe guasicomponent distripbution 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 encounterel; the most significant
contributions are in the -118 t5 -108 Kcal/mole range.

The average solute biniing energy is -118.9 +/- 1.6




Kcal/mole.
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Figure IV.8.1 ~ isoenergy contour surface for adanine
and ohe water (Clementi solute-water potential

functions).

XA axis - X axis of plan=2 defined by molecular ring

atoms (Angstroms).

Y axis - Y axis of plan2 defined by wmolecular rinjg

atoms (Angstroms).

Contpurs = 1isoesnergy c¢oantours with ona kcal/mdle
increments with alphabetical labels referring to contour

energy values in list at rignt.
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Eigure IV.8.2 - control functions for Monte Carld

simulation of adenine and 215 waters (Clementi solute-

water potential functions).

X 3xis - number of configurations.
Left X axis - mean tdotal energy (kcal/mole) .

Riaht Y axis. - constant volume heat capacity

S

(cal/mole-degree).
Upper g¢yrve - constant voluome heat capacity.

bottom curve without crosshatcnes - average total

enerqy for entire simulatiosn.

Bottom curve witn crasshatches - average total ehercoy

for preceeding 50K confiquratiosns.
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Eiqure IV.d.3 First shall coordination nuabers for the
AtOLS of adenine - Clsmenti solute-vater potential

functions.
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ADENINE IN WATER AT 298K - FORCE BIAS AND CLEMENTT FOTS.

LAST OONPIGURATION: 2000001

METHYLENE (DISUBST.)
1 6 24 ¢ 4.8 22,34
2 71T ¥ c 4.2 2.26
3 ¢ 38 1.2
AVERAGES OVER PUNCTIONAL GRP =C< : 20.28

4 9 5 ¢ 5.8 2.1
5 11 1 8 3.6 101.34
TOTALS FOR PUNCTIONAL GROUP =Oi- 1 121.67
6 18 25 C 3.8 15,17
7 13 1 8 1.6 9.75

TOTALS FOR PUNCTIONAL GROUP =CHi- 1 112.91

AVERAGES OVER PACTIONAL GRP =CH- : 117.29
STATISTICAL UNCERTAINTY (+/- 2*SD):

ANIIR QROIwP
8 4 15 N 4.8 15.57
9 12 16 W 4 B9
TOIALS FOR FUNCTIONAL >N o3 .54

8.35 0.4
0.47 0.6%
.38 .58

9.38 0.55
.03 0.4

8.55 #.81
3.el 1.12
4,3 1.7
0.1 .37
3.35 1.3
3,54 0.94

3.95 1.0
.10 8.83

#.62 1.19
.61 .37
4.2 1.4

-4.403
4.9
-4.548

-4.712
8.098

-2.914
-4.966
=5.548
-5.548
-6.654
-7.281

-6.571
. 834

-17.298
~19.618

PIRST SFLI, SOQLINE PROPERTIES

Wi O A0 GmD e

-1.142
-2.083
-3.091

-2.185
8.1

-1.772
~1,304
"1 .363
-2.76)
~1.996
-2.33

-1.698
8.067

~3.723
-4.792
~4.635

T0rL S PROPS  WATER PROPERYIRS
RPS=).38 BCB= 7.75 A

O EBD GO NN QBN

1,31 -4.628 4,15 -3.151 -18.1@7
147 -1.243 487 -3.869 -17.510
121 -1.233 4.2 =386 -17.383
133 -31.035 412 -3895 -17.687

.8 5.08% B8.806 0.)60 .008

1.3 -1.283  4.21 -3.197  =17.869
44.59 -16.2806 4.2% -34028 -17.958
45.89 -17.489 4.29 -3,03) -17.%48

1.28 9,888 4.9 -3.123 -17.3l4
41.51 -16.931 4.31 -2,966 -17.687
42.71 -17.828 438 2,910 -17.677
44,30 -17.654 4.3 3.8 . -17,812

4.0 0323 901 5.03% 817

1.46 -2.567 4,11

-3.083 - ~-17.886
38.73 -28.638 4.25 -307 -17.1713
40.19 <-31.285 4,24 -3, M7 -17.745

Table IV.9 Calculated structural and energetic guantities
from Monte Carlo simulation of adenine and 215 waters at 298
K - Clesenti solute-water potential functions.

111:74



ADENINE IN WATER AT 290K ~ PORCE BIAS AND CLEMENTT POTENTIAL FUNCTIONS

MINE GROP
i 5 11 nN 4 4.9
11 4 1 H 2.2 24.45
12 18 1 8 2.2 26.15
TOTALS POR PIRCTIONAL GROUP -NH2 5 64.90
STATISTICAL URCERTAINTY (+/- 2*8D):
SUBSTITUTED ININD GR
13 1 12 N 4.6 65.m2
4 2 12 N " 3.6 49,35
15 3 12 N 48 52.88

AVERAGES OVER PUNCTIONAL GRP =~ : 55.72
SENTISTICAL UNCERTAINTY (+/~ 2%8D)s

MOLACULAR SUM/AVENAGE: '
SECIETION, UNCERTAINEY (+/~ 248D):

8.18 9.37
8.81 8.9%

§.9% 1.3

1.89 .87

819 0.85

21 1.2
14 8.69
91 1.08

1.75 0.94
8.05 0.03

2.
1.
1.

622.0 20.49 0.98
832082

~4.471
~4.084
~5.078
~5.213

0.902

~-4.182
-2.064
~2.485

‘2.”‘
8.16%

~52.953
1.574

-5.359
-5.026
-5.m
-4.891

.39

~1.855

-1.417-

-1.388

-1,657
0.808

-2.596
8.064

4.73
24.4
L 35.24

T1.16
9.4
§.4

T.40
a.s

215.08
.

~$.244
-11.841
-16. e
-u.“s
8.623

-5.685
~5.165
-3.898

-4.914
| B Y.

-112 um
1.319

4.3
4.17
‘.n
‘.u
.02

4.22

. L2

4.15

4.2
8.03

‘125
0.0

=3.015
=3.851
-3.04
=3.048

3,089
=-3.188
=3.066

=3.088
.M

-3.432
8.022

Table IV.9 Calculated structural and energetic guantities
from Monte Carlo simulation of adepine and 215 waters at 298
K - Clementi solute-water potential functions.

~17.984
~17.529
~17.768
~17.669

-17.673
-17.825
~17.637

1172
8.3

=17.758
.10

X4
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figures IV.8.4 - through Iv.8.11 - calculated

guasicomponent distribution function of first shell

coordination number for adenine and functional groabs

(Clementi potentials).

X axisg - coordination number.

Y axis - quasicomponent of coordination nuamber.




1071 )

8.00

8.00

MOL FRA

4.
!

NIT 1
2.00

Fiquie IV.8.4 Calculated QCDF of first shell coordination
nusber for N1l ring nitroqen of adenine - Clesanti solute-
water potential functions.

0.00

0.00

1 J 1 ¥ -
00 200 300 400 5.00 8.00 7.0 a.00
ADENINE K

L6t



x107! )

¢.00

4.00

2.00

|

CH 2 MOL FAA

olm

8.00
1

Eiqure IV.8.5 Calculated JCUF of first shell cooxrdinstion
number for (CH)2 functional qroup of adenine - Clesent}
solute-water potential functions.

N ey S

e e——— |

8

3.00 §.00 3.00 B‘. 0D 7l- 00 Bl- ) Ol.on 1'0.00
ADENINE K

86t



- L Eeems

x1071 )

MOL FRR

%.00

NIT 3

8.00

a.00

2.00

o.m

bilqure IV.8.6 Calculated QCDF of first shell coordination
nunsber for N3 r1ing nitrogen
of adenine - Clementi solute-water potential functions.

— 1

LN I
.00 2,00 3.00 4.00 5.00 6.0D 7.00 a.00

ADENINE K

667



x1071)
4.00 .00

MOL FRR

E-UU “'m

-NH2

0.00

0.00

fiqure IV.8.

1 Calculated JCUF of first sheil coordination

nusber for -NHM2 functional qroup - of adenine - Cleseati
soluts-water potential functions.
L]
¥ T V ' N )
s.00 400 500 6.00 7.00

1.00

2.00

ADENINE K

00¢

T — ey~ ¢

[ S P

e Y



x10~! )

a.00

.MOL FAR
%.00 .

NIT 7
2.a0

0.00

ARDENINE K

4.00

-
Eiqure IV.8.0 Calculated QJCLF of Eirst shell coordination

nusber for N7 ring nitrogen of adenine - Clesenti solute-
water potential functions.

.{

-
¥ T 1 T T T T 1

0.00 1.00 2.00 3.00 4.00 3.00 8.00 7.00

Toe



o107} )
2.00 %00 4.00 8.00

(CH 8 MOL FRA

o'm

-

fiqure Iv.8.9 Calculated JCDF of first shell coordination
i ausber for (CH)8 {functional qroup of adenine - Cleaeaty

solute-uater potsntial fonctions. .
-1 _I—-
-
e ——
L] ] T Ly T ¥ T

2.00 3.00 4,00 5.00 8.00 7,00 ~ 8.0D 9.00

ADENINE K

‘ .
10.00

[4413



-

x10”1 )

8.00

NH} 8 MOL FRR

2.00
1

0.00

“.m

tlyute IVv.8.10 Calculated QCDF of first shell
coordination nusber for (NH)9.fumctional group of adenine -
Clesenti soluta-pater potential tunctions.

8

! J T T T -

] I
3.00 4.00 5.0D 8.00 1.0D .00 . 9.00 10.00

ADENINE K

€0¢€



107! )

|

8.00

4.00
L

2.00

RDENINE MOL FRR

Eiqure IV.8.11 Calculated QCOF of fEirst  shell
coordination nusber for adenine - Cleamentli solute-vater
potential functions. ’

17,00

[

T T T T T T T T
18.00 19.00 20.D0 21L.00 22,00 23.D0 2M.DO  25.D0
ADENINE K

hot



305

tigqure 1iV.8.12 Averace first shell solute-water pair
eneraies of vaters assioned to the atoas of adenine -
Csenenti solute«watar potential functions. -
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fiaure IV.8.13 thropuah IV.8.19 - calculated

guasicomponent distribution fanction of average first
shell pair enerqy for functional groups of adenine

(Clementi potentials)e.

X axis - pair energy (kcal/mole).
Left Y axis - guasicomponent of pair energy.

fight Y axis - running coordination number.

S T e —————— -
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Eiquze IV.8.13 Calculated CUF of solute-wvater Gsir
aneraies of waters of ine N1 ring nitrogen of adenine =
Clesentis solute=-vater potential functions.
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Fiqure IV.d.ls Calculated GCDF of _solute-water pair
enargies of waters of the (CH)2 tunctional group of adsnine
= Clemanti solute-watar potantial functions. .
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Fiqure IV.8.15 Calculated COF of solute-water g air
wnerqgies of vaters of the N3 ring nitrogen ]
of adanine - Clesenti soluta-~water potential functions.
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Fiqure nt.-.: Calculated uCDF of solute-water pair
enexqias of waters of the -NHM2 functional group of adenine -
Clesenti solute-vater potential functions.
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Flqure 1IV.8.17 Calculated QCOF of
energyies 0f wvatars of
Ciesenti solute~vater potential functions.

solute~vater pair
the N7 ring nitrogen of adenine =~
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Fiquze 1IV.8.18 Calculated yCUF of solute~water .pair
aneraies of wvaters of the (CH)S functional group of adenine
= Clesenti solute-water potential functions.
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fiqure IV.8.19 Calculated QCDF of uawsnrncrn-n paLE
enerqies of Jaters of the (NH)9 functional group of adenine

= Clesenti solute-water potential functions.
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‘tigure iv.8.20 - calculated guasicomponent

distribution function of binding energy for ad2nine

(Clementi potentials).

X axis - binding energy (Kcal/mole).

Y axis - quasicomponent of binding energye.
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Fiqure IV.8.20 Calculated GCDF of total bYinding energy
for adenina -~ Clemanti soluta-water potential functions.

8
_N
¢
g
R
|
g
3
. NY
Tmm
g2
2@
=
]
mc
o
LS
3
=
ull]
S
8
| T b i I ] ]
0 eh ao‘on 00 ce ﬁu.am 0C 91 oD°B 00°'0-
[ 010 | 3ANIN

04 4o4 3830 .




316

9. Guanine with Clementi Solute-kater Potentials

b —— - mmeers -
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Computational Specifics. hn agueous solution of

guanine and 215 waters was simulated using Cleaenti
solute-water potentials and the MCY-CI 'water-uater
potential function set at'298 K A unit cell of 18.75
Angstroms was used with simple cubic periodic boundary
conditions. An initial eguilibration period of 602,000
moves was discarded; a subsequent 2,000,000 move
production period was wused in the formation of ensemble

averages and as data for all analysis.

Potential Surfacs. The isoesneryy contour surfaces for

the interaction of guanine and ons water molecule, using
Clementi solute-water potential functions for their
calculation, is shown 1in Figure 1IV.9%.l. The globél
minimum lies betwezsn the Hl imino hydrogen and the H2
amino hydrogen at -13.66 kcal/mole. Another deep well is
found on the carvonyl side of this imino hydrogen between
-11.66 and -13.66 kcal/mole. IThe next most favorable
interaction regisn occurs on the side of the HY9 imino
hydrogen towards C4 and N3 at about ~-9.66 kcal/mole. Ihe
region near the second amine hydrogen, H2', 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. The
areas surrounding the bare ring nitrogens, N3 and N7,

have guanine -water interactions falling betwesn -3,66
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and -7.66 kcal/mole. F£inally, the region of the methine

H8 hydrogen 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 ZIhermpdynasic Results. The control

function for this simulation are shown in Figure IV.9.2;
the calculated thermodynamic gquantities are listed in
Table 1IV.l. The wmean energy remains around -1970
Kcal/mole for the last 800K of tné simulation and attains
a final value of -1972.4 +/- U.6 kcal/mole. The vacuunm
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 fhe guasicomponent of
coordination number for the imino, awmino, carbonyl,
methine and bare ring nitrogen functional groups of
guanine. Figures 1Iv.9.11 ang IV.9.20 contain the
guasicomponents of coordination namber and binding energy

for the gquanine molacule.

Structural gesults. The atomic first shell

coordination numbers, derived from the column labeled <K>
of Iable 10, are 3isplayed on the molecular diagram of
Figure IV.10.3. Ihe imind nitrogens, N1 and N3, ani the
N2 amino nitrogen, are sparsely hydrated due to low

solvent accessibility. Ihe imino hydrogen, H1l and HS,
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are both significantly hydrated (Hl: 2.77 waters; H9:

3.63 waters). The lower first shzll population of the hi
hydrogen is roughly 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 apout one water each (H2: .86 waters; H2°':

«97 'datets) .

First shell populations of the opase ring nitrogens N3
and N7 are significant as a result of the appreciabls
exposure of these unsubstituted atoms to Iin plane
solvatione. The N7 population (2.40 waters) is graafer
tnan the N3 population (1.64) despite the more extended
first shell radius of N3 (4.8 Angstroms vs. 4.0 Angstroms
for n7). The qreater first shell population for N7 is
proportional, however, to its gr=zater first shell vdluae
(6B.36 vs. 59.57) resulting from 1less crowding ¢ty
peripheral ring substituents at the N7 position of the

five membered imidazole ring.

IThe 06 carbonyl oxygen coﬁtains a first shell
population typical £for tais functional group (2.53
waters) at a density somewhat lower than bulk water
(93). The methines hydrogen, Hs, is hydrated by 3.22
waters at a higher than bulk water density (1.14); this

is a nhigh density for an apolar hydrogen.

Ihe gquasicomponent distribution of coordination number

for guanine is found in Figure IV.9.1l1. lhe coordination
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numbers range from 18 to 25 and the greatest contribution

arises from a cooriination 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
;ﬁown oﬁ the molecular diagram of Figure IV.§.12, derived
from the column labeled <SLIPE> of Table IV.10. Ihe
waters assigned to the H2*'* apd H2' amino hydrogens have
the lowést palr energies in th2 molecular hydration shell
at =-83.532 and -7.021 kcal/mole respectively. The waters
of the imino hydrogen H1, however, provide the greatest
overall contributioan to the solute binding energy
{(-15.534 kcal/mole; <SLIPE>=-4.276 Kcal/mole). The
waters of H9 als> contribute considerably (-13.122
kcal/mole; <SLTIPE>= -4.403 kcal/mole). Together, the
waters of Hl and H9 provide about on2 quarter of the
total solute binding =2nergy of -120 kcal/mole. Water-
water interactions in the extended hydration shell of the
hydrogen Hl1 are the wmost dastabilized (-2.948 Kcal/mole)
of all the waters (average water-water pair en=rgy=
-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 22, are also moderately favorably

bound (<SLIPE>= -3.251 kcal/nole).

IThe waters of the 1less polar N3 and N7 ring
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constituents are relatively weakly bound. The average

Asolute-water palr energy for a N3 watet 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 (-2.1ub kcal/mdle). MWaters 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. Energy values range from =137 to -104
kcal/mole. The most significant contribution arise in
the range =124 to -116 Kkcal/mole. The average solute

binding energy is -120.0 +/- 1.0 kcal/mole.
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Eigqure LV.9.1 - isoenergy contour surface for guanine

and one water (Clementi solute-water potential

functions).

X axis - X axis of plane defined by molecular ring

atoms (Angstroms).

Y axis - Y axis of plane aefined by molecular ring

atoms (ANgStroms).

Contours - iso=nergy contours with one Kkcal/mole
increments with alphabetical labels referring to contour

energy values in list at right.
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tigqure IV.9.1 lsoeneray contour surface for guanine and
one Water using Clesenti solute - vater potential functions.
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Eigure IV.9.2 - controsl functions for Monte Carlo

simulation of guanine and 215 waters (Clementi solute-

water potential functions).

X axis - number of configurations.
Left I axis - mean total energy (kcal/mole).

Riapt ¥ axis. - constant volume heat capacity

(cal/mole-degree) .
Upper curve - constant volume heat capacity.

bottom curve wjithout crosspatches - average total

enerqy for entire simulation.

Bottom curve with crosshatchass - average total eneroy

for preceeding 50K configurations.
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lable Iv.10

Calculated structural and energetic
guantities from Monte Carlo simulation of guanine and 215
waters at 298 K - Clementi solute-water potential functions.

GUANINE IN WATZR AT 298K -~ FORCE BIAS AND CLEMENTI POTENATAL FUNCO DG

LAST CONFIGURATION: 1997898

INDEX TYPE s
IETHYLEE (DISUBSY,)
1 7 2 ¢ 2 5.8
2 8 2. C ¥4 44
3 91 ¢35 4.2

PIRST SHELL SCIAUTE PROPERTIES
wE D KD BT ErR

22,93 0.73 .95 -1.695 -2.329
21,08 0,320.46 -9.792 -2.447
2,71 0,380.55 -9.21% 0.1

21.57 9.48 0.66 -$.922 ~1.836
0.040.05 0065 0.1

15.36 0.29 8.57 -9.591 -2.02¢8
“015 3.22 l.l‘ -‘.”3 -2-1"

TOrALS POR PUNCTIONAL GROUP =CH- ¢ 18,11 31.521.85 -7.494 -2.13

MIDE GROP
¢ 2 15 N 3.6
7 13 16 H 3.2
TOXALS FOR FURCTIONAL GROUP >ME 1
8 35 15 N 3.8
9 13 1§ =1 3.4

AMINE GROL® .
1# ¢ 1 w2 3.8
n 4 1 8 2Y 2.2
12 15 1 &8 2 2.2
TOTALS FOR FUNCTEONAL GROUP -NH2 ¢

8,17 9.85 0335 8.809

14,32 0.37 0.78 -0.939 -2.519
51,57 2,77 1.6 -12.182 ~4.403
65,89 3.14 1.43 -13.122 -4.179
14.808 9.61 1.2¢ -1.931 -3.151
78,78 3.63 1.38 -15.53 -4.276
93.58 4.25 1.36 -17.465 —4.114

79.74 3.69 1.39 -15.294 ~4.146
5.129.05 8471 8,119

12.27 8,27 9.66 -9.54 .-1.983
26.08 0.971.11 <6814 -7.021
2.75 0.661.98 -7.,334 -8.532
‘2.1. 2-1. 1.'1 -1‘."2 -‘c”‘

s.138.86 834% 0.3

TOTAL S5LT PROPS  WATER PROPERTIES

RPSW=3.38 KCE= 7,75 A
x <BLTBE> K> CNWRE> <BEWT>

1.14 -1.948 4.4 =3,252 -17.019
1.4 -1.083 4.6 -3.123 -17.115
150 -8.489 411 -3.123 -17.140

1,55 -1.173 4.18 -3.166 -17.208
a.9 8.867 8.06 0,135 #.352

132 -4.866 4.19 -2.989 -17.084
37.45 -13.,151 4.21 -2.982 -16.938
38.76 -14.818 4.20 -2,982 -16.932

.0 6.279 092 08U .12

1.37 -1.28 4.17 -3.248 -18.819
21,12 -17.460 4.32 -2.948 -17.165
22,49 -18.660 4,31 -2.966 -17.217

i1 221 4.17 -3.932 -17.126
3144 -21.618 4.20 -2.979 -17.147
33.15 -n.m ‘.ﬂ -2.932 -17.1“

27.82 -21,244 4.29 2.9 -17.182
8.0 9.353 002 0037 e.102

1.8 -4.7193 4.19 .04 :-17.128
¥.9 -16,741 4.18 -2.992 -16.926
25.84 -15.718 440 -2.983 -17.47%
57.88 -33,251 4.28 -2.99 -17.170

8.8 8.540 0.2 D.036 5.099
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Table 1v.10

Calculated

structural

and

quantities from Monte Carlo simulation of guanine
waters at 298 K - Clementi solute-udter potential functions.

GUANINE IN WATER AT 298K — FORCE BIAS AND CLEMENI1
.

D 3 12 83 4.8 59.57 1.64 9.82

u o+ 12 w3 60 6836 2.48 1.85
AVERAGES OVER FURCTIONAL GRP =i~ : 63.97 2.2 0.95
mm UNCERTAINTY (+/‘ 2*8D): .89 5.904
CARONYL, GROUP

15 1 271 ok 3.4 .81.61 2.53 0.9

1 19 2% cf 4.2 19.23 8.48 0.75
TOTALS POR FUNCTIONAL GROP C=O : 180.83 3.62 0.9
SINTISTICAL UNCERTAINCY (4/~ 2°SD): 9.15 0.85

MOLECIAR SUM/AVERAGE: €15,2 21.560 1.95
STATISTICAL UNCERIADNEY (+/- 2°MD): 0.41 5.2

PoTENTIAL TFonNcTDAS
-3.482 -2.67% 5.3 =431
.30‘1‘ -1.”‘ 1‘.“ -5-‘3‘
-3.509 1,789 9.84 ~4.973
8.146 5.0 8.0 .13
-8.237 -3.251 36.76 -16.192
4.448 -4.977 1.63 -5.650
-8.666 -2.078 38.38 -16.752
s.419 0.139 8.0 0.333
‘11.133 -3 Qsl‘ mo“ .m.”‘
1,287 8.856 8.9 1.013

energetic

and 215

4.18
4.14

4.16
.1

4.15
4.0
4.15
a.02

‘.23
1.0

-3.168
=3.049

-3.104
0.064

-3.033
=3.2m
=3.048

8.043

-3.805
2.019

-11 <545

=17.29%
0.172

=17.567
~17.811
#.121

0.831
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0 253
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2.90 n\ / " /%.n

.64

363

tiqure 1V.9.3 First shell codordination nusbers for the
atoas of quanine = Clementi solute-water potential
functions.

H .97
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Eigures Iv.2.4  throagh Iv.9.11 =~ <calculated

gquasicomponent distribution function of first shell

coordination number for g3uanine and functional groups

(Clementi potentials).

X axis - coordination number.

Y axis - quasicomponent of coordination number.

) iy - ..
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Flqure 1V.9.8 Calculated JCDF of first shell coordination

number for (NH)1 functional qroup of gquanine - Cleasnti
solute-water potential functions.
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Eiqure IV.9.5 Calculated JCPF of first shell coordimation
nusber for -NH2 functional qroup of guanine - Clesenti
solute-water potential functions.
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Flqure 1V.9.6 Calculated JCUF of first shell coordination
anuaber for N3 1inqg nitroqen
of quanine - Clamenti solute-watsr potential functions.
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tiqure I¥.9.7 Calculated JCDF of f£irst shell coordinstion

nuaber

solute-water potential functions.

for (CO)6

functional group of quanine -

Clessnti
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tiqure IV.9.8 Calculated JCLF of first shell coordination
nusber for W7 ring nitrogen of quanine - Clesentl solute-
- water potential fupctions.
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Fiqure 1V.9.9 Calculated JCDF of £irst shell coordination
nusber for (CH)S ijunctional qroup of gquanine - Clementl
solute-vater potential functions.
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Eiquie IV.9.10 Calculated GCDF of first shell
coordination nusber for (NH)9 funciional group of guanine -
Clesenti solute~-water potential functions.
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tiqure IV.9.i1 Calculated * QCOF of first sheil
coordination nusber for quanine - Clemsenti. solute-vater

sotential functions.
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Fiqure 1IV.9.12 Ahveraqe [irst shell solute-water pailr
energhles of waters assianed to the atoms of guanine -
Clezenti solute-water potential tunctions.
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Eigure IV.9.13 thgougn IV.3.19 - calculated

quésicomponent distribution function of average first
shell pair enerqy for functional groups of guanine

(Clementi potentials).

X axis - pair energy (kcal/mole).
Left Y axis - quasicomponent of pair energy.

kight ¥ axis - running cosrdination numbere.
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fiqure IV.9.13 Calculatsd QCDF of solute~water pair
ensrqies of waters of the (NH)i functionsl group of guanine

« Clamsnti soluta=-water potentiul functions.
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Fioure 1V.9.18 Calculated COF of socluta-water pair
sheraies of wvazers of the -NH2 functional group of mcns»nn -

Clesenti solute-satsr potential functions.
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f1qute IV.9.15 Calculaced (JDF of solute-watsr pair .

- enerqiews of waters Ot the N3 ring nitrogen .
of quanine - Clesenti soluts-water potential functians.
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Fiqure IV.9.16 Calculated (QCDF of soluts—-watar pair
enerqivs of waters of the (S0)6 functional group of guanine
- Clesenti soluts-water potential functions.
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Fiqure IV.9.17 Calculated (COF of solute~vatsr paar
anerares of vatars of the N7 rinqg nitrogen of guanine =~
Clasenti solute-water potential functions.
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Fitbute 1IV.9.18 Calculatad GCDF of soluts-watsr pair
energies of waters of the (JH)8 functional sroup of guanine
= Clesenti solute-wvater potential functions.
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Fiqure 1IV.9%.19 Calculated QCDF of soluts~watar pair
unelqies of waturs of the (NH)9 functional group of guanine
’ = Clumenti soluta-water potantial functions.
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fiqure IV.9.20 - calculated guasicomponent

distribution function of binding energy for guanine

(Clenmenti potentials)e.

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

Y axis - quasicomponeat of binding energye.

Y e e ————— - . - -



ue

Fiqure 1V.9.20 Calculated GCDF of total binding energy
£Or juanine - Clementi soluta-watar potsntial functions.
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10. (C3-Endpo)-5-Deoxy=-1-C-Amino-
B-D-Ribo-Pentofuranose
Ciementi Solute-dater Potentials
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Cogputational Specifics. An agueous solutlion o2f a

ribose derivative and 202 waters was simulated using
Clementi solute-water potential functions and MCY-CI
water-water potential functions at 298 K. The sugar ring
was puckered in the C3*-endo form. Face centered cubic
boundary conditions with a unit cell edge of 14.64
Angstroms were useil. The cell e&ge was obtained froa
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 wused to

form all analyses and ensemple averages.

Potential Surface. The potential function surfacz for
the the interaction of the ribose desrivativa and oOne
water molecule using Clem2nti solute-water potentials is
shown 1in Figure 1IV.10.1. The plane chosen for the
calculation of contours is the best fit to the molecular
ring Ihe lowest solute-water interaction energy occurs at
the H4* hydroxyl hydrogen atom at an energy of -~7.87
kcal/molee. The hydrogen atom is slightly rotated abové
the countour plane. The oxygen atom lying essentially in
the diagram 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 betwea2pn -5.87 and ~7.87 Kkcal/mole.

Another strong interaction region is seen where one amino
hydrogen liies in the conﬁour plane. Two small contours
are found pext to this atom representing solute-water
interactions of -5.87 to =~7.87 Kkcal/mdle. Finally, an
apolar in;eraction region oDccours peripheral to the
substituent methy group. Interacfion energies aré
positive here and are nd>t more favorable than 0.12

Kcal/mole.

Convergence and Iheraodypamic Results. Control
functions for the simulation of the aquecus ribose
derivative are shown in Figure IV.10.2. The
thermddynamic quantities calculated for the simulation
are 1listed in Table 1IV.1i. The wmean total energy
stabilizes around -1750 kcal/mole for the laét 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.
The free space to water transfer energy is -2.8
kKcal/mole. Graphs of the juasicomponents of coordination
number and first shell pair energies are q1sp1ayed in
Fiqures 1IV.10.4 thru Iv.10.12 ani IV.10.15 and IV.10.23
for the ester oxygan and methine, methyl, amino and
hydroxyl functional groups of the ribose derivative.
Figures 1IV.10.13 and 1IV.10.24 contain graphs of the
guasicomponents of mdolecular coordination number and

binding en=srqy for this simulation.
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Structural Resultse. The molecular diagram of Figure

IV.10.3 displays the first shell coordination nuambers
found for the atoms of the ribose derivative. These
numbers are obtained from tne column labeled <K> in Iable
Iv.1l1. The structural hydration of the ether and
hfdfogyl oxygens and hydroxyl hydrogens of the molzcule-
is rather unifornm. The ethar oxygen (J1) of the sugar
ring is populated by .77 waters whereas the 02° ani 03°
oxyagen atoms 9f the hydroxyl groups contain .83 and 1.22
waters within their first snells, respectivaslye. First
shell cutoffs (corresponding first sh2ll volumes) are
essentially identical (J1: 3.6 A; 02*': 3.4 A; 03': 3.6
A) . The hydroxyl group hydroagens (h2® and H3') each have
small first shell cutoffs of 2.2 Angstroms. These atoms
also have virtually identical coordination numbers of one

water (HZ': 1.00; H3": 1.01).

The amind group hydroagens, H1* and H1i‘?®, differ
markedly in their coordination numbers (Hi*: .91; H1'*:
2.90) . This wvariation presum2bly arises from the hich
deqgree of molecular asymmetry and conseguent asymmetry of

the hydration shell.

The hydrogans Hl, 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 volﬁnes (H1z:

2.32 waters, 69.16 cubic A; H2: 1.08, 45.01; H3: .78,
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37.47; H4, 1.30, 55.14). The methyl group similarly

shows variations in the first shell populations of its

hydrogens (H5%: 1.73, H5'': 1.95, H5**'* 3.14).

Ihe QCDF of <coordination number for the ribose
derivative is found in Figure 1V.10.13. The coordination
nuasbers ranée from 17 to 37 and tﬂe greatest
contributions are from coordiation numbars of 21 and 22.
The average molecular coordination nuambar is 21.3Q +/-

0.88.

Energetic Results. First shell pair energies for

waters assignesd to the atoms of the ribose derivative are
displayed in the mdolecular diagram of Figure IV.10.1lH4.
These values are also listed in the column labeled <K> in
Table IV.1l1. The waters of thz2 three oxygen atoms of the
molecule are found to binil to> the sdlute at similar
energies. IThe waters of th2 01 ether oxygen bhind at
-3.644 kcal/mole whila those of the hydroxyl oxygens, 02'
and 03', have averagerpair 2nergies of -3.536 and -2.572

kcal/mole respectively.

The waters of the hydroxyl hydrogen H2' are bound to
the solute more favorably than any other waters of the
systam at an avarage energy >f <-6.967 kcal/mole each.
Consequently, these waters contribute the greatest
solute-water binding en=rgiss to the system (-7.022
kcal/mole). The H3* hydroxyl waters are less strongly

bound at an average -4.163 kcal/mole.
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The waters of th2 amino nydrogens, Hl® and Hl1'®, have

quite different pair energy values of -4.355 and -1.406
kcal/mole. Ihe weaker average pair energy of the Hl*?
waters correlates with the increased number of waters in
the coordinatioﬁ shell of the atom;. these additional

waters interact less favorably with the solute.

The solute-water pair interactions Oof the waters of
the apolar hydrogens are vary weaak. The average first
shell pair enesrgies of th2 m2thine hydrogens range from
-.502 (H1) to .004 (H4) Kxcal/mole. Ihe corresponding
energy values for the mathyl hyarogens are equally
unfavorable (H5': .12 kcal/mole,; H5'': -.907 kcal/mole;

H5''*: 064 Kcal/mdole).

The qgraph of the guasicomponents of solute tinding
energy for the ribose derivative simulation is Figure
IV.10.24. Energies range from -~15 to 14 kcal/mole with
significant contributions in the range -6 to 2 kcal/mole.
Ihe average solutz binding ensrgy 1is <~1.7 +/- 1l.6

kcal/mole.
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Figure IV.10.1 - isoener3y contour surface for ribose

derivative and one water (Clementi solute-~water potential

functions).

X axis - X axis of plane defined by molecular ring

atoms (Rngstrowms).

Y axis - Y axis of plane defined by molecular ring

atoms (Angstroms).

Contours - iscenergy contours with one Kkcal/mple
increments with alphabetical lapels referring to contour

energy values in list at right.
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Eigure 1IV.10.2 - control functions for Monte Carlo

sianulation of ribose derivative and 262 waters (Clementi

solute-water potential functions).

X axis - number 2f configurations.
Left X axis ~ mean total energy {kcal/mole).

kight Y axis. - constant volume heat capacity

(cal/mole-degree).
Upper curve - constant volume heat capacity.

Bottom curve without crosshatches - average total

enerqy for entira simulation.

bottom cyrve with crosshatches - average total eneray

for prece=sding 50K configuratians.
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l1able Iv.1l Calculat=d structural and energetic
guantities froms Monte Carlo simulation of Cl'aaino-
Ci4*-methyl-ribose derivative and 202 waters at 298 K -
Clexenti solute-water potential functions.

RIBOSE DERTVATIVE IN WATER AT 2988 — FORCE BIAS AND CLEMENTI YorenTAL ToNncTIWIS
LAST CONFIGURNTION: 2000081 FIRST SHELL SOLUTE PROPERTIES TOTAL LT PROPS  WATER PROPERTIES
FPE=3.30 BCB= 1.75 A
INDEX TYPE FF§ VWS <O G0 ETD SLIre ®© <EMD Q> D RN
MNETHNE GROUP
1 2 8 ¢ 8.8 9.0 00 00 B9 9.9 8.0 a0 (NI N X
2 6 59 8 4.2 69,16 2.321.08 -1.166 -8.502 14,92 5368 414 -3.086 -17.338
TOTALS FOR PIRCTIONAL GROUP DO~ 1 69.16 2.321.88 -1,166 -0.502 1492 0368 414 32086 -17.3
3 3 17 ¢ 80 00 &9 0.3 B0 0.0 0.e (X s 08 0.8
4 8 59 H 4.0 4500 11284 03952 0.35) 7.05 1.9 413 <3186 -17.275
TUTALS FOR FUNCTIONAL GROP >Ci- 3 45.80 1.120.74  9.392 4.35) 785 193 413 3186 -17.278
5 4 17 ¢ 6.0 0.0 88 90 a0 LN I 0.8 X 68 0.0 .8 '
6 18 59 n 3.8 3749 0.758.60 -0.251 9341 454 M8 4] 3094 -17.892
TOTALS POR FURCTIONAL GROUP >CH- 3 37.49 0.75 0.60 -0.257 -9.M1 4.9 .38 401 3834 -17.992
7 5 171 ¢ 58 08 08 0.0 0D 6.8 0.4 66 68 48 [ X ]
8 12 5% =& 3.0 5513 1.370.74 0.929 P2 13,86 206 4.8 -3.185 -17.323
TOTALS POR FUNCTICNAL GROUP >CH- & 55.13 1.37 4.4 0.829 . 8521 13.86 2016 409 -3.185 1733
AVERAGES OVER FUNCTIONAL GRP >CH- @ 51.69 1.39 5.8 -9.25 -4.118 8.2 1166 412 -3.118  -17.2%7
ETATISTECAL UNCERTAINIY (+/- 2¢8D): 0.890.05 003 ss2 5.0l 188 883 085 5218
METHYL. GFOP
s 13 6 C 5.8 0.8 08 49 20 8.0 50 K 8.0 00 9.8
8 18 3 =& 3.4 57.61 1,750.91 #.046 0.026 16.93 2,921 4.2 ~2.995 ~-17.138
n 1 3 3.6 60.64 1.950.96 ~-1.802 -4.925 15.11 8818 4.1 ~3.029 -17.020
12 22 3 H 4.6 95.M 1.120.98 0.256 8.982 23.81 3,511 4.2 3.8 -17.618
TOTALS FOR FUNCTTIONAL GROUP -OH3 : 213.29 6.R2 8,96 -1.501 -8.22¢ 55.8¢ 6,510 4.5 -2.38  -37.3@
STATISTICAL UNCERTAINTY {+/- 2°8D): SALA.06 0262 0935 5.03 8595 6.3 0071 0.
ANDNE GROUP
B 7 11 N 3.4 17.59 8.37 0.62 -1.503 -4.8% 3.6  -1.163  4.22 <~2.966 -16.684
4 M 1 n 2.2 20.38 9,91 1.33  -3,936 —4.334 15,78 -2.892 411  ~3.867 -17.864
15 15 1 § 3.6 75.53 2,50 1.15 ~4.099 -1.411 22,66 -8.888 4.17 ~2.973 ~-17.003
TOTALS FOR MRCTIONAL GROUP -N2 : 113.51 4.17 118 -9.529 -2.282 41,95 ~4.863 4.5 -3.015 -16.998
STATISTICAL UNCERTAINTY (+/- 2*SD}3 9.320.08 134 8.469 6.3 7488 6.03 4081 6.3

6GE



KIBOSE DERIVATIVE IN WATLR AT 298K - FORCE BIAS AND CLEMENTI

LAST QOWWIGURATION: 2000001

FoTENTAL FoacTions

TOTAL SLT PROPS  WATER PROFERTIES
FSi=3.38 BCB= 7.75 A

FIRST SHELL SOLUTE PROPERTIES

ESTER OKYGEN .

1 1 6 o 3.6 33,66 9.76 0.67 -2.713 -3.591 4.35 =252
STATISTICAL (RCERTRINTY (+/~ 208D} 1 140,12 8879 1,113 0.0 11.922
HYDROKYL GROUP

17 9 9 o 3.4 26.44 0.82 8,92 -2.893 -3.544 161 -2.673

18 16 S7 H 2.2 23.54 1.01 1,28 -7.044 ~-6.982 25.58 ~2.483
TOTALS FOR FUNCTTONAL GREP -CH @ 49.97 1.83 1,99 -8.938 5,444 29.19  -5.876

19 1 9 o 3.6 397 L2101 -3z -2.572 5,11 -2.838

2® 17 %7 2.2 2,54 1.801.27 -4.136 =4.149 4.77 2.528
TOTALS FOR FORCTIONAL GROUP -CH @ 56,61 2,22 1,17 =7.278 -3.208 29.88 -#.311
AVERAGES OVER FIOCTIONAL GRP -OH ¢ 53.29 2.92 1,13 -8.688 =4.362 29.54 -2.69)
GONTISTICAL UNCERTAINIY (+/- 2%D): 0.160.89 1.206 9.9 .92 3.457
MOLEQULAR SIWAVERAGE; 673.0 21,36 0.95 -31.968 =1.496 2.8 -1.598
SINTISTICAL (RCERTAINIY (+/- 2°8D): 9.739.03 1.48 0.136 0.9 1.1

Table Iv.11 Calculated structural and
quantities from Monte Carlo simulation of
CY4*-methyl-ribose derivative and 202 waters

Clementi solute-water potential functions.

at

448 -3.937
.12 928
.96 -2.984
401 -3.958
86 -3.049
‘o“ -2.91. -
413 -0

Tdd2 -3.882
.0 -3.0%
.63 8.069
4.13 -3.0%8
02 0.937
energetic
Cl’amino-
298 K

-18.830
X

-16.213
-16.843
~16.765
=16.419
"'17.2"
~17.143

" =16.954

8.171

-17.151

0.8%4

09¢
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Eioure Iv.10.3 First shell coordination numbers for the -~
atoss of riocose derivative - Clesaenti solute-water potential

tunctions.
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Eiqures [V.10.4 thrpugh IVv.10.13 ~- calculated

guasicomponent distribution function of first shell
coordination number for ribose derivative and functional

groups (Clementi potentials).

X axis - coordination number.

Y axis - quasicomponent of coordination number.
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Eiqure IV.10.7 = Calculated GCOF of first shell
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Biqure 1V.10.8 Calculated (QCOF of first shell
coordination nusber for (2H)2 functional group of ribose
derivative - Clesenti solute-water potential functions.
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tlaure Iv.10.11 Calculated QCDF of -first shell
coordination nusber for (Cd)s functional group of ribose
yerivative - Clesenti solule-vater potential functions.
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Fiwure 3IV.1l0.14 Averace first . shell saluti-wanr vall
enerqies of waters assigned to the atoas of ribose
cerivative - Clesenti solats-water potential functions.




‘ ) 374 )
figure IV.10.15 through IvV.l0.23 - calculated

quasicomponent distripbution function of average first
shell pair energy for functional aroups of ribose

derivative (Clementi potentials).

X axis - pair enerqy (kcal/mdole).
Lett ¥ axis - gquasicompon2nt of pair energy.

Right ¥ axis - running coosrdination number.
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Eiqure 1IV.10.15 Calculaced uwCUF of solute-water pair
eneruyies of waters of the J1 oxyyen atos group of ribose
derivative - Clementi soluta-water potential functions.
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[iqure 1IVv.10.17 Calculated GCOF of solute-watesr pair
enertJies of watars of the -NH2 functional group of rioose
derivative - Clementi solute-water potential functions.

18.00

[ T T T L] ]
oo'sh  00*Oh 03'2e oo'm2  00°SI 0D°'8 OO0
( ;01 H0J NNMW

. 8.00 12.00

600

-l2-m -8-“) -unm

0.00
RIB DER PRIR ENERGY

I I 1 L I L
‘2t go°ot go-s oo'e 00°h on°e 00°0
5010 | SHN-  HS4 3400



3717

Fiqure IV.10.22 nuwacwp....on GCDEF of solute-water pair
enerqies of waters of tne (cH)4 functional group of ribose
derivativa - Clasentl solute-vater gotential functions.
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Fiqure IV.10.16 Calculated QCOF - of soluta-water pair
eneriiss of waters of the {(JH)1l functional group of ripose
derivative =~ Clementi soluta~water potential functionse
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fiqure IV.10.18 Calculated GCDF of solute-water pair

enerqius of waters of the {

verivative - Clssenti soluta-water potential functions.
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Figure IV.10.19 Calculated GCOF of soluta-vater pair
enercgies of wetars of the (SH)2 functional yroup of ribose
gerivative - Cleaesnti solute-water potential functionse.
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Fiqure IV.10.20 Calculated (QCLF of ° soluta-watsr pair
eheraies of waters oI the (JH)3 functional group of ribose
derivative - Clesenti soluta-wvater potential functions..
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Figure iV.10.21 Calculated QCDF of soluta-vater pair
«nerqies of vaters of tne (CH)3 functicnal gJgroup of ribose
uerivative = Clasenti soluta-water potential functions.
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Fiqure IV.10.33 <Calculated QCDF of solute-water pair
enerqies of waters of the -CH31 functional group of ribose
derivative - Clasantl soluts-water potential functions.
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Eigqure IV.10.24 - calculated gquasicomponent

distribution function of binding energy for ribose

derivative (Clementi potentials).

X axis - binding energy (kcal/mole).

Y axis - quasicomponent of binding energy.
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fFiqure IV.10.28 Calculated QCDF of total binding energy.
for ribose derivative - (Clessnti solutg-water potential

functions.
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(C2-Endo) -2,5-Dideoxy~1-C~Amino-
B-D-Ribo-Pentofuranose

with Clemanti Spluts-Water Botentials
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Computatiopal Spacifics. An aqueous solution of a

deoxyribose derivative and 202 waters was simulated using
Clementi solute-water potentials and MIY-CI water-water
potentials at 298 K. The sugar ring was puckered in the
C2*-endo forn. Face centered cubic boundary conditions
with a unit cell edge length of 14.63 Angstroms w=zre
used. lhe unit cell edge was obtained from partial molar
volumes of 105 cc/mole for the deoxyribose derivative and
18.07 cc/mole for wWater. Th2 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 2,000,300 moves which were
used to perform all analyses and calculate ensemble

averagas.

Potential Surface. Ine egotential energy contour

surface for the interaction of the deoxyribose derivative
and one water is shown in Figure IV.1ll.l. The contour
plane chosen is the best fit to the plane 2f the ring
atoms of the deoxyribose derivative. The minimum 1is
found in the region surrounding the ester o5xygen wh2res
the 1lowest energy is -7.99 kcal/mole. The region
surrounding the molecular plane, excapting the ether
oxygen, from the ether oxyqen side of tne methyl groap to
the amino group generally shows interactions in the rangsz
-1.99 kcal/mole to -3.99 kcal/mole. The area surrounding
the CH2 2 methylene group of the aolecular ring alss

contains interactions between <1.99 and -3.99 kcal/mole.
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I'ne rzgqion peripheral to the 5- methyl group shows the

least favorable interactions overall; here, energies

petween .01 and -1.99 kcal/mdle are encounterede.

Converagence and Ihermdiynamic Hesults. The control

functions for the deoxyribose derivative simulation are
found.in Figure IV.. The ieaﬁ internal energy stabilizeé
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 18.8 cal/mole-K. The calculated vacuum
to water transfer energy for the deoxyribose derivative

is -3.8 kcal/mole.

Figures 1IV.1l.4 thru 1IV.ll.1l1 and IV.1l.14 thru
IvV.l1l.21 contains graphs of the guasicomponent
distribution functions of coordination number and tinding
energy for tne amino, hydroxyl, methylene, methine, 2and
methyl functional groups and ether oxyg=an atom of thz
deoxyribose derivative. Figures IV.11.12 and IV.11.22
contain graphs of the juasicomponent distribution
functions of first shell coordination number and binding
enerqy for the deoxyribose derivative. Table 1IV.12
contains the complete structural and energetic data for
the deoxyripose derivative and its atoms and functional

QIroupsSe.

Structural Results. First shell coordination numbers
for the atoms of the deoxyribose derivative are displayed

on the molecular diagram of Figure 1V.1l1l.3. The amino
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nydrogen atoms, H1*' and Hl1'', again have significantly

different radial cutoff values (3.2 and 2.2 Angstroas,
respectively) and correspondingly different first shell

populations (2.11 and .70, respectively).

The 01 ester oxygen, J3' hydroxyl oxygen and H3'
nydroiyl hydfogen each héve about one coordinated water
'molecule (1.02, .85, and 1.02, respectively), as seen
with the ribose derivative. The first shell solvent
density of the H4' nydrogen is especially high (1.34)

signifying a highly localized water molecule.

Ihe metnine and methyl2na hydrogens have relatively
extended first shell cutoffs (Hl: 3.6 Angstroms; H2': 4.l
A; H3: 3.6 A; H4: 4.4 A) and first shell solvant
densities less than or apbodut egual to that of bulk water
(H2: 1.07; H3°': .95; Hu: .95; HS5: .B89). These results
are typical of apolar hydration. The methylane hydrogen
H2 has zero coordlination namber; due to molecular
geometry, no waters are assign2d to this hydrogen by
proximity. The =xethyl group cutoffs are similarly
extended (H5%: 3.68B; H5"': 3.8 A; H5'*': 4,2 A) with low
first shell sslvent densitias (H5' : .95; H5'': .55;
H5'*': .,87).

Ihe graph of the guasicomponent distribution function
of first shell coordination numoer for the deoxyribose
derivative is shown in Figure IVell.12. Values rangsa

from 18 to 28; thelargest contributions arise from
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coordination numbers of 22 and .23. The average first

shell coordination namber for C2-amino-C5~methyl-

deoxyribose is 22.21 +/- .67.

Energetic Results. fhe average first shell solute-

‘water pair energies for the waters assigneq to the atoms
’of' the dzoxyribose dérivaiive are displayed on the
molecular diagram of Figure IV.11.13. The most favorable
average solute-water pair energy is found with the waters
of the H3* hydroxyl hydrogen atom at -7.271 kcal/mole;
the solute binding enerqy 2f -7.8419 Kkcal/mole is the
singl2 greatest contribution to the total solute binding
energy in the molecular hydration shell (about 1/3 of a
total 23.2 Kkcal /mole). Ihe next most favorable
interaction arisas from tne waters ©of the ester oxygen
(-2.972 kcal/mole) follow=2d by the waters of the amino
nydrogens (H1**: =2.915 Kcal/mole; Hi®%: =2.593

kcal/mole) .

The energetics of the waters of the apolar methylene
and wethine nydrogens are all fairly similar. Ihe
average pair energies range from about -1 kcal/mole (H1:
-+924 Kkcal/mdle) to slightly positive {(H3: 279
kcal/aole). The waters assigned to the methyl hydrogens
are also not especially favorably bound (HS5'<SLTPED>= .063
kcal/mole; A5** :-.476 Kkcal/mole; H5e0¢ ¢ -.013

kcal/moie).
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The graph of the quasicomponent distribution functicn

of solut binding energy is shown in Figure 1IV.1l.22.
Values ranging from -37 to -8 kcal/mole are seen; the
major contributions arise in the range -29 to -18
kcal/mole. The calculata2d avesrage solute binding energy
~ for the deoxyribose derivative » is ~23.2 +/- 1.8

Kcal/mole.
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Figquge IV.ll.l1 - isdeneryy contour

surface for

deoxyribose derivative and one 'uater (Clementi solute-

water potential functions).

X axis - X axis of plane defined by

atoms (Angstroms).

Y axis - Y axis of plana Jefined by

atoms (Angstroms).

Coptours - 1isoenergy contours with

molecular ring

molecular ring

one Kcal/mole

increments witnh alphabetical labels referring to contour

energy values in list at right.
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Figuge 1IV¥.1l1.2 - control functions for Monte ZClarlo

simulation of deoxyribose derivative and 202 waters

(Clementi solute-water potential functions).

X axis - numpber of configurations.
Left Y axis - mean total ensrgy (kcal/mole).

fight Y axis. -~ constant volume heat capacity

(cal/mole-degree) .
Upper curve - constant volume heat capacity.

Eottom curve without crosshatches - average totzl

T .

enerqy for entire simulation.

Bottom curve with cropssnatcnes - average total energy

for preceeding 50K configurationse.
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DECKYRIPOSE DERTVATIVE IN WATER AT 296K - FORCE BIAS AND CLEMENTT POTS, PO TEWUAL FUNCTIONS

LAST QRFIGURATION: 2000882

JHDEX TYPE RFS
HETHYLENE (MONOSURB. )

1 2 8 Cc 0.9
2 6 59 H 3.6
TOTALS FOR FUNCTIONAL, GROUP >(l- :
STATISTICAL UNCERTAINTY (+/- 2%SD):
7 5 I c 8.8
8 12 59 L) 4.4
TOTALS FOR FUNCTIONAL GROUP >(H- @
STATISTICAL UNCERTAINIY (+/~ 2%SD}:
17 4 17 C 6.2
14 18 59 H 3.6

TOTN.S POR PUNCTIONAL GROUP >CH- :
SIATISTICAL UNCERIAINTY (+/~ 2%5D):

HETHYLEYE GROUP
9 A 17 Cc 3.4
18 8 59 B 8.8
19 9 59 H 4.4

TOTALS FOR PUNCTIONAL CROLP -CHZ : 163.65

STATISTICAL UNCERTAINTY (+/- 2*SD):

Table IV.12
quantities from

FIRST SHFLL SOLUTE PROPERTIES

VFS <> <K/V> <SITBE> <SLTPE>

8.0 0.0 8.0 2.9
55.87 1.96 1,87 -1,815
55.07 1.96 1.87 -1.815
$.20 .11 . 0.384

8.0 0.8 0.9 8.0
84.28 2.50 0.89 8,238
84.20 2,58 8.89 9.2
§.228.08 9.935

8.8 @.9 2.9 9.9
44.49 1.26 .85 0.352
44,49 1.269.85 0.352
- 508088 §.037
11.18 0.97 6.19 8,672

8.p 8.9 9.9 8.9
92.55 2.92 0,95 -9.811
2.99 0.89 -6.739
8.94 0,18  8.963

Calculated
Monte Carlo

0.0 0.8
024 15.76
-8.924 15.76
8.285 8.82
8o - 8.0
9.095 16.71
8.995 16.71
8,819 0.82
8.9 0.8
8.279 8.65
6.279 8.65
0.050 8.0l
1.916 8.15
p.p 0.9
-2.217 16.34
-8.247 16.49
1.191 0.80
structural
simulation

9.0
-2,228
-2.228

0.624

a.9

8.145
8.145
8.939

and
of

CY *-gethyl ~deoxyribose derivative and 202 waters
Clementi solute-water potential functions.

TOTAL SL.T PROPS WATER PROFFRTIES

RPSW=3.38 RCE= 7.75 A

5.e o8
413 -3.874
4.13 304
8.07 9.848
(X X
4.35 -3014
4.35 -3.94
0.7 9845
.0 0.9
.16 -2.944
416 ~-2.944
0.97 .04
.18 -2.86)
9.8 9.0
4.2 -3.032
428 3014
0.72 0.458
energetic
Ci'amino-

at 298 K -

&> AR QD QbR BB

a.9
-17.872
-17.872

§.216

8.8
-17.674
~17.6M

9.218

0.9
-16.949
-16.94%

9.212

-15.865
8.0
-17.879
-16.949

2.088

96€
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DECKYRIBOSE DERIVATIVE IN WATER AT 298K ~ PORCE BIAS AND CLEMENTI ?sw&l- NCIoNS

LAST CONPIGURRTION: 2000892 PIRST SELL SALUTE PROFERTIES TOTAL SIT PROPS  WATER PROPERTIES
' RPSe=3,38 RCB= 7.75 A

METHYL GROUP

3N 6 ¢C 8.0 8.6 0.0 8.8 ¢.9 9.9 8.¢ 8.0 8.9 .8 8.0

4 17 3 H© 3.8 74.63 2,378.95 824 038 18.93 8.656 4.15 -3.892 -17.158

5 18 3 H 3.8 62,36 1.989.95 -9.942 -9.476 14.18 -8.828 4.17 <3877 -17.883

§ 19 3 9 4.2 105.36 3.66 8,87 -8.840 -6.013 22.94 0.583 4,18 -3.044 ~16.961
TOTALS FOR FIRCTIOAL GROUP -CH) : 242.35 7.41 .91 -0.747 -4.)0l $5.97 0411 4,17 -3.805 -17.8%
STATTSTICAL DNCERTAINTY (+/-~ 2*SD): 0.358.05 @864 #0912 .04 0.051 6.04 84025 9.115
AT GROP '

-7 11 N 3.4 172,72 830 8.65 -1.986 4,968 4.42 =215 4.95 -1.988 -16.442

11 4 1 B 3.2 54,19 2.111.16 =5.464 ~2.593 298 -6.19% 4,19 -3@21 -16.97%

12 15 1 8 2.2 .89 9.700,88 -2.048 2,915 . 23,88 406 4.15 <-3.09 ~-17.01]
TOTALS FOR FUNCTIONAL GROUP -tH2 : 95.81 3.19 1.08 -9.418 -~2.549 48.48 12,418 416 -3.068 -16.946

_ JTATISTICAL URCERTAINTY (+/- 295D)1 §.259.08 1,237 8514 .03 198 6.4 07 8.122

ESTER (KYGEN

13 1 6 o 4.0 38,61 1.,820.79 =-3.835 <~2.912 .52 -2.827 4.18 3,880 -16.682
SENTISTICAL UNCERTAINTY (+/- 2*SD): f.140.11 9.795 8.916 .81 1337 812 b9 $.357
HYDROKYL, GROUP

15 11 9% o 3.4 3859 0.859.83 -l.44 -1.693 7.37  -1.181 485 -3.03 -~16.6)4

16 16 57 =» 2,2 22.82°1.021.4 -7.419 1.2 2785 -6.851 4,15 -~3.825 16,743
AVERAGES (NER FUNCTIOMAL GRP ~OH : S53.41 1,87 1.97 -8.853 =4.434 34.42 -7.232 485 3028 ~16.795
SIXTISTICAL UNCERTAINTY (+/- 2%5D): foe .88 #9376 0.5 5.9 0.356 .4 0.2 8.129
NLIOLAR SUM/AVERAGE: 717.6 22.21 .93 -24.818 -1.881 202,08 -23.176 4.17 -3W4l  ~17.016
SINTISTICAL UMCERTAIMTY (+/- 2%SD): 2.67 .93 1.1% #.071 #.87 1.3 682 4413 0.068

Table Iv.1:2 Calculated structural and energetic
quantities from Monte Carlo simulation of Cltamino-
CYy*-methyl-deoxyribose derivative and 202 waters at 298 K -
Clementi solute-water potential functions. "

L6€
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Eiqure 1v.11.3 First shell coordination numsbers tbt the
atoLs ot

Jeoxyribose derivative -Clementi solute-water
potantial functions. '
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Elaures IV.11l.4 through Iv.11.12 - calculated

qguasicomponent distribution function of first shell
coordination number for deoxyribose derivative ani

functional groups (clementi potentiais).

X axls - coordination nunmper.

Y axis - quasicompongnt of coordination number.
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Eiqure IV.ll.8 Calculatea QCDF of first shell
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tiqure Iv.11.5 Calculated uyCDF of first sheil

coordination nuaber for (CH}1 functional group of
deoxyribose derivative - Clesentl solute-water potential
functions.
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Elaque IV.ll.6 Calcujated QCDF of first shell
coordination nuaber for -NH2 functional qroup of deoxyribose
gerjvative - Clementi solute-vater potential functions.
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kiqure Iv.11.7 Calculated GCDF of first

shell

coordination nasber  for {CH2) 2 functional group

deoxvribose derivative - Clementi solute-water potential

functions.
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kiqure IV.11.8 Calculated of flrst shell
coordination nuabér for (OUH)3 functional group - of
ageoxyribose derivative - Clemeati solute-water potestial
T tunctions. :
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Fiqure Iv.11.9 Calculated Qcot of first shell
coordination nusber for {(CH)3 functional group of
deoxyribose derivative - Clementi solute-vater potential
functions.
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kigure 1¥.11.10 Calculated QCDF
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Eiqure iv.11.11 Calcalated (OCDF of first shell
coordination nusber for -CH3 functional group of deoxyribose
derivative - Clesenti solute-vater potential functions.
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o1le12 Calculated {CDE of first

coordination number for deoxyribose derivative -
solute-vater potential functions.

____f__—-___J_——_——__v

shell
Clementi

T

T
18.00 19,00 20.00

' L) I V
21,00 22,00 23.00  24.00-
DRIB DER K '

T
25.00

28.00

g0h



| - 013
H

[

N

—q.uk\u

=2372
g

-42Y

“o-o

0 -1-693 H-277

w =127
shell solute-water palrx

kiqure 1IV.11.1) Averaqe first
the atoas of deoxysibose

enerqies of vaters assiqned to
derivative - Clementl solite-water potential functions.

.—2.5"
H 3

60n



410
Eigure IV.il.1% tnrough 1v.11.21 - calculated

guasicomponent distrioution tunction of average first
shell pair energy for functional groups of deoxyribose

derivative (Clewmenti potentials).

X axis - pair energy (kcal/mole).
Left ¥ axis - guasicomponant of pair energy.

gRight Y axis =- running coordination number.
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Fiqure IV.11.14 Calculated QCof . of solute~vater pair

ener3les of eaters of tne 01 oxygen atom groug

deoxvribosa agerivative -~ Clesenti solute-vater potential
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Fiqure [¥.11.,15 Cslculated (CUF of solute-wvater GC[air
eneraies of wvaters of tns (CH)1 ftunctional grougp of

ueoxyvyribose derivative -~ Clesenti solute-water potential
functions. : . ’
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biqure 1IV.11.16 Calculatea ICDF of solute-wvater pair

anerqies of wvaters of
deoxyrivose darivative
functions.

the '-NH2 functional ° g3roug of
= Clesenti soclute-watar potential
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Fiqure 1IV.11.,17 Calculatea QCDF of solute-water [pair
sneraies of wvaters of the (CH2)2 functional groug of
aeoxvribose derivative - Clesanti solute-vater potential
functions.
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Elqure IV.11.18 Calcylated QCDF of

enerqies of

ceoxyribose derivative <~ Clesenti

415

vaters of tne

solute-wvater pair

(OH)Y3 functional groug of

solute-vater potential
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riqure IV.11.15 Calculated CDF of soluta-water pair
enerjies of waters of the {CH)3 tunctional groug of

a.o:npuou-non:-n:o..2....!.2. no:nanzunonoo::np-w
functions. .
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fiqure IV.11.20 Calculated YCUF of soluts-water pair
aneraies of waters of the {CH)8 functional groug of
decxyrivose derivative <~ Cleasnti soluts-wvater potsntiasl .
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Fiqure IV.11.21 Calculated OCDF of solute-water pair
enerlies of waters of tne =-CH3 functional group of
deoxyribose derivative - Jlesenti solute-water potential

functions.
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flaure IVell.22 - calculated quasicomﬁanent
distribution function of binding energy for deoxyribose

derivative (Clementi potentials).

X axis - binding energy (kcal/mole).

Y\ axis - quasicomponent of binding energy.
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Fiqure IV.11.22 Calculated QCDF of total binding energy’
for leoivribose derivative ~ Cileaanti scluts-vater pdtantial
functions.
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Agueous Hydration of Ihymine

The essential structural feature of the agueous
hydration of thymine emerging from the Clementi solute-
water potential function simulation is a first hydration
shell consisting of 25 waters. Iwenty three af thesé
waters constitute the exocyclic ring substituent
hydration. The other two waters constitute the above and
below plane hydration of the ring atoms. A
representative sterec picture of the first hydration

shell of tnymine is shown in Fijure V.1l

Ihe hydration of the exocyclic ring substituents of
thymine has varied character. Ine only atoms of thymine
with the structural and en=2rgetic features of hydrophilic
nydration are the imino hydrogens. These atoms have
largs first shell populations with average scolute-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 MCY-CI bulk water, it is apparent that the
hydration of these atoms is solvent structure breaking
(relative to bulk solvent). Th2 carbonyl, methina 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 eneray
reflecting a prevalence >f water-water interactions in

these regions.



The vacuum. to water ttiisfer energy of thymine was
calculated to be -21.0 +/- 7.5 kcal/mole. The typical
solute-water interaction in the first hydration shell of
thyeine (-1.569 kcal/mole) is considerably less than the
average bulk water-water pair energy. The solute-water
interactions of the ring substituents predominate not
only in sheer numbar (23-vs. 2) but also 1in avarage
solute-water pair energy ani oinding energy (only -.793
of the solute binding energy ©of -39.8 kcal/mole arises

from ring atom hydration).

An interesting result is the unfavorable solute-water
interactions occurring 1in the extendad (beyond first
shell) hydration layers of thymine. Ihe binding enerqy
of these waters (+32.459 kcal/mole) is nearly as
unfavorable as the the first shell interactions ars
favorable (-39.792 kKkcal/mole). About half of this
positive interaction enerqy arises in the extended m2thyl
group shell suggesting that the overall unfavorable
solute-water interactions in the extended molecular shesll
reqlon is the result of a long range hydrophobic effect

due to the methyl group.

A comparison 52f results for the hydration of thymine
obtained from the Clementi, Kollman and BVG solute-water
potential function simulations followse. The Clementi
thymine first hydration shell contains 25.04 waters, the

Kollmah thymine first shell contains 22.94 waters and the
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BYVG thymine first snell contains 22.84 waters. Tha

explicit hydrogen atoms of the Clementi thymine molecule
have much larger first shell volumes and consequently a
significantly greater firét shell population than the
united atom Kollman and BV methyl groups. When an
adjustment in the first shell ‘coordination number of the -
Clementi methyl group 1is made proportional to the ratio
of the volume of the BVY3 or Kollman first shells (these
are the same) to the Clemanti methyl first shell volunme,
the coordination number of Clementi thymine is 21.78.
Ihus no appreciable difference is found in first shell
hydration structure with the wvariety of solute-water

potential functions.

Tha average first shell solute-water palr energies for
Kollman thymine (~-.738 kcal/mole)} and BVS thyaine (-.958
Kcal/mole) are more positive than those 2f Clementi
thymine (-1.589 Kcal/mole). Also, there are no atoaic
first shell soluate-water pair =n2rgies great=ar than the
average water-water pair enargies in either the Kollman
thymine or OBVG thymine simulations. Thus, thymine
hydration is generally more typical of apolar hydration
when a simulation is perforamed with either the Kollman or

BVG salute-water potential functions.

Values for the s>1id to water transfer energy {(heat of
solution) for thymine are calculated for each simulation

by adiing the vacuum to watar transfer energy (<USLT> in

e T N RN - - -
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Table IV.1) to the experimentally determined sublimation

enerqy of thymine (+29.7 kcal/adle) (50). Ihe values
thus obtained are: Clementi thymine: +8.3 Kkcal/mole,
Kollman thymine: +12.9 kcal/mole and BVYG thymine: +B.6
kcal/mole. When these values are compared to
experimentally determined values for the heat of solution
of thymine ranging from +5.3 to +5.8 Kcal/mole (50-52),
it is seen that the Cllementi solutewater potential
function simulation produces a value very close to
experiment followed clos2ly by the value obtained from

the 8Ve thymine simalation.
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Fiqure V.1 Stereo view of a representative first
hydration snell configuration of thymine - C(Clementi
solute-water potential functionse.
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The basic structural feature 92f the agquedus
hydration of uracil obtained from the Clementi solute-
water potential function ;imulation is a first hydrat;on
shell consisting of 19 to 20 water molecules. Seventeen
of these waters constitute thz2 first snell hydration of
the exocyclic ring substituents. The 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 1in

Figure V.2.

Ihe imino hydrogens both show definite characteristics
of hydrophilic hydration witn fully populatesd, high
solvent density (average 1.37 x bulk water) first shells
with strong soluta-water interactions (average -5.309
kcai/mole) The 02 carbonyl oxygen and HS methine hydrogen
first shell waters both hav2 solute-water pair energies
greater than bulk water (-3.010 Kcal/mole). These pair
energies are enhanced by €favorable interactions with the

nearby imino hydrogense.

The vacuum to water transfer energy of uraclil was
found to be -149.7 +/- 10.2 Kcal/mole. The average first
shell solute-water pair energy (-3.666 kcal/mole) is
somewhat dreater than bulk MCY-CI water. The waters of

the exocyclic ring substituents proviile a considerable
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majority (-66.202 Kkcal/mole of -72.453 kcal/mole) of the

first shell solute-water binding eneray. Hydration of
the ring atoms provides o>Snly -6.251 xcal/mole to this

guantity.

Comparison of the structural hydration results for the
Clementi, inlman and BVG solute;uater poténtial function
uracil-water simulations again shows no +trend in the
first shell molecular coordination numberse. Clementi
uracil has a first shell consisting ©of 19.76 waters,
Kollman wuracil 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 danser
(1.06) than the Kollman (.97) or BVG (.88) wvuracil first

shells.

The denser Clemanti first snell reflects th2 tighter
clustering of water molecules in the reslatively strongly
bound first hydration sh=2l1 of the Clementi uracil
molecuie. The order of first shell solute-water pair
energies is: Clementi uracil (-3.666 kcal/mole) > BVS
uracil (-.940 keal/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 hydropnilic

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

R B T SR Y - . -
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from Table Iv.l for each simulation and and

experimentally determined value for the heat of
sublimation of wuracil (+23.8 Kcal/mole) {50) . Ihe
following values are obtained: Cclementi uracil: -120.9
kcal/mole, _Kollman wuracil: +17.6 Kkcal/mole and EVG
uracil: +6.1 kcal/mole. Experimentally determined heat§
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 Cllem2nti solute-water potential
function simulation considerably cverestimatas the heat

of solutiona.
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Agaedus Hydration of Cytosine

Ihe first hydration shell of cytosine was found to
consist of nineteen water wmolacules. Sixtean of these
water molecules 'constitute the first shell hydration of
the exocyclic ring substituents of cytosine. If thz out
of.plane hydration of the Dbare ring nitrogen is assigneld
+59 waters (this number is ¢the average first shell
coordination number of the base imind nitrog=ans from. tha
Clementi solute-water potential function base-water
calculations), then the ring atoms are assigned about
three water moleculas. A stereo view of a representativs
first shell hydration struc¢ture of cytosine from this

simulation is shown in Figure V.3.

The waters of the imino ani amino nydirogen atoms show
definite characteristics of hydrophilic interaction with
the so0lute molecule with average solute-water pair
energies of -6.215 kcal/mosle (imino nydrogen) and -5.854
kcal/mole (amino hydrogens). All other first shell
waters have average solutae-water pair energies 1less
favorable than the averag2 bulk water water-water
interaction. Iypical apolar solute-water interactions
are seen with the waters 5f all ring carbon atoms and the
methine H5 hydrogen atom. The Ho methine hydrogen atom
waters interact -uith the solute somewhat more favorably

than the HS waters because of the strong potential of the



neighooring Hl imino hyggggen.

The average first shell so>lute-water pair energy is
~3,220 kcal/mole which is comparable to the average bulk
water water-water interaction of -3.010 kcal/mole. The
;otél solute-water binding 2n2rgy of the exocyclic ring
substituent atoms (-54.957 kcal/mol) dominate the
molecular first shell binding energy of -60.619 kcal/
molee. The remaining tenth (-5.666 kcal/mole) of the
first shell solute-water binding energy is contribut=2d by

the ring atom waters.

The vacuum to water transfer energy for cytosine was
calculated to be -127.4 +/- 8.9 kcal/mole. The solid to
water transfer energy for cytosine can be calculatel for
this simulation if the sublimation 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
so0lid to water transfer en=2rgy of cytosine is calculated
to be -9%7.4 kcal/mole. Comparison with the experimental
valve of +7.7 Kkcal/mole (50) demonstrates that the
Clementi solute-water potentials overestimate the sclute-

water interactions.
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Aguyeous Hydration of Adenine

The aqueous hydration of adenine is found to have the
basic structural feature of a first hydration shell
'consisting of  twenty or twenty dne water molecules.
Twelve or thirteen of éhese water molecules are fodnd in
the first nydration shell of the exocyclic ring
substituents. The ring atoms are assigned four or five
waters using the same approximated value for the out of
plane bare ring nitrogen described for cytosine. A
stereo view 5f a representative first shell hydration
structure of adenine from this simulation 1is shown 1in

Figure V.4d.

The waters of the imin> and amino hydrogan atows of
adenine again show decidedly hydrophilic character in
thelr interactions with the solut=s. Ine average solutg-
water interactions for the 1imino 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 pulk water water-water interaction with the

exception of the N9 imino nitrogen waters.

The average first shell solute-water pair energy
{-2.596 kcal/mole) is less favorable than the averacge
bulk water water-water interaction of -3.010 Kkcal/mole
due to the weak s>lute-water interactions of all ring

atoms (including the bare ring nitrogens) and thz twd

s T S —— -
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methine ring fragments. Tne exocyclic’ring substituent

atoas contribute a substantial majority (-43.838
kcal/mole) of the first shell sslute-water binding eneraqy
of -52.953 Kcal/mole. Th2 remaining sixth of the first
shell biqding energy is obtained via the waters of the
ting atons from out of plana interactions (-9.115
Kcal/mole) . The vacuum to water transfer energy of
adenine is found t5 be -1lUl.4 ¢/- 13.5 kcal/mole. The
experimentally determined sablimation energy of adenine
is +30.4 kcal/mole (53). Hnén this value is added to the
vacuum to water transfer 2anergy obtaingd from this
simulation, a value of -111.0 kcal/mole is found for the
solid to water transfar 2n2rgye. Exsperimentally obtained
value for this quantity range from +7.1 to +8.0 kcal/mo>le
(52-56). The Clementi solute-water potential functions

again overestimate solute-water interactions.
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Aguepus Hydration of Guanine

Ihe basic structural feature of the agueous hydration
of guanine is a first hydration shell consisting cof
twenty one or twenty two water molecules. Seventezn of
these waters éonstitute the first ,nydrétion shell of the
exocyclic ring substituent atosas. The other four or five
waters are assiqgned to the ring atoms wusing the same
approximation to the out of plane hydration of the bare
ring nitrogen atowms da2scribed for cytosine. A stereo
yiew of a representative first nydration shell structure

of guanine from this simulation is shown in Figure V.S5.

Ihe waters of the amino nydrogen atoms show definite
characteristics o0f hydrophilic interaction with the
solute molecule with soluts-water pair energies of -4.331
kcal/mwole (imino hydrogens) and -7.731 kcal/mole {(amino
hydrogens) . All other first shell waters have av=srage
solute-water interactions 1less than tha average bulk
water water-water interaction energy except for the imino

nitrogen N9 and carpbonyl oxy3en 06 waters.

The average first shell soplute-water pair energy is
-3.314 kcal/mdole which is slightly more favorable than
the average bulk water intaraction. 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 atoas. About one-
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seventh (~-9.321 kcal/mole) of this energy comes froa the

out 9f plane Ainteractions 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
guanine is éstimated to be +30 kcal/mole és in the case
of cytosine and added to the vacuum to water transfer
energy obtained in the simulation, a solid to water
transfer energy of -82.6 Kcal/mdle 1is obtained. "The
experimentally ootained value for this guantity is +11.8
kcal/mole (54); the Clemanti solutz-water potential
functions again overestimate solute-water interaction

energies.

el 3w re—— - -
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Azueous Hydration of (C3-Endo)-5-Deoxy-1-C-Amino-

B=D-Ribo-Pentofuranose

The basic structural feature >f the hydration of the
ribose derivative is a £irst'she11 consisting of twenty
one or twenty twd waters malecdles. Ihe majority (twelve
or thirteen) of the first sh2ll waters are assign2d to
the apolar constituents of the molecule (methine and
methyl groups). The 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 shezll configuration
for the ribose derivative odtain2d from thi; simulation

is shown in Figure V.b6.

The hyarophilic hydration of the molecule is
constituted by the waters of the hydroxyl hydrogen atoms
(average =-5.562 kcal/mole) and the H2' amino hydrogen
atom (-4.331 kcal/mole). Wwhan a water molecule is found
w#ithin the first shell of the ether oxygen (first shell
coordination number only .76) the interaction 1is also
guite favorable (-3.591 Kcal/mdle). Clearly hydrophobic
interactions occur with the waters of the ring methylene
hydrogens with extended cutoffs (average 4.0 Angstroms),
low first shell densities (.80 x bulk water) and very
weak average solute-water pair interactions (-.118

kcal/mole). The waters of the methyl group show similar
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data characteristic of hydrophobic solute-water

interactions.

The vacuum to water transfer energy of the ribose
derivative is calculated to be -2.8 +/- 9.2 kcal/mole.
Ihe average solute-water palir energy in the first
hydration shell is -1.496 kcai/mole; the first shell of
this molecule thus appears to be 3ominated by water-water
interactions. The - Rost important solute-water
associations nccur with the four waters hydrating the two
hydroxyl groups. These contribute the majority (-17.216
Kcal/mole) of the total first shell binding energy
(=31.960 Kkcal/mole) of this molecule. Nearly the
remainder (-9.529 kcal/mole) is provided by tﬂe waters of

the amino group.
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Agueous Hydration of (C2-Indo)-2,5-Dideoxy-1-C-Amino-

B-D-Ribo-Pentofuranose

Ine basic structural feature obtained from the
deoxyribose derivativeA simulation is a first hydration
shell containing- twenty two waters. The bulk of the
waters (sixteen) are assigned to the apolar m2thylen2 and
methyl constituents of the deoxyribose derivative. The
remainder (seven) of ths water molecules hydrate ths
polar ether oxygen, hydroxyl and amino molecular
constituents. A stereo view of a representative
configuration of the first hydration snell obtained fronm

this simulation is found in Figura V.7.

A definite hydrophilic interaction is found with the
water of the hydroxyl nydrogen with an average sSdlute
interaction of ~7.271 Kcal/mdle. 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 ring fragments with the typical extended
first shell cutoffs, 1low first shell densities and very
weak average solute pair interactions of -.236 kcal/mole.
the waters assigned to tha w@methyl group also display
hydrophobic interactions with averags solute pair

energies of -.107 kcal/mole.
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The vacuum to water transfer energy is found to be

-8.86 +/- 8.8 kcal/mdle. Ine average first shell solute-~
water interactions is -1.081 kcal/mole demonstrating that
water-water interactions predominate in the first shell.
The preponderance of the first'shell solute-water binding
enerqy"arises with the three amino waters (-9.410
kcal/mole) and the two waters of the hydroxyl group

(-8.853 kcal/mole).

The results for eacn simulation were accompanied by
plots of the simulation control functions, 1nciuding the
runhing mean total energye. Attainment of a stable mean
total enerqgy over the last 500K to 1000K configurations
of a simulation is one index of simulation reliacility.
The stability of this gquantity varied from a case where
virtually no variation was seen 1in the total mean energy
over the lsst 1000K of the simulation (thymine, Clementi
potentials) to a case where the mean total enargy drifted
somewhat less than 10 kcal/mole (less than «05
kKcal/mole/particle) over th= last 1000K configurations of

the simulation {(uracil, Clementi potentials).

Each simulation was run for a period sufficient for
one large scale fluctuation to appear in the SOK block
averages of the total energy calcdlated from the
simulation. These periodic large scale fluctuations,
also known as grand cycles, have be2n found to >ccur

about every 2000K configurations in extended Monte Carlo
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liguid state simulations. dnly very small changa2s in

mean total energy occurs (about .03 kcal/mole/particle)
when simulation is performed for more than oﬁe grani
cycle (59); considering the extremely large amounts of
computer time required for a Monte Carlo simulation, it
is felt' that attainmenf of one full grand cjcle 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 1is felt that the

calculations reported here are guite reliable.
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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.

The simulation of uracil and thymine hydration were
performed with each of tnree different solute-water
potential functions 1in order to assess the quality of
these potentials and determine the effects of variation
of this methodological variable on simulation results.
cComparison of simulation transfer energies with
experimentally obtained transfer energies permits
determination of the guality of simulation enercetics.
fhe simulation transfer energies calcqlated for thymine
are comparapble to 2xperimental solid to water transfer
energies (average +5.5 kcal/mole) with 31l three solute-
water potential fanctions (Clementi: +8.3 Kkcal/mole,
Kollman: +17.9 kcal/mole, BV3: +8.6 kcal/mole). On the
other hand, transfer energ2tics calculated for wuracil
differ greatly between the Clementi simulation ani the
Kollman and BVG simulations. Ihe calculated solid to
water transfer energies using Kollman potentials (+17.6
Kcal/mole) and BVG potentials (+6.1 kcal/mole) both agree
well with experiment (averaqzs +6.8 Kcal/mole). The
correspoanding 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 energy overestimation is continued
in the other base simulations using Clementi potentials.
The values calculated for cytosine, guanine and adenine
are all over 100 Kcal/mole mora negative . than
experimental resﬁlts. Ihe conclhsion is that the BVS and
Kollman potentials calculate reasonable transfer energies
in the <cases investigated here. The Clementi set,
however, consistently overestimates solute-water
interaction energies. The best possible estimate of
average first shell pair enesrgies for the bases are on
the order of those calculatsd for wuracil and thymine
using BVG and Kollman potantials, i.e., abovut =-1.0

kcal/mole.

The 1large negative errors found for the solats
transfer énerqies of adenine, guanine, cytosine ani
uracil with the CZlementi potz2ntials 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 energias upon‘ which these
potentials are based. The intermolecular interaction
energies are calculated by subtracting the sum of the
energies of the isolated mdolecules from the energy of the
interacting molecules. Tn2 energy of the interacting
molecules is lowerei relativa to the sam of the isolated
molecules via the formation of new, lower energy,

orbitals. The calculated energies of the isolated

R Rt Y S ——— - .
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molecules, however, becoms 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 1in the calculation of
unrealistically negative interaction energies. This
error is known as basis set-superposition error and can
be corrected via th2 counterpsise correction method (58)
or avoided using large (extenied} basis sets. Ihus,_the
use 0f larger basis sets or correction methods |is
indicated 1in the development of future bilomolecular

solute-water potentials via ab initio methods.

Although the clementi potential solute transfer
energies are considerably overestimated for all bases
except thymine, r2lative energetics appear reasonable.
Ine obseried order of the strength of solute-water
interactions for waters assigned to the various base
functional groups (imino and amino > carbonyl > methine >
methyl) 1is a trend seen in the five Clementli base-water
simulations as well as the six wuracil and thymine
potential function comparisons;. this trend corresponds to

the decreasing polarity of the functional groupse.

Another guestion addressed was the effect of potential
function choice on salute coordination number. First
shell molecular coordination numbers for wuracil and

thymine appeared 2ssentially independent of energetic
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trendse. Average coordination numbers for the diffarent

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 1iazino groups are: Clementi

- potentials: 3.87, Kollman potentials: 3.10 and BVG

potentials: 3.18. The carbonyl groups show exactly the
opposite trend. The avarage coordination numbers are :
Clementi potentials: 2.98, Kollman potentials: 3.28 and

BVG potentials: 3.92.

Again, no trend is seen 1in the methine group averége
coordination nuwbers: Clem2ntli potentials: 2.51, Kollman
potentials: 3.12 and BVG potentials : 2.86. Finally,
when the coordination nuabars of the BVG and Kollman
methyl groups are adjusted to compensate for the reduced
first sheli volume of the BVG and Kollman wunited aton
methyl qgroups, the following closesly corresponding
numbers are obtained: Clementi potentials: 9.43, Kollman
potentials: 9.47 ani BVS potentials: 9.79. The range of
values for these coordination number sets is juite tight;
when the averages are round=2d to the nearest integer in
each case the following numbers are found: imind groups:
3 or U waters; carbonyl groups: 3 or 4 waters; methine
groups: 3 waters; methyl groups 9 or 10 waters. Ihe
coordination numbers are seen t5 be roughly comparable
from potential to potential. There 1is also no apparent

correlatiosn between pair energy strength and coordination
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number ; no wmeans of datermining which coordination

numbers are the most accurate are available.

Some assessment 2f the changes in coordination number
upon base dimerization can be made using these results.
Using the cpordination nuabers. calculatéd here, the
formation of a base pair between adenine and thyﬁine 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/mdle).
Construction of a base stacked dimer, on the other hang,
would displace only twd to four waters per dimer. Base
pairing would reguire displaceaant of a greater number of
first shell waters than base stackin3g and thus rsmove

more favorable solute-water interactionse. Solute-water

- interactions thus may contribute to the well known

preference of bases to form stacked dJdimers in aguedus
solutions, even though th2 Jdominant stabilizing force is
expected to be hydropobice. Jther factors would, of
courss, be important such as base-base interaction
enerqgies and changes 1in water—-water énergies and

configurational entropies upon dimerization.

The accuracy of solute-water energetics for the
pentose systems studied cannot be judged since
axperimental transfer energiss for thase molecules are

not available. However, the order of solute-water

S T e b - - P
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interaction energies for the waters ©of the various

functional qroups 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 Qnile the cooriination numbers for the
apolar wmethylene 3roups vary more widely. The =ther
oxygen is essentially assigned one water molecule in each
sugar derivative. tach hydroxyl group is assigneld twd
waters: one to the oxygen atom and one to the hydrogen
atom. considerable variation is seen among tha
coordination numbers for thz methylens groups; this
result is 1largely due to the wvariation in first shell

volunes dua2 to the geometry of tn2 puckared sugar rings.

Ihe generalization of functional group coordination
numbers among different molecular systems is an
interasting gquestion. Avarage gcoordination numbers are
calculated for +the various functional groups of the
Clementi potential base and sugar simulations These are:
imino: 3.84, carbony}: 3.14, methine: 3.27, methyl:
7.89, amino: 2.00, bare ring nitrogen: 1,90, hydroxyl:
1.97, ether oxygen: «89 and methylene: 1.78. An
assessment of coordinate number transferability among
these simulations c¢an be made by examination Of the rance
of coordination nusbers for each functional group when

each coordination nuambar 1is ro>unded to the nearest
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integer. The results are: imino: 3 or 4 waters,

carbonyl: 3 or 4 waters, methine: 3 or 4 waters, methyl:
7 to 9 waters, amind: 2 wataers, bare ring nitrogens:1 or
2 waters, hydroxyl: 2 waters, ether oxygen: 2 waters and
methylene : 1 to 3  waters. Ihe same rough
transférabiltty of coordination number noted in the

potential function comparison holds for the functional

-groups of the seven Clementi potential simulations.

The previous Monte Carls> 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 u4C water
molecules. be.Jayaram, in this laboratory, demonstrated
that waters surrounding tha apolar atoms of dimathyl
phosphate anion rapidly diffuse away from the sclute.
Thus, the first shells 2f the wmethyl group, methine
groups and ring 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 co;responding base shell reported
here. Since only 40 waters are included in the Clenenti
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 eriodic 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 obtainzd in
Monte Carlo simulations o2f aguedus systems wusing force
bias converges in about haff the number of moves required
_for the same systenm using the straight Metropolis
algorithm. Ihﬁs. the.C1ementi et al. base simulations
used the eguivalent of only 250,000 force biased
equilibration steps and 259,000 force biased history
production steps. Examination of any of the lconttol
functions for the 2,000,000 step force biased histories
compiled here reveals that virtually none of the mean
energies have settled to their final values after 500,000

moves much less 250,000 moves.

Ihe simulations performeld here differ from the
Clementi et al. calculations in several wayse. Thasa
include: 1) the us2 of pariodic boundary conditions, 2)
the use of sufficient waters in the simulation to
constitute more than two complet2 nydration 1layers, 3)
the use of sufficient simulation 1length to reasonably
éssure convergenca and 4) the wusa o0f convergence
acceleration technigues such és force bias ani
preferential samplinge. further, the simulations ars
structurally and enzsrgetically analyzed using w2ll
defin2i, 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




- 456
al. base simulations. Bbecause of the differences 1in

methodology and analysis, it is felt that the simulations
reported here contribute the most reliable information to

date on nucleic acii base hydration.

Ihese difficulties are presumably compoundeq in the
complex helical DNA Systemé studied by Clementi where a
large molecule (24 nucleotide units) is simulated with an
inacequate number of waters (447) with inadeguatz run
lengths ("between 834,000 and 2,235,000 moves") without

periodic boundary conditions or convergence acceleratione.

Several conclusiaons may be drawn £from this study. A
comparison was made of biomolescular hydration
descriptions obtained with th2 use of three available
biomdolecular éolute-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 Berenisen-Van Gunsteren and Kollean
sets provide excellent reproduction of transfer
energatics in the molacular cases examined; the Clenenti
potentials, however,' were found to greatly overestimate
solute-water interactions. Examination of the first
shell enerqgetics of thymine and uracil wusing BVG and

Kollman potentials suggest that an average first shell
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solute~water pair {interaction of about sne kcal/mole is

reasonable for the nucleic acid bases. Molecular first
shell coordination numbers are found to be essentizally
independent of the choice of potential functions.
Functional group coordination numbers do not show
definite trends with the variation of pofential'function
and are roughly transferable when rounded to the nearest
integer. Finally, tne simulation results provide
qualitativé microscopic characterization of the hydration
of the five nucleic acid bas2s and two sugars in
derivative form.  The simulations were performed using
methodology (periodic bouniary conditions, adeguate
numbers af waters, convergence acceleration and
sufficient run length for tne number of molecules in the
simulation) which 1 believa to supercede the previous

simulation work of Clementi.

R very 1interesting focus for future simulation study
is the effect of agu=2ous hydration on the base stacking
interaction which 1is perhaps the privary contributor to
helical stapility. The identification of solute-water
potential functions providing high guality solute-water
energetics was the necessary prereguisite for this tyge
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-sdlute interactions. The result is the

identification of the most favorable solute-sslute
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configurations. Study of “stacked base dimers moved on a

vertical coordinate would determine the most favorable
solute-solute separation while simulation of pa;;llel
displacement of one base in the dimer at a coﬁ;tant
vertical distance would calculate the most favorable
dimer overlap. Subsejuent higher order systems for
simulation would be vertically stacked base pairs where
one pair is wmoved to simulate the relative displacament
in base pairs in helical winding and unwinding. Seguence
dependent effects would be an interesting facat of such a
study. Finally, a study where one base in a stacked
dimer is slid parallel to thes base planes would simalate

solvent effects >n helical opening and unopening.
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