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The gauche—gauche (g,g) conformation of the dimethyl phosphate anion serves as a simple model for the
phosphodiester group of nucleic acids. Detailed knowledge of the normal modes of vibration of dimethyl
phosphate and other phosphodiester analogues is expected to provide a foundation for understanding the
conformation-sensitive bands in vibrational spectra of DNA and RNA. In the previous paper of this series
(Guan, Y.; et al. Biophys. J. 1994, 66, 225—235), infrared and Raman spectra of the g,g conformer of dimethyl
phosphate [(CH30),PO,"], including deuterium [(CD;0),PO,~] and carbon-13 [('3CH;0),PO,"] isotopomers,
were reported and assigned in conjunction with a complete normal coordinate analysis. The normal mode
calculations were accomplished by use of a generalized valence force field. Here, we demonstrate that an ab
initio molecular force field for the g,g conformer of dimethyl phosphate, computed using the 3-21+G* basis
set, is consistent with the empirically based valence force field reported previously. We have obtained the
force field scaling factors which produce satisfactory agreement between the calculated and experimental
vibrational frequencies of each of the three dimethyl phosphate isotopomers in the g,g conformation. Ab
initio normal mode assignments, in terms of the potential energy distribution, are in general accord with
those obtained from the normal coordinate analysis. Agreement between the ab initio and normal coordinate
results supports the reliability of the empirically derived force field for extension to other phosphodiester
conformations of dimethyl phosphate, as well as to more complex diester derivatives of the nucleic acid

orthophosphate group.

Introduction

Vibrational spectroscopy is a sensitive and versatile probe
of nucleic acid structures and interactions. The usefulness of
the method depends upon the accuracy of vibrational assign-
ments and the reliability of correlations between macromolecular
conformation and spectral parameters. (Specific applications
are considered in recent review articles.?) An important
consideration in applications to DNA or RNA is the reliability
of vibrational assignments for the normal modes of the sugar—
phosphate backbone. This is of particular significance in the
case of Raman spectroscopy. For example, although several
intense Raman bands can be identified with phosphodiester
linkages of DNA? and RNA,* the internal coordinates which
define the normal modes of vibration are not yet known in detail
for a single Raman band of the nucleic acid backbone. The
application of Raman spectroscopy in structural studies of
nucleic acids would benefit greatly from knowledge a priori of
the relationships between backbone conformation and both the
frequencies and intensities of vibrational bands. Recently, we
have initiated work in this area through normal coordinate
analysis of the nucleic acid phosphodiester group® and by
computation of the Raman tensors of oriented DNA molecules
in crystals and fibers.%’

To develop an understanding of the normal coordinates
associated with vibrational modes of the nucleic acid backbone,
we are conducting experimental and theoretical studies of
isotopically labeled nucleic acid analogues. In the previous
paper of this series,” we reported infrared and Raman spectra
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of several dimethyl phosphate (DMP) isotopomers, including
the normal DMP molecule [(CH;0),PO,~, DMP-/g), the deu-
teriomethyl derivative [(CD30),PO,~, DMP-ds] and the carbon-
13 derivative [(*CH30),PO,~, DMP-'3C;). Dimethyl phosphate
serves as the simplest structural analogue of the phosphodiester
network (C—O—P—0—C) in DNA or RNA. The experimental
data obtained on DMP isotopomers have been employed to
construct a generalized valence force field (GVFF) which
satisfactorily reproduces all of the experimentally observed
Raman and infrared frequencies.” In the present paper, we
report the results of ab initio calculation of the DMP force field,
and compare the results with the empirically based valence force
field developed previously. The present calculations employ
the 3-21+G* basis set® for determination of the vibrational
frequencies. We also compare results of the 3-21+G* calcula-
tions with those obtained using smaller (3-21G*) and larger (6-
311+G*) basis sets for the DMP anion.

The ab initio approach requires the molecular geometry as
input and provides as output a comprehensive molecular force
field, including diagonal and off-diagonal elements of the force
constant matrix upon which the normal modes depend.® In
previous ab initio studies of DMP, the smaller 3-21G basis set
was employed and elements of the force constant matrix were
not determined.'®%'! Scaling factors, which are required to bring
ab initio and experimental vibrational frequencies into accord
with one another, also were not reported in the previous studies.

The specific objectives of the present work are threefold.
First, we seek to obtain ab initio vibrational spectra (infrared
and Raman frequencies and intensities) of DMP for comparison
with experimental data, thereby determining an optimal set of
scaling factors for future applications to other nucleic acid
analogues. Second, we propose to evaluate the ab initio and
empirically determined molecular force fields for consistency
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with one another and to establish guidelines in the selection of
off-diagonal force constants that can be used in future valence
force field calculations. Finally, we employ the present results
as a test of key Raman and infrared band assignments, proposed
previously on the basis of experimentally observed isotopic shifts
in the spectral frequencies.’

Methods

1. Computations. Ab initio calculations using the Gaussian
90 program® were performed on a Model 3090 mainframe
computer (IBM Corp., Armonk, NY) accessed with an Iris
personal computer (Silicon Graphics, Mountain View, CA).
Coordinate transformations were performed with the GZINT!?
program operating on a VAX Station 3100 (DEC, Nashua, NH)
as described previously.’

The structure of each DMP anion (DMP-hs, DMP-ds, and
DMP-'3C,) was optimized in the gauche—gauche (g,g) confor-
mation at the restricted Hartree—Fock level. Harmonic vibra-
tional frequencies and the molecular force field in terms of
Cartesian coordinates were calculated using Gaussian 90. The
optimized structure was used to develop a set of 36 internal
coordinates and to construct the B matrix, allowing conversion
from Cartesian to internal coordinates. The U matrix, which
permits analysis of the harmonic vibrational frequencies in terms
of the potential energy distribution (PED) among symmetry
coordinates, was calculated using GZINT'? and additional
computational routines provided by Prof. C. J. Wurrey, Depart-
ment of Chemistry, University of Missouri, Kansas City. The
latter programs also permitted calculation of infrared and Raman
intensities as well as force constants in terms of either Cartesian
or internal coordinates for comparison with the previously
reported results of normal coordinate analysis.’

2, Experimental Data. Experimental vibrational frequencies
are those reported in FTIR and Raman spectra of solids and
solutions of DMP-k¢, DMP-ds, and DMP-'3C,.5

Results and Discussion

1. Ab Initio Optimization of the Dimethyl Phosphate
Structure. We seek to optimize the conformation of the
phosphodiester skeleton (C—O—~P—0—C) of DMP, as a model
for the 5’C—0O—P—0-3'C network in a nucleic acid backbone.
In RNA, as well as in the A form of DNA, X-ray structures of
oligonucleotide single crystals'? show that the gauche confor-
mation is preferred nearly exclusively for both the 50—P and
3’0—P torsions (o and £, respectively; see Figures 1 and 2).
This nucleic acid backbone geometry is usually designated by
the notation g—,g~. The g~7,g~ conformation is also preferred,
though less exclusively, for & and ¢ torsions in the B form of
DNA. (The available X-ray data indicate a small but significant
number of nucleotide residues with { in the trans domain, i.e.,
gt conformation.) The experimentally determined o and ¢
torsions of A-form and B-form oligonucleotide crystal structures
exhibit the distributions shown in the histograms of Figure 2.
Accordingly, for DMP, we proceed with ab initio optimization
of the g,g conformation.

Experimental evidence that the g,g conformation of the
aqueous DMP anion is favored energetically over other
rotamers is provided by vibrational spectroscopy,>'4!> and
the experimental results are supported by a large body of
theoretical evidence.!’"16720  Additionally, the X-ray crystal
structure of the ammonium salt of dimethyl phosphate?! indi-
cates the g,g conformation as the only rotamer in the crystal.
With the availability of the NH4sDMP crystal structure, it is
also appropriate to consider ab initio optimization of the
NH,4*:(CH;0),PO,~ ion pair.
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TABLE 1: Structure Parameters Obtained by ab Initio
Optimization and X-ray Crystallography

ab initio calculations
DMP anion

structure NH,DMP  crystal data
parameter’  3-21G* 3-214+G* 6-3114+G* 3-21G* (NH,DMP)®
Bond Length
P-O 1.473 1.489 1.468 1.498 1.490, 1.498
P-0O 1.634 1.635 1.633 1.587 1.536, 1.582
Cc-0 1.435 1.445 1.393 1.454 1.425, 1.481
C-H¢ 1.083 1.082 1.086 1.079
Valence Angle
£0-P-O 12458 124.16 124.60 11372 117.2

£Z0—-P-0 98.27  99.62 99.94 103.92 104.8

£P—0—-C 11821 121.86 120.20 121.64 123.0,118.3
£0—C-H¢ 109.24  108.94 110.13 108.80
£LH-C-H¢ 109.31 108.94 108.81 110.13
Torsion
(O—-P-0-C) 7490 77.20 75.90 77.39 57.5,62.4

“ Bond lengths are in angstroms; valence angles and torsions are in
degrees. ® From ref 21. ¢ Average of symmetry related parameters.

a. Comparison between the DMP Anion and the NH,DMP
Ion Pair. Structures of the NH4DMP ion pair and isolated DMP
anion were fully optimized in C> symmetry using the 3-21G*
basis set.? This basis set is composed of the doubly split valence
orbitals with polarization functions on the phosphorus atom.
Table 1 summarizes the geometric parameters of both optimized
structures. For comparison, the experimentally determined
structure parameters of NH4yDMP?! are included in Table 1. It
should be noted that, in the crystal structure, DMP does not
exhibit rigorous C; symmetry, evidenced by small differences
in the ester bond lengths and angles (last column of Table 1).

Table 1 shows that the 3-21G* optimized structure (column
5) of the phosphate group in the NH,DMP ion pair is in excellent
agreement with the crystal structure (column 6). The calculated
phosphodioxy P-O bond length (1.498 A) is essentially identical
to the crystallographic values (1.498, 1.490 A), and the
calculated phosphodiester P—O bond length (1.587 A) is only
marginally larger (1.536, 1.582 A). Similarly, good agreement
exists between calculated and experimental values of the C—O
bond length and all valence angles. Although hydrogen atoms
are not located in the X-ray structure, their optimized parameters
(average values) are in agreement with standard experimental
values for similar model compounds. Table 1 thus indicates
that the 3-21G* basis set is sufficient for satisfactory optimiza-
tion of the NHsDMP structure. The only significant discrepancy
in the optimized structure occurs for O—P—O—C torsion angles
(=77°), which are close to 60° in the crystal structure, a probable
consequence of crystal packing.

Table 1 also lists optimized parameters for the isolated DMP
anion. Comparison with NH;DMP (column 5) indicates that
the NH4* cation exerts a significant structural effect on DMP.
The optimized P-O and C—O bonds of DMP are shorter than
those of NHsDMP by 0.025 and 0.019 A, respectively, while
the P—O bonds are longer by 0.047 A. Corresponding
differences are observed in valence and torsion angles. These
effects can be rationalized as the result of electrostatic attraction
between NH;* and DMP~, which causes reductions in the
O-P-O valence angle and P—O bond length and increases in
the O—P—0O valence angle and P-O bond length.!32223 On
the other hand, the O—P—O—C torsion angle is only marginally
affected by lattice pairing with NH,*,

b. Basis Set Dependence of the Calculations. Three different
basis sets, 3-21G*, 3-21+G*, and 6-311+G*, were employed
for the DMP structure optimization. The results are given
in columns 2—4, respectively, of Table 1. (In comparison
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TABLE 2: Symmetry Coordinates of Dimethyl Phosphate
Anion

symmetry coordinate

(unnormalized) description”
A Species

Si=r14+7r2 v(PO27)
S2=r3+r4 v5(POy)

S3=r5+1r9 v(CO)

S4=r6+r1+r8+rl0+ril 4+ ri2 15(CH3)
S5=2r6—7+7—r8+2r10 — r11 — ri2 v,(CH3)
S6=al3 6(PO;7)
S7=al8 6(0PO)
S8 =19 + 020 8(POC)

S6 =2021 — 022 — 023 + 2027 — 028 — @29 r(CH3)

SI0=021 +022 + 023 —a24 —a25 —a26 + &«(CH;)
27 +028 + 29 — 030 — a3l — 32

S11 = —a24 — a25 + 2026 — a30 — 31 + 2032 6,(CH»)

S12 =133 + 134 7(0—P~0-C)
S13 =135+ 136 1(P—0—-C~H)
S14=¢T—r8+rl1 —rl12 v.(CH3)
SI5=ald —al5—al6+al? (POy™)
S16 = a22 — a23 + a28 — a29 r(CH3)
S17 =024 — 025 + 030 — 31 04(CH3)

B Species
S18=r1—r2 v,(PO27)
S1I9=r3—r4 v:(PO2)
S20=r5—-19 1(CO)
S21=r6+r7+r8 —rl0 —ril —rl12 v5(CH3)
S22=2r6 —r7—r8 — 2r10 + rt1 + r12 v4(CH3)
S23=qald —al5+al6 —al? w(PO;7)
§24 = 19 — 020 8,(POC)
S25 =022 — 023 — 28 + a29 r(CH3)
S26 = 024 ~ 025 — a30 + a3l 0.(CH3)
S27=r7—r8—ril +ri12 v,(CH3)
S28 =14 +al5 —al6 —al7 r(PO;7)

S$29 = 2021 — 22 ~ 023 — 2027+ 028 + 029 r(CHj)
S30=o021 + 22 + 023 — 24 —a25 — 026 —  O4(CH3)

027 —~028 — 029 + 30 + a3l + a32
S31 = —a24 — a25 + 2a26 + 030 + 031 — 2032  §.(CH3)
S$32 =133 — 134 7.(0—P—-0-C)
S$33=135—136 7,(P—O—C~H)

@ Abbreviations: v stretching, 6 bending, w wagging, r rocking, t
twisting, 7 torsion, s symmetric, a antisymmetric.

to the 3-21G* set, 3-21+G* includes additional diffuse functions
on C, O, and P atoms, while 6-311+G* contains triply split
valence orbitals together with polarization and diffuse func-
tions.®?4) The 3-21+G* set yields somewhat better agreement
with the NHsDMP crystal structure than does 3-21G*, particu-
larly for P-O bond lengths, while the 6-311+G* set yields no
obvious advantages over the smaller basis sets. We conclude
that for these compounds structure optimization is not signifi-
cantly improved by use of the 6-311+G* basis set, and we have
therefore employed the 3-21+G* basis set in subsequent force
field calculations. The fact that the smaller basis set reduces
computational time without significant loss of accuracy is
relevant to our long range goal of applying ab initio calculations
to other phosphodiester analogs of DNA.

2. Ab Initio Vibrational Frequencies and Force Field for
DMP-hs. a. Overview. Calculated (3-21+G*) vibrational
frequencies were classified by use of the U matrix into A and
B symmetry blocks, in accordance with the global C; symmetry
of the DMP anion. The 33 nonredundant symmetry coordinates
are listed in Table 2, and the corresponding 36 internal
coordinates are shown in Figure 1. Vibrational assignments
were made on the basis of the potential energy distributions
(PED), in terms of symmetry coordinates. The U matrix was
constructed making use of both the global C; symmetry of the
DMP anion and the local C3, symmetry of each methyl group.
Table 3, which summarizes the results for DMP-4s, lists the

Guan et al.

Figure 1. Internal coordinates of the gg conformer of dimethyl
phosphate anion. Top: Stretching and torsion coordinates. (Note that
torsion coordinates 733 and 734 correspond to nucleic acid phosphodi-
ester torsions a and §. See discussions in text.) Bottom: Bending
coordinates.

unscaled ab initio vibrational frequencies (column 1), the scaled
ab initio vibrational frequencies (column 2), the ab initio PED
values (column 3), the observed Raman frequencies (column
4), the PED values based upon normal coordinate analysis’
(column 5), and the proposed assignment for each vibrational
mode (column 6). The unscaled ab initio frequencies of Table
3 are, as expected, generally 10—15% higher than the observed
frequencies. However, a few notable exceptions are apparent,
and these are discussed in the subsequent sections.

The unscaled frequencies have been corrected using a
standard scaling procedure.®2627 With the appropriate choice
of internal-coordinate-dependent scaling factors (footnote a,
Table 3), the average error between calculated and experimental
frequencies has been reduced to 9.86 cm~' (0.87%).

The scaled ab initio vibrational frequencies and Raman and
infrared intensities can be used to simulate Raman and infrared
spectra of DMP-hg (Figure 3). The top plot in each panel of
Figure 3 shows the calculated spectrum, in which the position
and length of each vertical bar represent, respectively, the
frequency and relative intensity of the vibrational band. The
bottom plot in each panel is the observed spectrum recorded at
the experimental conditions indicated. The calculated Raman
and infrared spectra demonstrate good agreement with the
experimental spectra.

b. Phosphate Group Vibrations. The calculated P—O
(phosphoester single bond) symmetric and antisymmetric stretch-
ing frequencies are 777 and 818 cm™'. Although these unscaled
values are 3% higher and 1% lower, respectively, than the
experimental frequencies of 754 and 827 cm™!, it is interesting
to note that Liang et al.'! reported similar exceptionally low
frequencies in their 6-31G* ab initio calculations on DMP-4.
Table 3 shows as well that the unscaled ab initio frequency for
the symmetric P-O (phosphodioxy) stretching mode is lower
(1162 cm™") than the frequency of the C—O symmetric
stretching mode (1173 ¢cm™"), an observation also reported by
Hadzi'® and Liang.'' (Ordinarily, the partial double bond
character of the phosphodioxy lmkages should elevate its
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TABLE 3: Vibrational Frequencies and Potential Energy Distributions for DMP-h¢*

ab initio (cm™1)

unscaled scaled ab initio PED (%) Raman (cm™) NCA PED (%) assignment
A Species
3279 3024 §5(59), S14(41) 3021 $5(100) v(CHs)
3253 3000 $14(52), 85(40) 2997 S14(100) va(CHs)
3192 2943 §4(92) 2915 S4(100) vs(CHy)
1668 1486 S11(90) 1464 S11(82) 0.(CHz)
1652 1472 $17(92) 1464 S17(82) 0,(CHa)
1604 1450 S10(96) 1450 S10(100) 0,(CH3)
1291 1187 $9(78) 1192 $9(69), S11(18) r(CHs)
1265 1158 S16(94) 1159 S16(70), S17(18), $12(12) 1(CHs)
1162 1085 S1(49), 83(20), $2(19) 1083 S191) v(PO27)
1173 1060 S3(48), S1(42) 1058 §3(37), S10(27), S2(17) v(CO)
777 749 S2(58), $3(28) 754 $2(30), $3(16), 89(16), S6(16) vs(POy)
550 513 S6(44), S7(36) 504 S6(27), $8(26), S7(26) 6(PO;7)
411 389 S15(51), $7(20), S8(13) 393 §15(29), S13(29), S12(26) (PO;7)
387 362 $6(46), $7(26), S15(12), S8(11) 367 $6(30), S7(24), S13(24) 6(0OPO)
231 216 S8(64), S15(28) (205) S13(50), S8(44) 0,(POC)
124 124 S13(92) (142) $13(90) 1(P—0—-C-H)
83 83 S12(89), S7(10) (72) $12(94) 7(0—P—0-C)
B Species
3279 3023 $22(60), S27(39) 3021 $22(99) va(CHs)
3252 3000 §27(54), §22(39) 2997 §27(99) va(CHs)
3191 2942 §21(92) 2915 $21(96) v5(CH3)
1667 1484 $31(91) 1464 $31(82) 0.(CH3)
1653 1472 S26(89) 1464 S26(82) 0.(CH3)
1606 1451 S30(93) 1450 $30(89) 0s(CH3)
1370 1264 S18(95) 1217 S18(41), $28(27), $29(32) t(CH;)
1288 1182 $29(84) 1192 829(65), S31(17) 1(CH3)
1266 1158 $25(94) 1158 §25(64), $26(16) va(PO2™)
1153 1047 §20(72), S19(21) 1037 §20(35), S17(13), S28(13) v(CO)
818 795 S19(61), S20(21), S23(16) 827 S19(25), S23(25), 520(14) vo(PO2)
592 559 S28(45), 523(31), 524(17) 539 S28(24), 823(21), $32(21) r(PO;"7)
492 466 §23(52), S28(23) 476 $23(49), S28(48) o(PO;"7)
225 211 S24(67), S28(24) (233) S24(58), $33(45) 0.(POC)
144 143 $33(68), $32(23) (166) S33(71), $32(29) 7,(P—0—-C-H)
105 105 832(71), 833(28) (108) $32(53), §33(47) 7.(0—P-0-C)

av error = 9.86 cm™! (0.87%)

@ Ab initio calculations employ the 3-21+G* basis set with the following scaling factors: 0.85 for P-O stretching, 1.0 for P—O stretching, 0.79
for O—C stretching, 0.85 for C-H stretching, 0.85 for O-P-O bending, 0.9 for O—P-O bending, 0.86 for O—P—O bending, 0.85 for P-0—-C
bending, 0.84 for O—C-H bending and 0.79 for H-C-H bending and 1.0 for torsions. Only potential energy distributions larger than 10% are listed
and symmetry coordinates are defined in Table 2. Raman frequencies and NCA PED values are from ref 5. Other notation is defined in Table 2

or the text.
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Figure 2. Histograms showing relative distributions of torsion angles
o (left) and & (right) in crystal structures of A-DNA (top) and B-DNA
(bottom). Data were obtained from 50 oligonucleotide crystal structures
deposited in the Brookhaven Databank and Nucleic Acid Database.

symmetric stretching frequency to a value significantly higher
than the symmetric C—O stretching frequency.'=5'%) The
unusually low phosphate group frequencies can be reckoned
with other ab initio frequencies of DMP by the standard

procedure of selecting internal-coordinate-dependent scaling
factors (footnote a, Table 3).26.27

After scaling, small discrepancies persist only in a few B

species modes. Specifically, the antisymmetric phosphodioxy
and phosphodiester stretching modes are, respectively, 47 cm™
(4%) higher and 32 cm™' (4%) lower than the experimental
frequencies. The first of these discrepancies, reported also by
both Hadzi!? and Liang,!! can be explained as a phosphate group
hydration effect, i.e., the experimental frequency in DMP (1217
cm™!) is lowered vis-a-vis the ab initio frequency as a
consequence of interactions of DMP with solvent H,O mol-
ecules. This is consistent with the shift of the 1240 cm™! band
of crystalline DMP to 1217 cm™! in aqueous solution® and with
similar results reported in other investigations. For example,
infrared and Raman spectra demonstrate that hydration of DNA
lowers the antisymmetric phosphate mode from 1240 to 1220
cm™', while very little change is observed in the corresponding
symmetric mode.”®=3%  Similar hydration effects have been
reported for phosphate group modes of phospholipid head
groups®32 and related phosphoesters.?>34

We note that the present interpretation is supported by normal
coordinate calculations which show that changes in phosphodi-
ester torsion angles (733 and 734, Figure 1) are not alone
sufficient to generate the substantial changes in phosphodioxy
group frequencies which accompany hydration.3**> Hydration
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Figure 3. Raman (A) and infrared (B) vibrational spectra of DMP-,.
In each panel the calculated ab initio frequencies and calculated
intensities are represented as bars (upper plots) and the experimental
spectrum® is shown as smooth curve (lower plot).

may also be invoked to account for the discrepancy in calculated
and experimental values of the antisymmetric phosphodiester
stretching mode. We note, for example, that the Raman
frequency in the DMP crystal (802 cm™!) is lower than that
observed for the solution state (827 cm™').5 Similar results are
observed for DNA 2830

The scaled ab initio frequencies which correspond to phos-
phate group bending modes, viz., rocking, wagging and twisting
of the PO,~ group, match the observed frequencies fairly well.
Additionally, the PED values (Table 3) indicate that PO,~
bending modes do not couple significantly with vibrations of
the DMP skeleton or methyl groups. This suggests that the
respective low-frequency bands in spectra of DNA and RNA
may be useful as indicators of interaction between the backbone
phosphodioxy groups and biologically important ligands.

¢. Carbon—Oxygen Stretching Frequencies. Table 3 shows
that the ab initio frequency of the symmetric C—O stretching
mode (1060 cm™") is higher than that of the antisymmetric mode
(1047 em™!), which is consistent with our previous normal
coordinate calculations based upon experimental data from
DMP isotopomers.” In previous vibrational studies of nucleic
acids'>%7 and model compounds,'+!525 efforts to assign C—0
stretching frequencies have yielded mixed results. In some
cases,'*!5 the frequencies within the 1000—1100 cm™! interval
have been unassigned; in others, the assignments? have been
contradicted by later work.!! The assignments of Table 3 are
based upon comprehensive experimental data from infrared,
Raman, depolarization and isotopic shift measurements and are

supported by both empirical (NCA) and ab initio force field

calculations.

The ab initio PED values of Table 3 indicate that symmetric
P-O stretching (symmetry coordinate S1) as well as symmetric
C—O stretching (S3) are involved in the 1060 cm™' normal
mode. On the other hand, normal coordinate analysis predicts
coupling of symmetric P—O stretching (S2) and symmetric
methy! deformation (S10) with S3. This discrepancy can be
rationalized as a consequence of the different force fields used
in NCA and ab initio calculations, specifically, a result of the
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inequivalent off-diagonal force constants. The DMP force field
will be discussed in greater detail in sections 2.e and 2.f, below.

d. Methyl Group Frequencies. The scaled ab initio frequen-
cies for methyl stretching and bending modes are, with one
exception, in good agreement with the experimental frequencies
and normal coordinate calculations. One strong Raman band
is predicted for symmetric C-H stretching, while two bands of
nearly equal Raman intensity are observed (top panel, Figure
3). The observed doublet can be attributed to Fermi resonance
involving the symmetric C-H stretching fundamental and
the first overtone of the methyl deformation mode.>¥* The
Fermi resonance is not taken into account in the ab initio
calculations.

Slight discrepancies between ab initio and NCA PED values
can also be recognized in Table 3, columns 3 and 5. These are
attributed to deviations of DMP methyl groups from strict Cs,
symmetry, which is assumed in NCA calculation of the U and
G matrices but not in ab initio optimization of the DMP
structure.

e. Diagonal Force Constants, By use of the B matrix and
scaling factors, the ab initio molecular force field in terms of
Cartesian coordinates was converted to the force field in terms
of internal coordinates. The resulting 36 diagonal and 630 off-
diagonal elements can be compared with the generalized valence
force field of Guan et al’> Such a comparison for bond
stretching force constants is given in Table 4. (A comprehensive
tabulation of diagonal and off-diagonal force constants corre-
sponding to all internal coordinates of Figure 1, including
valence angles and torsions, is available as supplementary
material or from the authors upon request.)

The ab initio force constant of 8.527 mdyn A~! for P-O
stretching (internal coordinates r1 and r2, Table 4) is within
0.2% of the GVFF value of 8.541 mdyn A~!. Similarly, for
C—0 (75, r9) and C-H stretching (r6, r7, r8; r10, r11, r12), the
ab initio force constants of Table 4 are in very close agreement
with the indicated GVFF values. The small differences among
calculated C-H stretching constants reflect the slight deviation
of the optimized methyl group structure from C3, symmetry.
For P—O stretching (3, r4), the calculated force constant of
5.353 mdyn A~! is 8% higher than the GVFF value of 4.928
mdyn A~'5 Collectively, the ab initio force constants for
stretching modes of DMP are in excellent agreement with the
GVFF results.* Accordingly, the bond stretching force constants
of the empirical force field can be transferred reliably for
normal-coordinate analyses of other DMP conformers.

Ab initio diagonal force constants for the DMP bending
modes, designated as a13—a32 (Figure 1), are also in reason-
ably good agreement with corresponding GVFF values. These
are indicated in the footnote of Table 4. We note that the ab
initio bending constants take into account explicitly the slightly
asymmetric phosphate group of the optimized structure. Thus,
for example, two distinct O-P—O bending force constants (1.208
and 1.292 mdyn A rad™?) contribute to an average value (1.250
mdyn A rad2) which compares favorably with the GVFF result’
(1.446 mdyn A rad=2). A significant discrepancy for O-P-O
bending (al3), i.e., 0.887 vs 1.510 mdyn A rad~2, presumably
represents the effect of hydration of the DMP anion, as noted
by others.!%2? For torsional modes, the ab initio and GVFF
force constants exhibit the type of semiquantitative agreement
observed in related applications.®38

f Off-Diagonal Force Constants. Off-diagonal force con-
stants represent interactions between two stretching or bending
modes sharing a common atom or bond. For example, the off-
diagonal force constant located at the crossing point of row rl
and column r2 of Table 4 represents interaction between
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>

2; average of 021, a22,

-2.
~2, The ab initio/GVFF diagonal force constants

the two P-O stretching modes (designated P-O/P-O). The ab
initio calculation gives 0.195 mdyn A for this interaction
constant. Interaction between the phosphoester stretching modes
(P—O/P—0) was calculated to be 0.400 mdyn A. Similarly,
the two interactions between phosphoester and phosphooxy
stretching modes (P—O/P-0) are 0.321 and 0.284 mdyn A.

In previous GVFF calculations on phosphodiesters, it has been
assumed that the off-diagonal P-O/P-O term is greater than
the P—O/P-O term, which is greater than the P—O/P—0O
term,>3637.39.40 However, the ab initio calculations indicate that
the magnitude of the off-diagonal term is not related directly
to bond order. This may reflect the previously mentioned
hydration effects, which alter bond orders in the phosphodiester
moiety. Additionally, the calculated O—C/C-H interaction
(average value 0.163 mdyn A~") is not in close agreement with
the GVFF value (0.555 mdyn A~'), and similar discrepancies
extend to other off-diagonal force constants of Table 4. A
second class of off-diagonal force constants comprises internal
coordinates which do not involve a shared atom or bond. Such
force constants are expected to be very small and are usually
excluded from empirical force fields. However, the present ab
initio calculations indicate that not all of the force constants in
this class are negligibly small. For example, the P-O/0O—C
(—0.052 and —0.110 mdyn A~") and P—O/C-H (—0.073,
—0.052, —0.036 mdyn A‘]) interactions of Table 4 are
significant.

It should be recognized that the GVFF force constants
constitute only a limited subset of the comprehensive ab initio
set, and quantitiative agreement between the two cannot be
expected for the off-diagonal terms. Despite these differences
in off-diagonal terms, the combined diagonal and off-diagonal
force constants of the ab initio force field collectively generate
a harmonic force field in substantial agreement with the GVFF
results.

3. Vibrational Frequencies and Force Fields for DMP-
13C, and DMP-d¢. Harmonic vibrational frequencies and force
fields for the '3C- and *H-labeled isotopomers, DMP-'3C; and
DMP-d,, were calculated for the optimized structure of Figure
1 using the 3-21+G* basis set. Calculations for DMP-13C; are
compared with experimental results in Table 5. The scaling
factors established previously for DMP-hs (Table 3) were
employed without change for DMP-'3C,. This is in accord with
normal coordinate analyses indicating that DMP-h¢ and DMP-
13C, are satisfied by the same generalized valence force field.’
The scaled ab initio frequencies of Table 5 demonstrate good
agreement with experimental data, exhibiting an average devia-
tion of 9.84 cm™! (0.89%). Simulated and experimental infrared
and Raman spectra are also in good agreement (Figure 4). A
clearly discernible effect of '*C substitution is decoupling of
C—0 and P-O stretching motions, which is manifested for
example in the different frequencies and PED values of bands
at 1060 and 1051 cm™' due to DMP-As and DMP-'3C,,
respectively. This result implies that site-specific *C substitu-
tion may be useful generally to decouple vibrational modes of
the phosphodiester C—O—P—0O—C network in nucleic acids.

Results for DMP-dg are given in Table 6 and Figure 5. We
noted previously that relatively high anharmonicities in CH
stretching and bending modes require appropriate adjustments
in force constants for transfer to DMP-ds.> Corresponding
adjustments in ab initio scaling factors are indicated in the
footnote to Table 6. Other terms in the ab initio force fields of
DMP-h¢ and DMP-dg are unchanged. The scaled ab initio and
experimental frequencies of DMP-dg exhibit an average devia-
tion of 12.90 cm™! (1.26%).

Ab initio calculations predict twoiquasi-degenerate methyl

o

rl2
-P-O bending) 0.887/1.510 mdyn A rad

0.149 (0.555)
0.061 (0.005)
0.057(0.005)
4.990 (4.953)

0.029
0.007
0.005
—0.073
—0.003
0.000
0.001
0.001

ril

0.006
0.023

1

0.150(0.555)
~Z; 19, 020 (P—O—C bending) 0.716/0.705 mdyn A rad™

0.066 (0.005)
4.956 (4.953)

0.014
—0.036
—0.006

0.001

0.001

0.001

ri0
0.016
0.011
0.187 (0.555)
4.858 (4.953)

0.028
—0.052
—0.002

0.001

0.000

0.001

o

0.123 (0.094)
, 025, 026 or 030, a31, 32 (H-C-H bending) 0.477/0.572. mdyn A rad

0.020 (0.108)

—0.110
-0.052
—0.077
—0.002
—0.006
—0.003

4.635 (4.693)

r8
0.007
0.029
0.149 (0.555)
0.061 (0.005)
0.057(0.005)
4.990 (4.953)

—0.073
0.005

r1
0.150 (0.555)

0.066 (0.005)
4.955 (4.953)

0.023
0.006
—0.036
0.014

0.187 (0.555)
4.858 (4.953)

0.011t
0.016
-0.052
0.028

rs

—0.052

—0.110
0.123 (0.094)

—0.077
4.635 (4.693)

o

, al5, a16, 017 (O-P—O bending) 1.250/1.446 mdyn A rad~?; a18 (O-—-P—0 bending) 1.320/1.490 mdyn A rad
2; average of a24

r4

8.527 (8.541) 0.195(0.725) 0.284 (0.673) 0.321 (0.673)
5.354(4.928)

r3

5.353 (4.928) 0.400 (0.316)

H bending) 0.683/0.879 mdyn A rad . )
for torsional modes are as follows: 733, 734 (O—P—0—C torsion) 0.096/0.08 mdyn A rad™%; 735, 36 (P—O—C-H torsion) 0.032/0.038 mdyn A rad™2.

r2

8.527 (8.541) 0.321(0.673) 0.284 (0.673)

rl
@ Units are mdyn A™'. GVFF values® are in parentheses. The ab initio/GVFF diagonal force constants for valence angle bending modes are as follows: o13 (O

TABLE 4: Ab Initio and GVFF Force Constants for Stretching Coordinates of DMP?

23 or a27, 028, 029 (O—C-

average of a4

r
r3
rd
rs5
r6
r7
r8
9
rl0
ril
ri2
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TABLE 5: Vibrational Frequencies and Potential Energy Distributions for DMP-13C,¢

Guan et al.

ab initio (cm™")

unscaled scaled ab initio PED (%) Raman (cm™!) NCA PED (%) assignment
A Species
3267 3012 S5(58), S14(42) 3011 $5(100) vo(*CHs)
3242 2989 S14(50), S5(40), S4(10) (2987) S14(100) vo(*CHy)
3189 2940 S4(89) 2912 S4(100) v(*CHs)
1666 1484 S11(90) 1462 S11(82) 04(*CH3)
1650 1469 S17(92) 1462 S17(82) 0«(*CHs)
1598 1444 S10(97) 1444 $10(93) Os(*CH3)
1283 1179 S9(77) 1180 59(68), S11(19), S8(12) 1(*CH3)
1258 1151 $16(93) 1151 S16(63), S17(18), S12(18) r(*CHy)
1164 1082 S1(66), S2(16) 1083 S1(61), 86(16), S2(13) vs(PO27)
1156 1051 S3(56), S1(26), S2(12) 1047 $3(39), S10(30), S2(16), S9(16) v(*CO)
773 743 S2(55), $3(30) 751 S2(31), 86(17),6(16),58(16), S9(19), S3(14) vs(PO2)
551 513 S6(43), S7(36) 501 S6(27), §7(20),88(20), S13(14) o(PO;7)
410 387 S15(48), S7(23), S8(11) 390 S15(34), S12(34), S13(32) 7(PO;")
386 360 S6(44), S7(24), S8(12) 368 S6(35), S7(32), S8(26) 4(OPO)
228 213 S8(65), S15(28) (202) $13(39), S8(36), S15(21) ,(PO*C)
124 124 S13(92) (141) S13(92) 7(P—O0—*C-H
81 80 S12(88), S7(10) 1) S12(92) 7(0—P-0—*C)
B Species
3267 3012 522(59), S27(40) 3011 $22(100) va(*CHs)
3241 2989 S27(51), 822(39) (2987) S27(100) vo(*CHy)
3188 2939 S21(50) 2912 S21(100) vs(*CHs)
1664 1482 S31(90) 1462 S31(82) 04(*CH3)
1650 1470 S26(90) 1462 526(82) 04(*CH3)
1599 1446 S30(95) 1444 S30(100) 0s(*CH3)
1370 1264 S18(95) 1211 S18(37), S28(24), S29(22) r(*CHs)
1279 1174 $29(84) 1180 S529(68), 831(19) 1(*CHs)
1257 1150 525(94) 1151 S25(65), S26(17), 832(11) v2(PO27)
1136 1034 S20(69), S19(24) 1026 S19(16), S20(38), S30(16) va(*CO)
815 790 S19(58), S20(22), S23(16) 821 S19(32), S23(29), §24(21) v.(PO»)
591 559 S28(44), S23(32), 824(17) 538 S28(25), S23(21), §24(18) r(PO;"7)
488 463 S23(51), $28(24) 471 S23(46), 528(43) w(PO,7)
223 208 S24(67), S28(24) (230) S24(45), S33(38) 0,(PO*C)
143 143 833(68), S32(22) (165) $33(68), $32(26) 7(P—O—*C-H)
105 105 §32(72), S33(27) (108) $32(56), S33(41) 1,(0—P—0—*C)

av error = 9.84 cm™! (0.89%)

9 Asterisks indicate the carbon-13 isotope. Other notation is defined in Table 3. Scaling factors are as given in Table 3.
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Figure 4. Raman (A) and infrared (B) vibrational spectral of DMP-
13C,. In each panel the calculated ab initio frequencies and calculated
intensities are represented as bars (upper plot), and the experimental
spectrum® is shown as a smooth curve (lower plot).

deformation frequencies for DMP-dg, at 1075 and 1064 cm™!,
respectively. Both are lower than the symmetric methyl

deformation frequency (1125 cm™"), which represents a reversal
of the order observed for DMP-h¢ (Table 3 and ref 5) and other
compounds.*® Table 6 also shows that modes of DMP-ds in
the 700—1100 cm™' interval are coupled differently than those
of DMP-hs or DMP-'3C;. A similar trend has been identified
for isotopomers of diethyl phosphate.?*

The ab initio results of Tables 3, 5, and 6 indicate that
symmetric and antisymmetric P—O stretching modes of DMP-
he are lowered only slightly (=5 cm™') by '3C substitution,
whereas larger depressions (—30 cm™') result from methyl
deuteration. The same phenomenon is observed for diethyl
phosphate isotopomers33 and is consistent with empirical force
field calculations.” These results suggest that vibrational
assignments for bond stretching modes in branched phosphodi-
ester compounds, including nucleic acids, should be approached
with extreme caution. Evidently, coupling between skeletal
stretching and CH deformation modes cannot be neglected.

Summary and Conclusions

Dimethyl] phosphate is the simplest structural analogue of the
nucleic acid phosphodiester group. A preference for the gauche
torsion in phosphoester linkages of DMP enhances its value as
a structural model for DNA and RNA, particularly with respect
to elucidating vibrational modes diagnostic of the g,g-phos-
phodiester conformation of the nucleic acid backbone. In
previous studies, the structure and vibrational spectra of DMP
have been investigated using theoretical and experimental
approaches 10111415 The rationale for the present ab initio
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TABLE 6: Vibrational Frequencies and Potential Energy Distributions for DMP-d¢*

ab initio (cm™!)

unscaled scaled

ab initio PED (%) Raman (cm™) NCA PED (%) assignment
A Species
2433 2269 S5(64), S14(36) 2273 S5(75), S9(14) v.(CD;)
2411 2249 S14(63), S5(36) 2273 S14(75), S16(14) va(CD3)
2286 2133 S4(99) 2088 S4(100) vs(CD3)
1241 1125 S10(74), S3(13), S1(13) (1101) S10(74), S3(16) 04(CDy)
1177 1106 $2(36), S1(27), S3(27) 1082 S1(36), $11(20), $10(31) vs(PO:27)
1211 1075 S11(94) (1068) S11(94) 0.(CD3y)
1199 1064 S17(94) (1065) S17(98) 04(CD3)
1135 1041 S1(52), S10(24), 83(12) 1056 $3(23), S9(25), S10(25), S2(21) v,(CO)
999 922 $9(76), S3(16) 932 $9(59), S8(20) r(CD3)
974 903 S16(96) 900 S16(73), S12(17) r(CD3)
747 715 $2(49), 83(25) 724 52(24), $3(13), S9(35) vs(PO2)
540 503 S6(46), S(33) 485 $6(38), S7(26), S8(26) o(PO;7)
399 377 S15(44), §7(27) 382 S15(53), S7(28) (PO:7)
378 353 S6(38), S15(23), §7(21), S8(12) 362 S6(32), S7(28), $8(20) O(PO2)
213 199 S8(71), S15(23) (188) $8(40), S13(31) 0(POC)
89 89 S13(94) (103) S13(92) 7(P—0—C-D)
73 73 S12(90) (63) $12(90) ,(0—P—-0—-C)
B Species
2433 2269 S22(65), $27(34) 2273 §22(75), $29(14) V2(CD3)
2410 2248 S27(64), S22(34) 2273 S27(75), S24(14) va(CDy)
2285 2132 S21(99) 2088 $21(96) v5(CD3)
1371 1265 S18(95) 1213 S18(44), S28(28) va(PO27)
1230 1114 S30(94) 1101 S30(78), 83(16) 04(CD3)
1210 1076 S31(94) (1068) S31(95) 0.(CD3)
1197 1064 $26(96) (1065) $26(94) 0.(CD3)
1141 1057 520(48), S19(36) (1051) §20(25), S19(25), S29(18) v(CO)
1005 927 S29(71), S20(16) 932 S29(61), S24(20), S20(17) r(CDs)
972 901 525(96) 900 §25(63), $32(17) 1(CDs)
786 757 S19(47), §23(19), S20(17), S29(11) 786 S19(24), $23(28), S29(39) Vo(PO2)
576 545 $28(43), S23(32), S24(14) 527 $28(24), S23(17), 833(14) r(PO;7)
481 456 §23(47), S28(26) 465 $23(41), S28(42) w{PO,;7)
206 192 $24(70), S28(22) (212) 524(43), S33(28) 0.(POC)
123 123 $32(52), S33(39) (140) 533(49), §32(34) 7,(P—0—C-D)
81 81 §33(59), S32(40) (85) $32(59), 833(28) 7,(0O—P—0-C)

av error = 12.90 cm™! (1.26%)

@ Notation and scaling factors are as given in Table 3, with the exception of scaling factors of 0.86 for C-D stretching and O—C-D bending.
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Figure 5. Raman (A) and infrared (B) vibrational spectra of DMP-ds.

In each panel the calculated ab initio frequencies and calculated

intensities are represented as bars (upper plot) and the experimental

spectrum’ is shown as a smooth curve (lower plot).

study has been to confirm vibrational assignments based upon
normal coordinate analysis and infrared and Raman spectra of
DMP isotopomers.” We have employed the 3-21+G* basis set

at the restricted Hartree —Fock level to obtain a molecular force
field and vibrational frequencies of the DMP anion in the
optimized g,g conformation.

The principal conclusions reached in this study are as
follows:

(1) The 3-21+G* ab initio calculations satisfactorily repro-
duce the infrared and Raman vibrational frequencies, inten-
sities, polarizations and assignments observed for protium,
deuterium, and '3C isotopomers of the dimethyl phosphate anion
[(CH;0),PO,~, (CD;0),PO;™ and (|3CH30)2P02_]. The con-
sistently good agreement obtained for three isotopic derivatives
of DMP implies that ab initio scaling factors employed in the
current study should be applicable to other nucleic acid
phosphodiester analogues.

(2) The ab initio force field for DMP is consistent with the
generalized valence force field (GVFF) determined indepen-
dently in previous normal coordinate calculations.’ In particular,
the potential energy distributions and diagonal force constants
are in excellent agreement for the two sets of calculated normal
modes. The empirical force constants appear to be generally
reliable, and only a small number of nonbonded off-diagonal
force constants is needed to match experimental and calculated
(NCA) frequencies.

(3) The ab initio calculations for DMP provide compelling
evidence that bond stretching vibrations of phosphodiester
linkages and deformation vibrations of methyl substituents are
appreciably mixed. This finding suggests that stretching vibra-
tions of 3’ and 5’ phosphoester linkages of nucleic acids are
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subject to strong mechanical coupling with deformation modes
of the adjoining sugar 3'CH, 4’CH, and 5'CH; groups. Ac-
cordingly, phosphodiester group vibrational assignments and
their conformational significance in DNA and RNA shouid be
interpreted with caution.

(4) The g,g conformation of DMP is calculated to be the most
stable rotamer and the ab initio optimized structure of the
NH.DMP ion pair is in good agreement with the structure
determined by X-ray crystallography. Small structural differ-
ences between the DMP anion and NH4sDMP ion pair, which
are localized within covalent bonds of the phosphodioxy group,
are believed to reflect specific electrostatic interactions in the
ion pair.

The present results provide a theoretical foundation for use
of the empirical GVFF force field in normal mode analyses of
other nucleic acid phosphodiester analogues, including confor-
mational variants. Future studies will focus on ethyl and
branched hydrocarbon diesters of the orthophosphate group and
on conformations of the C—O—P—0O—C network which depart
from the gauche—gauche configuration considered here.
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