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SYNOPSIS

Alkylation of the sugar-phosphate backbone of IDNA can result upon exposure to several
potent carcinogens, inducing DNA misfunction. In order to assess the structural and
energetic changes in DNA helices induced by such alkylation, we have performed
AMBER-based analyses on phosphotriester containing analogues of {d-[GGAATTCC]},.
Fourteen analogues of the nonalkylated oligomer were examined, each bearing a single
alkylation of known stereochemistry. Results indicate that although there is minimal
effect on the aromatic bases, the presence of a phosphotriester disturbs the sugar—phos-
phate backbone in complex ways. For most analogues, total minimum energies are lower
for the S -alkylations than for the R, -alkylations which point directly into the major
groove of the helix; however, different energetic contributions follow different, or no,
trends in dependence on alkylation site and /or stereochemistrv. Where data is available,
experimental nmr results agree with the calculations reported here.

INTRODUCTION

Early in the study of DNA biochemistry, details of
nucleic acid structure were found to be important
correlates to nucleic acid function. From that time
on, there have been numerous investigations of the
interactions of alkylating agents with DNA. These
range from studies of the in wvivo physiological
effects of DNA alkylation to the effects of alkyla-
tion on aspects of DNA molecular structure'™*
(also chap. 9 in Ref. 3). In the latter category, most
of these studies have been aimed at determining
the sites of alkylation, the sequence dependence of
the alkylation sites, and the relative biological con-
sequences of the different alkylation sites.’!' Many
DNA-alkylating agents alkylate almost exclusively
at sites on the bases®? (also chap. 9 in Ref. 3), and
for many years base alkylation was thought to be
paramount for mutagenic effects or DNA inactiva-
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tion. Within the past two decades, a number of
studies have shown that phosphate alkylation,
leading to phosphotriester formation, occurs with
several potent carcinogens,””? and for some eth-
ylating agents there appears to be a positive corre-
lation between the percentage of phosphate triester
formed, relative to total alkylation, and carcino-
genicity.” 2

The lethality of phosphotriester formation, as
well as the site of alkylation, is highly dependent
upon the nature of the alkylating group and on
whether the nucleic acid sugars are ribose or de-
oxyribose.”1*18 Deoxyribophosphotriesters appear
to be significantly more stable than ribotriesters,
and whereas methyl triesters are rarely lethal,
higher alkylations are often lethal.”'*'" " In vitro
studies have shown that the absolute stereochemi-
cal configuration of a phosphotriester is also a
determinant in the consequences on DNA biochem-
istry."

Based on a variety of experimental results, the
biologically significant effects of phosphate alkyla-
tion on nucleic acids are postulated to be loss of
susceptibility to enzyme hydrolysis, perturbations
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in interactions with complementary polynucleo-
tides as a consequence of charge neutralization,
steric interference of the alkyl groups with pro-
tein-nucleic acid interaction, and changes in con-
formation that alter enzyme recognition sites.!? 142

Van Genderen and co-workers have reported
molecular mechanics calculations on methylat-
ed parallel {d-[TTTTTT]}, and antiparallel {d-
[GCGCGC},, and for each type compared the two
possible methylated diastereomers.?! The calcula-
tions were based on the AMBER force field.?*-#!
They found that the removal of the phosphate
charge upon methylation stabilized the parallel
helix and that the phosphotriester torsion angles
were the conformational parameters most affected
by the stereochemistry of the methylation. For the
antiparallel helix, it was observed that the S,, sub-
stitution resulted in a larger major groove and a
smaller minor groove as compared with the unsub-
stituted oligomer.

We have recently begun both nmr and theoreti-
cal studies on the effects of phosphate alkylations
on the solution conformation of the DNA octamer,
(d-[5'G'pG?pA’pA'pT?pT pC'pCH3]},, investi-
gating both the effects of alkylation site and the
effects of stereochemistry at a given alkylation site.
Here we report the results of molecular mechanics
studies on the seven possible diastereomeric pairs
(R, and S, vide infra) of analogues with a single
ethylphosphotriester per strand, eg., (R, R, )-
{d-[G(et-p)GpApAPTPpTpCpCl}, and (S,, S))-
{d-[G(et-p)GpApAPTPTpCpCl} 1, etc. We also re-

port preliminary comparison of these theoretical
data with relevant experimental data.

METHODS

The molecules we discuss here are all analogues of
{d-[GGAATTCC]}, in which a single site on each
strand of the sugar-phosphate backbone has a
known modification, i.e., the replacement of a nor-
mal phosphodiester with an ethyl phosphotriester.
The 14 resulting analogues (7 internucleotide phos-
phates, two diastereomers at each phosphate) were
energy minimized and the resulting structures were
examined both with regard to conformation and
with regard to energy. The 14 self-complementary
alkylated molecules investigated are referred to as
R -G(et)G, S -G(et)G, R -G(et)A, S, -G(et)A, R
Alel)A, S -Alet)A, R -Alet)T, S-Aet)T, R,
T(et)T, S,-Tet)yT, R -T(et)C, S,-Tet)C, R, -
C(et)C, and S,-C(et)C, where X(et)Y refers to the
internucleotide phosphate bearing the alkyl moi-
ety. The absolute stereochemical designation R,
refers to the configuration wherein the ethyl group
is oriented into the major groove of the helix (see
Fig. 1); for the S, diastereomer the ethyl group is
oriented away from the helix. Also energy mini-
mized were the unmodified molecule (parent) and a
hypothetical analogue in which the first internu-
cleotide phosphate, G-PO,-G, was given the re-
duced charge of a triester (vide infra) but no alkyl
substituent, (G(no)G).

Figure 1. Energy-minimized structures of R -T(et)T (left) and S,-T(et)T (right); the
van der Waals radii of the ethyl moities are indicated with dotted surfaces; single dots

represent counterion positions.,



Table I Partial Charges Used for the Ethylated Phosphates®
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oy 05 02 OSE

P C2 H2 C3 H3

0.277 -0.277 -0.354 ~-0.290

0.660 0.118 0.021 0.039 0.004

“0O3 and 05 are the backbone ester oxygens; OSE is the ethyl ester oxygen. The atoms C2 and H2 form the methylene group and

the atoms C3 and H3 form the methyl group.

The oligonucleotides were modeled by the
AMBER force field,?*"?* which represents the en-
ergv of the system by harmonic bond stretching
and bending terms, and trigonometric torsion
terms. supplemented with van der Waals (1/r'?
exchange repulsion and 1/r% dispersion), electro-
static [1/(er)] interaction between nonbonded
atoms, and a special 1/r' — 1/r"" term for hydro-
gen-bonded atoms. For the electrostatic interac-
tion, a distance-dependent dielectric constant ¢ =
4r was used to model the strong screening effect of
solvent water (which was not explicitly included in
the calculation). This choice, one of the options
provided by the AMBER 3.0 program, appeared to
us to be a reasonable compromise between the low
dielectric constant of the solute and the high di-
electric constant of the solvent. Such distance-
dependent dielectrics of form € = cr, where ¢ is an
integer > 1 and most frequently = 4, have been
used by others to refine both theoretical and exper-
imentallv derived structures, and have been found
to give better fit than calculations performed with
€ = 1.7 %" The parent octamer was also minimized
with € == r, and the resulting structure was essen-
tiallv superimposable on that structure obtained
using € = 4r. All hydrogens were treated explicitly
from the outset of the calculations, and a 5-nm
cutoff was used for defining atomic interactions,
thus ensuring that all possible binuclear interac-
tions were considered.

The AMBER force field includes parameters for
the standard nucleic acids, but not for the deriva-
tives considered in this study. In particular, the
fractional charges on the atoms, used in the elec-
trostatic energy term, are affected by the ethyla-
tion, which necessarily causes neutralization of the
phosphate charge. For the phosphotriester moiety
we took advantage of the partial charges calculated
for the methylated case by Van Genderen et al.?';
the charges for the ethyl group were deduced from
the methvl data by requiring overall charge neu-
trality and similarity to charge distributions of
alkyl groups bound to oxygens found in the
AMBER library. The actual charges used are
shown in Table . The initial justification for this
comes 1n noting that the approximation involved in

using trimethyl phosphate as the representative of
the phosphotriester in the DNA backbone®! i, cer-
tain to include larger inaccuracies than our ex-
trapolation from methyl to ethyl. Subsequent
minimization calculations were performed on the
diastereomeric pair, RP-A(et)T and Sp-A(et)T, with
ethyl charges taken from an ab initio (STOQ-3G)
calculation on dimethyl ethyl phosphate. Changes
in group energies and interactions (vide infra), rela-
tive to the calculations performed using the charges
in Table I, were less than 0.1 keal /mol.

The initial configuration of oligonucleotides was
obtained by the NUCGEN module of AMBER
3.02%% in the “idealized” B conformation and
counterions (Na ~, 0.16-nm radius) were placed near
the charged phosphate groups. A minimization of
the parent molecule was also run with the counter-
ion radius set to 0.48 nm, reflecting an implicit
hydration layer; the structure so obtained was
similar to that obtained with the smaller radius.
Whereas it may be argued that the increased ra-
dius may be a better reflection of the actual inter-
nuclear separation of phosphate-counterion, since
we did not explicitly include water molecules in our
calculations and hence did not explicitly include
the energetics (especially the electrostatic energies)
of their interactions with phosphates, we felt use of
the larger ion would not provide a more satisfac-
tory representation of the phosphate environment.
Each starting configuration was minimized with
the program, obtaining the nearest local energy
minimum of the system. A conformation was con-
sidered to be at the minimum energy when the rms
of the gradients was less than 0.005 nm. The result-
ing parameters were then processed using the anal-
ysis module of AMBER 3.0 to obtain the decompo-
sition of the energy both into the contributions
from the various functional groups and into the
different types of energetic interactions. The DOCK
program® was used to view the minimized struc-
tures on an Evans & Sutherland PS390 graphics

*The DOCK program was developed under the direction of
H. Berman at the Fox Chase Cancer Center (Philadelphia) by
R. Stodola, F. Manion, W. P. Wood, and S. Beckman.
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system and to obtain various structural parame-
ters.

RESULTS AND DISCUSSION

Conformational Features

In each case, the system remained in a general
B-DNA conformation and the counterions stayed
near their respective phosphates. The strict pla-
narity of base pairing was lost, conforming to ex-
perimental data on oligomer duplexes.?® Many of
the “traditional” indicators of conformation were
remarkably similar for all 16 molecules investi-
gated. The helical lengths, measured as the inter-
atomic separation of the deoxyribose C1’ of G! to
C1’ of C® (on a given strand), ranged from 2.41 to
2.49 nm. All diastereomeric pairs had helical lengths
that differed from each other by no more than 0.02
nm and the direction of the deviation did not
appear to show any systematic dependence on the
substitution site.

Base-pairing hydrogen-bond distances were all
within 0.01 nm of the analogous distances in the
parent molecule, 0.19-0.21 nm. Similarily, both the
base-base total interaction energies and the spe-
cific hydrogen-bond interaction terms showed neg-
ligible variability. These results are seemingly in
contrast with the experimentally observed duplex
stabilities of singly alkylated analogues of {d-
[GGAATTCC]}, that have different melting tem-
peratures 7., depending upon both the site and

the stereochemistry of the alkylation.??=** Whereas
S,-A(et)A and S -A(et)T melt within two degrees
of the parent octamer, R -A(et)A and R -A(et)T
melt at temperatures 4-6°C lower.?!"*? Isopropyl-
bearing triesters show similar trends; if the alkyla-
tion points into the major groove of the helix, the
T, is lower than for the other diastereomer, and
there is a pronounced difference in the melting
temperatures of analogues with a given stereo-
chemistry depending upon the site of alkyla-
tion.®* Possible sources for this apparent differ-
ence in stability are mentioned below in the course
of the energetic analysis since the results discussed
above show that it cannot be simply explained by
geometric changes in base pairing. Of course, the
energies calculated are those of the alkylated du-
plexes and they are compared with that of the
nonalkylated duplex, while T, refers to comparison
of the duplex and melted states of a given oligomexr.

The most evident geometric differences between
the molecules were found in the backbone torsion
angles, C3'-03'-P-05'. These angles, for each inter-
nucleotide linkage, are found in Table I for all 16
molecules studied. With the exception of T(et)T,
the Sp substitution causes a significant (10--20°)
decrease in the torsion angle relative to that in the
parent octamer, while the R substitution has an
opposite but smaller effect. For the T(et)T substi-
tution, both diastereomers show small increases in
the torsion angles. A tempting explanation for the
T(et)T behavior would be that a repulsion exists
between the methyl group on the thymines and the
ethy! group. However, neither A(et)T nor T(et)C

Table II The C3'-03'-P -05", C2-OSE-0O-05’ (K1), and the P-02-C2-C3 (E2) Torsion Angles

in the Minimum Energy Conformations

C3-03'-P -05’ Ethyl

AT TT TC CcC El E2

GG GA AA
Parent -95.8 -97.8 —100.7
G(no)G -93.9 —-95.7 —99.1

R, -G(et)G  —943 992 -996

S,-GetG ~ —1055 989 —99.6
R, Get)A  —939 —90.8 —100.5
S,GeA 955 1143 1020
R,-Aet)A  —95.1 —961 —96.7
S-A(HA 954  —974 —1162
R,-A(tT  -964 -992 —100.0
S,-AET  —962 984 —99.6
R, -TEeT  -940 -969 —985
STty  -953 -974 -99.2
R, -T(et)C  -956 -963 —99.3
S,-T(eHlC  —952 ~964 -988
R, CethC  —-944 972 -988

S,-Ciet)C —93.1 ~95.0 -98.6

-953 -—-89.3 -91.8 -911
-953 -899 -91.3 -—-889
-945 —-889 -943 -959 667 1774
-947 —-883 -949 -923 73.3 180.1
-943 857 -992 -941 -—-666 178.1
-948 885 -918 -868 73.1 1799
-965 —90.8 —-91.0 —888 —-652 1769
-960 -904 -90.5 —853 72.8 1799
~931 -839 -—-942 -~-966 -—-629 1780
—-107.6 —-926 —864 —951 74.3 1798
-9356 -790 -969 -932 -695 1793
-939 —-873 -968 —90.5 717 179.1
-949 -90.1 -—8356 -924 —657 1775
—-940 -—-855 -120.8 —94.8 73.9 180.0
-949 -868 -—-91.1 -—-788 686 1784
-944 -886 -90.6 —121.5 74.3 179.6




exhibit this anomaly, and the interaction energies
between the thymine and ethyl groups (not shown)
are similar in all three substitutions in the vicinity
of thymine. The ‘thymine-thymine interactions
were also compared and were found unaffected by
the ethylation. Thus the explanation of the anoma-
lous T(et)T behavior must lie elsewhere.

The orientation of the ethyl group can be de-
scribed by the O5-P-OSE-CT2 and P-OSE-CT2-
CT3 torsion angles, also shown in Table II for each
alkylated molecule. For the 05-P-OSE-CT2 angle
there is a 6.6° range between the seven R
molecules, and a 2.6° range between the seven S,
molecules. There is no obvious correlation between
the site of alkylation and the deviation from the
mean torsion angle; however, R -T(et)T has the
most negative torsion and S -T(et)T has the least
positive torsion for both diastereomers. A similar
trend is observed for the P-OSE-CT2-CT3 angle,
with somewhat smaller ranges but with the ex-
treme values again occurring at R -T(et)T and
S,-T(et)T. This correlates with the anomaly in the
C3’-03’-P-05’ torsion angle exhibited by the T(et)T
substitution.

A geometric feature that correlates directly with
experimental data is the interaction of the ethyl
moietv with neighboring bases. In a study of the
G(et)A diastereomeric twins, we found that the
ethyl moiety of the R diastereomer exhibits nu-
clear Overhauser effects (NOEs) with the base pro-
ton of the adenosine; no such NOEs were observed
for the S, diastereomer.” Using a 0.45-nm distance
cutoff to determine whether such NOEs should be
observed, examination of the energy-minimized
G(et)A diastereomers shows that only the R, would
exhibit such NOEs. We observed similar results
for the isopropyl-bearing analogues, A(iPr)A and
A(iPr)T.* Although the authors of the study on
the A(et)T twins did not investigate the interac-
tion of the ethyl moiety with the base proton to
the 3’ side of the phosphotriester (and the signal to
noise in the published spectrum does not allow us
to assess the presence or absence of this interac-
tion), thev did report weak NOEs between the
ethyl protons and the H3’ of the adenosine for the
R, isomer but not for the S .*' Examination of the
energy-minimized A(et)T molecules indicate that
these results are as would be expected.

Energetic Features

The analysis module of the AMBER 3.0 package
decomposes the total energy in ways that enable
the tracing of the source of overall energetic dif-
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ferences to specific contributions and to the iden-
tity of differences in various contributions that
might not be obvious due to cancellation upon
summation. For the purpose of the analysis, we
defined as groups the individual bases, the sugars,
the PO, unit, the combined counterions, and the
ethyl group.

Table III shows the calculated minimum ener-
gies for the 16 systems studied with a breakdown
into contributions from the terms in the potential
function discussed above. For all but two of the
modification sites, the calculated total minimum
energies are lower for the S -substituted oligomers
than for the R, substitutions. The S, analogues of
G(et)G, G(et)A, A(et)A, A(et)T, and T(et)T are
more stable than their diastereomeric twins by
0.8-4.4 kcal /mol, while the oligomers substituted
at the “last” two phosphates, T(et)C and C(et)C,
show a difference in the reverse direction by 0.8-1.0
kcal /mol. The relative stability indicated by the
majority of the substitutions thus appears to con-
form to the experimentally observed stability dif-
ference of the duplex oligomers.?=*" This is not
surprising, given that the R substitution points
into the major groove of the helix and would be
expected to be disruptive.

The breakdown of the total ene zies of the eth-
ylated molecules (Table III} show that the varia-
tions in the electrostatic, hyd gen-bond, and
bond-stretching terms, as well as he third neigh-
bor terms (labeled 14), are signiticantly less than
are the variations in the total energy. Variations in
the van der Waals terms (6-12 terms), in the
angle-bending terms, and in the torsion terms are
of comparable magnitude to the variations in the
total energy. Experimental data indicate that the
primary source of lowered T, is steric perturbation
induced by the alkyl group.?®3"* The calculations
presented here report that this steric interaction
between the alkyl group and the DNA introduces a
small but significant conformational change in the
backbone observed both in the C3'-03'-P-05' tor-
sion angles and in the torsion contribution to the
total energy.

The total “group energies” (i.e., the sum of all
interaction energies of each atom in a group) of
each sugar, each phosphate, and each base were
compared for all 16 molecules considered. The vari-
ation in the sugars was generally larger than in the
bases. The group energy of the bases changed only
2-5% as a result of the different substitutions, and
the magnitudes of the changes relative to the par-
ent octamer were in the order G < A < C < T; the
sugars showed variations from 21 to 47% relative to
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Table III Total Energies and Their Partitions to Contributions
from Various Interaction Types
Elo( E\'d\‘\/ Evl EHB Ehnnd Eung Edih El ed W El lel

Parent -310.0 -—-2527 -34.0 -114 4.7 54.0 1449 82.1 —296.3
G(no)G —289.2 2449 -136 —11.3 4.6 54.7 141.8  82.3 —291.8
R -GethG —2788 —-2587 -—137 —114 47 59.5  150.1 82.7 —292.0
S[)-G(et)G —-281.6 —2588 —13.3 -11.5 4.7 59.3 1475 82.7 -292.1
R,-Get)A -2779 -2576 -—140 -112 47 59.3  150.5 82.3 —292.0
S,-Glet) A —2792 -2564 151 -—11.3 4.7 58.1 149.7 82.8 —291.7
R -A(et)A —2757 -2562 -—151 —114 47 54.4  153.5 82.9 -291.5
S',-A(et)A —280.1 —-2569 —147 -114 4.7 58.3 149.0 82.6 —-291.7
R -Alet)T -2716 -2535 -—146 —11.5 49 57.6 1545 826 —201.6
S,-AetyT  —2739 -2529 -151 -—11.3 48 56.5 1529 82.8 —291.6
R, -TEet)T —2792 -2580 -—141 —113 47 59.2  149.7 82.5 —-292.0
S,-TetyT.  —280.0 -2572 —140 -—114 47 58.5 1489 826 —-292.1
R -T(et)C -2780 -—2578 —140 -113 47 57.8 1515 829 —-291.9
S,-TetyC —277.0 -2541 —146 —11.3 4.8 589 148.8 823 -291.8
R -Cet)C -2792 -2582 -—144 -—114 47 58.1 151.1 82.8 -291.7
Sp—C(et)C —-2785 —-2556 —148 —11.2 4.8 59.2  148.2 82.6 —291.8

“K., is the total minimized energy; K,y Is the sum of all 6-12 terms; K, is the sum of
all 1/(er) terms; Eyy is the sum of the special hydrogen-bond terms; E,  , is the sum of all

hond-stretching terms; K, is the sum of all bond angle bending terms and

Egin 1s the sum of all

torsion contributions; K, 4w 1s the sum of all 6-12 terms between atoms that are separated by only
two other atoms; E|,, is a similar sum for the electrostatic interactions.

the parent, in the order of G < C < A ~ T. These
variations reflect the relative rigidities of the aro-
matic bases and the sugars, and may suggest that
guanosine 1s the most rigid base-sugar complex
and thymidine the most flexible.

The intragroup energies (i.e., interactions be-
tween the atoms in a given group only) generally
show very little variation from compound to com-
pound. This can be taken as an indication of the
success of the calculation in maintaining the in-
tegrity of the chemical units of the macromolecule.
In all cases the intramolecular energy of the ethyl
group was found to be 0.1 kecal /mol. The presence
of the ethyl group increases the intramolecular
energy of the phosphate group (PO,) from 0.1 to
1.9 kcal /mol, indicating that the ethyl groups have
a destabilizing effect on the phosphates. It is not
evident as to the cause of this effect; it is not due
to the charge neutralization (or alteration in atomic
charges, Table I) of the phosphate group since the
group energy of the neutralized but not ethylated
phosphate [G(no)G] remained 0.1 kcal/mol. The
range of intramolecular energies of the sugars and
bases is very narrow; the extreme values differ
from each other by less than 2%. This is in marked
contrast with the much wider range of intergroup
interactions observed for these groups.

The immediate consequence of phosphotriester
formation is a local charge neutralization of the
sugar—phosphate backbone. In the calculations,
seven counterions were placed along the strand of
the parent octamer and six along each modified
strand. Comparison of the placement of the coun-
terions subsequent to minimization showed that
the counterion placement at the charged phos-
phates was essentially indistinguishable in all
molecules. The contributions of the counterions to
both phosphate and sugar group energies did differ,
however, depending upon the stereochemistry of
the alkylation. Some sequence specificity was also
found (vide infra).

The deviation of total electrostatic energy for
each phosphate group of a given modified octamer
from that in the parent octamer, in all 15 modified
molecules, is found in Table IV. Because a signifi-
cant change in electrostatic energy is expected to
arise simply from the reduction in number of coun-
terions needed for charge neutrality (for the alky-
lated molecules), it is necessary to ascertain
whether the loss of this counterion—phosphate in-
teraction entirely accounts for changes in phos-
phate electrostatic energies or if there are other
changed interactions. Thus, Table IV also includes
the deviations of these total group electrostatic



energies with the electrostatic contribution from
the phosphate-counterion interaction subtracted.
Examination of the data for the total electrostatic
energy shows that at the site of modification there
is an ~ 12.5 keal /mol electrostatic destabilization
relative to the parent octamer due to the ethyla-
tion, with very little dependence on either the site
or the stereochemistry of the triester. The larger
destabilization of G(no)G suggests that the pres-
ence of the ethyl group provides a small stabilizing
influence relative to the effects of pure charge
neutralization. There appears to be a slight stabi-
lization of the phosphodiester to the 5" side of the
phosphotriester in the alkylated molecules, again
suggesting that the presence of the phosphotriester
disrupts some (unidentified) unfavorable electro-
static interaction. The counterion-phosphate in-
teraction 18 ~ 15.8 kcal /mol less favorable for a
triester than for the corresponding diester (in Table
1V, the difference between the columns labeled
TES and —CI), indicating that there are 2-5
keal /mol of favorable electrostatic interaction not
involving the counterions at the triester site. Fur-
ther, this stabilizing factor appears to be greatest
toward the center of the chain; this may arise from
a sequence specificity to the interaction, or it may
simply be due to decreased proximity from strand
ends. Also, this stabilizing factor is more delocal-

SITE-SPECIFIC PHOSPHATE ALKYLATION 603

ized than the immediacy of the counterion electro-
static interaction, as reflected in the (svmmetrical)
graduated effect on either side of the neutralized
phosphate.

Table V contains data on the total energy of
interaction of the phosphate group with all other
groups in the molecule. Again, the data are listed
as deviations from the parent octamer, and are
tabulated with and without the contributions of
the phosphate-counterion interactions. Compari-
son of all data in both Tables IV and V indicates
that although most of the destabilization at the
site of the alkylation comes from a loss of the
stereochemically independent favorable phos-
phate-counterion electrostatic interaction, addi-
tional instal lities caused by the ethyl group are
greater for the R | modification than for the S, by
0.7-2.0 keal /mol. This difference reflects the trend
in the melting behavior of the experimentally in-
vestigated oligomers. Additionally, as the site of
the phosphotriester moves down the strand, from
the 5 end t,ward the 3’ end, the noncounterion
contribution to the total energy remains more
destabilizing for the R, alkylations than for the
S,, but these contributions do become lower in
energy than those in the unmodified octamer.

This rather complex behavior of the phosphotri-
ester groups is mimicked in the behavior of the *'P

Table IV Electrostatic Group Interactions for Phosphate with and without Counterion Contribution:
Differences Between the Alkylated Octamers and the Nonalkylated {d-[GGAATTCC]),"
GpG GpA ApA ApT TpT TpC CpC

TES" —-CI* TES ~-CI TES -CI TES -ClI TES -¢CI TES —-CI TES -(CI
G(no)G ~135 25 d 2.6 0.9
R, -GenG  -129 24 d 2.6 0.8
S, -GlehG  -125 2.4 ¢ 2.6 0.7
R, -G(et)A 24  -127 36 2.4 0.8 0.7
S,-Glet) A 25  -127 37 2.3
R,;A(et yA 0.9 2.4 -12.6 4.0 07 25 0.9 0.8
S,-Alet)A 0.8 24 —125 4.0 0.7 2.5 0.7 0.7
R -Aet)T 0.8 24 —-123 47 0.8 3.0 1.6 1.6
S,-Alet)7T 0.8 23 —122 4.8 0.8 2.8 1.4 1.8
Rl;'l‘(et)'l‘ 0.9 2.5 —122 5.0 1.0 34 1.3
STty 0.8 24  -122 5.1 11 34 1.2
R',-T(et)(l 1.1 0.7 30 —124 48 0.7 2.4
Sp—’l‘(et ) 1.1 1.0 34 —-12.2 5.1 0.8 28
R‘,-(Z(et )¢ 0.9 1.3 1.5 2.4 —127 34
S,-Clety’ 0.8 1.3 1.4 2.5 —125 36
Parent® - 14.1 3.0 —-13.7 50 —-136 5.6 —-13.2 6.7 -13.2 7.0 -134 65 -13.8 4.6

The parent values are included to provide information as to the signs of the energy terms.

A : ’ .
Numbers in table are &, - odifie

i; only absolute values > 0.6 kcal (k'T') are shown.

“TES: total clectrostatic intergroup energy, i.e., the sum of all intergroup electrostatic energies.
“-CLTES minus the sum of the electrostatic interactions of the specified group with the group of counterions.

“Values 0.5-0.6 keal discussed in text.
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Table V Total Group Interactions for Phosphate with and without Counterion Contribution:
Differences Between the Alkylated Octamers and the Nonalkylated {d-[GGAATTCC]},"

GpG GpA ApA ApT TpT TpC CpC
TGI® -¢CI* TGI ~-Cci TGI -CI TGI -CI TGl —-Cl1 TGl ~CiI TGI -CI

Gno)G ~ —125 26 2.5 0.9

R-G(et)G ~-165 -06 10 30 0.9 0.7 0.7
S,-G(ethG —150 -21 L1 30 0.9 0.7

R ,-G(et)A 24 -165 -11 08 27 1.5 0.8
S,-G(et)A 25 -144 08 10 29 0.7 1.6

R -A(e)A 1.0 24 —167 -09 09 28 0.8 0.7
S,-Alet)A 1.1 25 147 11 11 29 0.7

R -A(et)T 0.9 26 164 — 0.9 30 1.7 1.8
S,-Aet)T 0.8 25 -146 17 0.8 28 L5 1.8
R,-T(et)T 0.9 2.4 -145 18 18 4.1 1.6
S,-T(et)T 0.9 24 139 25 20 42 1.3
R -T(et)C 1.2 17 -159  — 09 29
S,-T(et)C 1.1 38 138 26 15 35
R,-Clet)C 0.9 1.2 2.1 25 ~156 —
S,-Clet)C 0.8 1.3 1.4 28 ~145 08
Parent'  —11.8 44 -111 67 -113 71 -109 82 -105 88 -107 83 -113 6.3

“ Numbers in table are E .-, qiicqs Only absolute values > 0.6 keal (KT) are shown; the parent values are included to provide
information as to the signs of the energy terms.

PTGI: total intergroup energy, i.e., the sum of all intergroup interaction energies.

“.CI: TGI minus the sum of all interactions of the given group with the group of counterions.

Table VI Electrostatic Group Interactions for Sugar with and without Counterion Contribution:
Differences Between the Alkylated Octamers and the Nonalkylated {d-{GGAATTCC}),”

GI Gz A.'% At rF.') rF(i O Ch’
TES® ~CI° TIG —-CI TES —-CI TES -CI TES -CI TES -CI TES -CI TES -(lI

G(no)G — -15 — 15

R, -Get)G — ~16 -07 —16

S,-GethG  — —15 -07 -17

R,-G(et)A ~16 —07 17

S,-G(et)A -15 —07 —1.7

R,-A(e)A ~16 -08 -17

S,-A(et) A ~15 -08 —17

R,-A(et)T ~16 -08 —17

S,-Aet)T ~15 -09 -18

R,-T(et)T ~16 -09 19

S,-T(et)T ~15 =10 —19

R,-T(et)C ~17 07 -16

S,-T(et)C ~19 09 -19

R ,-C(et)C ~14 —07 —16
S,-C(et)C ~16 —08 —17

Parent® -09 -31 —-18 -48 -20 -53 -21 —-55 -27 -62 —-26 -61 —-21 —-54 —-17 —-40

Parent 2.2 3.0 3.2 3.4 3.5 3.5 3.3 2.3

“Numbers in table are £, .-Eoaificas only absolute values > 0.6 kcal (kT) are shown; the parent values are included to provide
infcfrmation as to the signs of the energy terms.

"TES: total electrostatic intergroup energy, i.e., the sum of all intergroup electrostatic energies.

“.CI: TES minus the sum of the electrostatic interactions of the specified group with the group of counterions.

9 Electrostatic counterion interaction energy with parent sugar groups.



chemical shifts of both ethyl phosphotriesters and
isopropy! triesters. Although the suggestion ap-
pears in the literature that the absolute stereo-
chemistry at a phosphotriester can be determined
by comparison of the relative chemical shift posi-
tions of the *'P resonance for the two diasteromers,
with the inward-pointing alkyl group more upfield
shifted than the outward-pointing group, we have
found that this is not universally the case.” The
studies reported here should prove helpful in deter-
mining the reasons behind the observed *'P chemi-
cal shift dispersions.

As stated earlier, the sugar group energies are
quite variable when a phosphotriester is present.
Less favorable total electrostatic interactions of
the sugar groups are partially compensated for by
less positive sugar—counterion electrostatic interac-
tions in the modified oligomers than in the parent.
These total electrostatic interactions are of sugars
to both the 5" and 3 sides of the phosphotriester,
and are essentially independent of site and stereo-
chemistry (Table VI). Most of the unfavorable
electrostatic energy of the sugars can be traced to
Increased energy of interaction of the phosphotri-
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esters with the sugar groups to either side (data
not shown). The total energies of the sugar groups
adjacent to the phosphotriesters are increased by
~ 1 keal /mol in addition to the increase in electro-
static energy (compare Tables VI and VII. columns
“TGI”). These increases are somewhat greater for
the R isomers than for the S -twins, and do not
appear in G(no)G. There is very little destabiliza-
tion (total energy) difference between the sugars to
the 5 side of the phosphotriester as compared to
those to the 3’ side of the phosphotriester. with the
exception of the sugars on either side of the R -
T(et)T triester. The T sugar group has an addi-
tional kilocalorie of destabilizing, noncounterion
contribution to the total energy; as with other
unusual features of the T(et)T oligomers, it was
not possible to identify a single source of this
energy. Again, interactions with the counterions
are partially compensatory for the increase in total
energies of the sugar groups adjacent to the modi-
fication site. The sugar-counterion interactions
(electrostatic and total energy) are relatively inde-
pendent of stereochemistry and are slightly more
favorable when the sugar is to the 5’ side of the

Table VII Total Group Interactions for Sugar with and without Counterion Contribution:
Differences Between the Alkylated Octamers and the Nonalkylated {d-[GGAATTCC]),"
G' G* A T T of (G
TGI® -CI" TGl -CI TGI -CI TGl -CI TGI -C! TGl -Cl TGI -CI TGl -CI
G(no)x — -14 — —14
R, -GG —-19 -29 -17 -26
S},—G(et)(} -15 —-25 —-10 -1.8
R -Get): -1.7 -28 -19 -27
S (x et) A -14 —-24 -14 -22
R ~Ale)A -22 =32 -21 -3.0
S],-A(et)A -1.1 =21 —-13 —-22
R -A(et)T -22 -34 —-23 -32
S,-Aet)T ~-17 -29 —~16 -25
R -T(et)T -1.0 ~-22 =20 -3.0
S,-Tet)T -12 -24 —-11 -21
R -Tren)C -14 -27 —-18 —-26
S,-Tret)( -14 =27 —14 -23
R;,-C(et)c -07 -17 -20 -28
S,-Clet)C — =22 -15 -23
Parent® -01 -22 -30 -59 -32 -63 -37 -71 -26 -61 —-16 —-51 —-13 —45 ~-14 —36
Parent 2.2 2.9 3.2 3.4 3.5 3.5 3.3 2.3

“Numbers in table are E,,...i-Enoaiiea; only absolute values > 0.6 keal (kT) are shown; the parent values are included to provide
1niox mation as to the signs of the energy terms.

l( I: total mtergroup energy, 1.e., the sum of all intergroup interaction energies.
: TGl minus the sum of all mteractlon% of the given group with the group of counterions.
]ot al counterion interaction energy with parent sugar groups.
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phosphotriester (Table VI, VII, and additional data
from AMBER analysis).

CONCLUSIONS

Whereas this study does not address the role charge
neutralization plays in modulating the interactions
of phosphate-alkylated DNAs with drugs and /or
proteins, this study does indicate that charge neu-
tralization by itself does not lead to significant
structural perturbations at the site of alkylation.
The reduced charge and the presence of an alkyl
moiety do effect both the structure and the net
stability of an alkyl-bearing oligomer in rather
complex ways. As might be expected, electrostatic
contributions to phosphate and sugar group per-
turbations are relatively insensitive to site and
stereochemistry of alkylation, whereas total ener-
gies of these groups show more sensitivity to these
two parameters. Where a trend is discernible in
component energies, the R, diastereomer (in which
the alkyl moiety points into the major groove of
the helix) is less stable than the S, isomer (in
which the alkyl moiety points away from the helix),
although this does not hold for all total energies.
These findings are, for the most part, consistent
with nmr studies of phosphate-alkylated analogues
of {d-[GGAATTCC]},.

In closing, it is important to stress that the
calculations described here are only a first step in
understanding the behavior of these molecules in
aqueous media. Future work should include water
molecules explicitly; in our results the counterions
completely “condense” on the helix while the the-
ory of Manning® * predicts that at least 25%
should be at some distance from the phosphates.
Furthermore, due to the lack of the explicit solvent
molecules, hydrophobic interactions (which may be
especially important for ethylations next to a
thymine) were not included in our calculations.
Also, minimization in these calculations corre-
sponds to the state of the system at 0 K; accurate
characterization at physiological temperatures re-
quires minimizing the free energy of the system.
Unfortunately, the inclusion of the solvent itself
increases the computational tasks by orders of
magnitude (even if the counterions are immobi-
lized) and the calculation of free energy with a
fully solvated system is currently only feasible at
selected configurations at large computational ex-
pense.’” Implementation of all these steps thus
await further theoretical and computational devel-

opments. Nevertheless, our calculations show that
even with the level of approximation used here,
valuable information can be obtained.
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discussions, and Paula A. Longo for her patient opera-
tion of the picture system. We are also grateful to Prof.
P. Kollman for making the AMBER 3.0 program pack-
age available to us and to Dr. H. Berman for the DOCK
program.
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