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ABSTRACT: The phosphate group (PO,") is an important building block occurring in
many components of living matter including nucleic acids. It provides distinct features in
vibrational spectra and is useful as a local probe of NA conformation and interactions with

the environment. For this purpose, it is desirable to explore in detail various factors
influencing spectral shapes of characteristic phosphate vibrations. In the present study, EXP.
effects of the solvent and conformational averaging are analyzed for simple model

molecules, dimethylphosphate, ethylmethylphosphate, and ethylmethylthiophosphate.

cm 1200 600

Infrared absorption (IR) and Raman spectra were measured and calculated using a

combination of molecular dynamics (MD) and density functional theory (DFT). To fully understand the link between the
structure and the spectra, the solvent has to be explicitly included in the computational modeling. The results indicate that
vibrational properties of the phosphate moiety are very sensitive to its conformation and interactions with the aqueous
environment indeed. Polarizable continuum solvent models without explicit water molecules provided significantly worse
agreement with the experiment. The combined MD/DFT approach captures well spectral characteristics for the model systems
and constitutes the most reliable basis for exploration of phosphate vibrational properties in biomolecular structural studies.

B INTRODUCTION

For a long time, vibrational spectroscopy has been revealing
structural features of various biological components including
nucleic acids (NA).'™ The information hidden in the shapes
and positions of infrared absorption (IR), Raman scattering,
vibrational circular dichroism (VCD),"™° or Raman optical
activity (ROA)”® bands can be deciphered by an empirical
comparison of spectra of similar compounds. Later, computa-
tional chemistry including first-principles simulations provided
more efficient and universal ways of spectra interpretation in
terms of structural features. For example, simulations based on
the simplified transition dipole coupling model (TDC)’~"" and
more elaborate density functional theory (DET) ap-
proaches'>™"> made it possible to relate IR and VCD spectral
shapes to standard DNA and RNA conformations.

In most studies, signal of nucleic acid bases has been
analyzed only. This is understandable as these vibrations,
predominantly the C=0 and aromatic ring stretching modes,
provide strong IR signal accessible with most spectrometers,
and corresponding VCD spectral shapes faithfully reflect
variations in the helical twist. However, the sugar—phosphate
backbone gives specific spectral features as well. For the
phosphate, many experiments indicate a tight connection
between its vibrational spectra and NA conformations." "¢
Being polar and positioned on the surface, the phosphate group
also sensitively responds to NA interactions with the environ-
ment.'”'® A principal objective of the present study thus
includes estimation of the effect of PO,™ hydration on spectral
shapes, as the solvent—solute interaction may obscure the
conformational information.
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As the basic model, we adopt the dimethyl phosphate (DMP,
CH,;—0-P0, —0—CH,;) anion on which conformational and
solvent factors affecting the spectroscopic response of the
phosphate group can be studied in detail, both computationally
and experimentally. Unlike for the nucleic acids and other
larger molecules, DMP IR and Raman phosphate bands are not
much overlapped with other vibrations. The molecular size
allows for relatively accurate spectra simulations, based on a
combination of molecular dynamics (MD) and quantum
mechanics (QM).

In the past, vibrational properties of the phosphate group
were addressed using DFT computations in vacuum'’ or
exploring a dielectric model of the aqueous environment.”’
However, many studies indicate that the simplified solvent
models do not fully account for strong polar interactions,”"**
such as those occurring between the phosphate solute and
water.”” The necessity to properly involve the dynamics and
solvent in the simulations was observed for NA properties as
well."*'5*72¢ Although reasonably accurate for the nitrogen
base region, the dielectric solvent approach was found to be
inadequate for the phosphate group.14 In addition, a static
involvement of several “explicit” solvent molecules in the
spectral simulations may not be sufficient. As shown below,
averaging of a reasonable number of MD clusters with different
water positions is necessary for a reliable description of
observable spectral features.
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The second small molecule studied here is ethyl methyl
phosphate (EMP). In fact, it provides very similar spectra as
DMP, confirming the locality of the strongest phosphate
vibrations. EMP is also interesting from the computational
point of view, as the additional degree of conformational
freedom (ethyl group rotation) might have an impact on cluster
averaging, and the methyl/ethyl substitution in a primitive way
mimics the incorporation of the phosphate group into a longer
sugar—phosphate NA chain.

The third ethyl methyl thiophosphate (EMSP) model does
not contain the PO, group at all; however it is valuable for
validation of the robustness of the methodology on a
chemically similar moiety. In addition, the thio-analogues of
the phosphate exhibited an interesting potential for the
pharmaceutical industry.”” Phosphate group derivatives play
also a significant role in the regulation of gene expression;
modified oligonucleotides proved to be powerful tools in
treatment of various diseases. As of the year 2014, for example,
two antisense oligonucleotides Fomivirsen (marketed as
Vitravene) and Mipomersen (marketed as Kynamro) were
approved by the U.S. FDA for the treatment of cytomegalo-
virus-induced retinitis and familial hypercholesterolemia.””*"
Both these oligonucleotides are based on the nucleoside
thiophosphate.

During the simulations, we use the polarizable continuum
methodology™ as well as averaging of many solvent solute
clusters. The latter approach combining quantum and classical
mechanics established as a standard and highly flexible way of
simulating spectral properties of hydrated molecules.””!
Because of limited computational sources (for ab initio MD)
and precision of classical MD force field we did not generate
the spectra directly from MD trajectories by Fourier trans-
form.”>** However, this approach is mentioned as it previously
provided equally faithful description of strongly hydrated
molecules in water solutions, including those with the
phosphate moiety.***®

B METHODS

Experimental Section. EMP and EMSP were synthesized
from DMP and ethyl dichlorothiophosphate, respectively.
Details of the synthesis can be found in Supporting
Information. DMP, NaCl, NaOH, and D,0 (99% purity,
ACS grade) were purchased from Sigma-Aldrich. The studied
molecules and definition of the torsion angles based on
standard notation used for NA are plotted in Figure 1.

All samples were dissolved at 0.135 M concentration in Milli-
Q water or in D,0. H,O solutions were used to acquire spectra
above 1000 cm™!, whereas D,O was used below 1000 cm™
because of the strong absorption of H,O in this region. IR
spectra of DMP were measured with an Equinox S5 FTIR
spectrometer (Bruker Optics, Inc.). IR spectra of EMP and

Figure 1. Three model compounds, DMP (left), EMP (center), and
EMSP (right), and definition of characteristic torsion angles { =
£(C,—0,-P-0,), a = £(C,—0,—P-0,), and f = £(C;—C,—0,—
P).

EMSP were acquired with a Nicolet 6700 spectrophotometer
(Thermo Fisher Scientific Inc.). For each compound, 256 scans
were collected at 4 cm ™ resolution at room temperature, using
BaF, cell with optical path length of 37 ym.

Raman spectra were measured with a ChiraRAMAN-2X
spectrometer (BioTools Inc.) equipped with an Opus diode-
pumped solid-state laser operating at 532 nm. The laser output
power was set to 700 mW (about 350 mW at the sample).
Sample solutions were contained in fused silica cell (3 mm X 3
mm, containing 80 uL of solution) and the spectra were
accumulated for 20 min.

Molecular Dynamics Simulations. MD input geometries
were prepared using the tleap module of Amber program;*
atomic partial charges in DMP, EMP and EMSP were obtained
from the RE.D. server.”’ —*” Studied molecules were placed in
rectangular boxes filled with water (674 water molecules for
DMP, 733 for EMP, and 778 for EMSP). Total charge of each
system was —1. For comparison, a neutral DMP box with one
Na* ion and 714 water molecules was prepared as well, using an
analogous procedure. All MD simulations used the periodic
boundary conditions.

Equilibration, production MD simulations, and trajectory
analyses were performed with the sander and ptraj modules of
Amber 10.* The PARM99/PARMBSCO (referred to as
Amber99)*' and general Amber force field (GAFF) were
used for DMP; EMP and EMSP simulations were performed
with GAFF only. The TIP3P force field** was used for water.
After a sequence of restrained minimizations and heating, 100
ps equilibration dynamics was performed at 300 K without any
restraints. The box sizes after the equilibration of the NPT
ensembles were 26.4 X 28.7 X 27.0, 29.8 X 28.1 X 26.8, and
30.7 X 28.3 X 27.5 A3 for DMP, EMP, and EMSP simulations,
respectively. Langevin thermostat with the collision frequency
of 1 ps™', the SHAKE algorithm with a tolerance of 107> A, 2 fs
integration time step, Lennard-Jones interactions with a cutoff
at 10 A, and the particle mesh Ewald method (PME) were
used.

A production MD was run for 50 ns at 300 K. To separate
the effects of water dynamics and conformation on the spectra,
shorter 1 ns MD simulations were performed for the same
system and conditions but with DMP torsion angles {/a fixed
to the major conformer values, that is, 60°/60° (gg), 60°/180°
(gt), and 80°/280° (gg’) for Amber99 and 80°/80° (gg), 80°/
180° (gt), and 80°/240° (gg’) for GAFF, applying a penalty
harmonic potential with a force constant of 10 kcal mol™ A™%,
The abbreviations gg, gt, and gg” stand for gauche—gauche,
gauche—trans, and gauche—gauche™.

Free energy (AG) dependence on the torsion angles was
obtained as a potential of mean force using the weighted
histogram analysis method (WHAM);* both ¢ and a were
incremented by 20° and at each point a harmonic force
constant of 15 kcal mol™'rad* was applied, providing an overlap
of the sampled conformations by ca. 70%. At each point a
production run was performed for 100 ps, the pressure
relaxation time was set to S ps, and the integration time step
to 1 fs. Other parameters were the same as for the unrestrained
MD. For EMP and EMSP, the torsion angle  was left to evolve
freely.

Ab Initio Molecular Dynamics. Born—Oppenheimer
molecular dynamics (BOMD) of DMP and EMSP was
performed with the CPMD program.”* The DMP or EMSP
molecule with a charge of —1 was placed in a cubic box 10.1
and 10.2 A wide, respectively, and 27 water molecules were
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Figure 2. Two-dimensional potential energy surfaces of DMP as obtained by the Amber99, GAFF, and B3LYP/6-311++G**/PCM computations.
Integrated one-dimensional distributions dependent on the { angle are plotted at the top.

added. The BLYP* functional was used and the plane wave
basis set was cut off at 340 eV. The simulations ran for 150 and
100 ps for DMP and EMSP, respectively. The simulation times
were too short to provide balanced conformer distributions;
however, the BOMD allowed us to estimate radial distribution
function of the solvent in the vicinity of the solute and compare
it to the classical MD result.

DFT Simulations with Implicit Solvent. A systematic
conformer search was performed for the DMP, EMP, and
EMSP molecules, and the geometries of local minima on the
potential energy surface (PES) were optimized with several
methods, using the Gaussian 09*° and TurboMole 6.3.1%
programs. For DMP, PES was also explored by varying the
torsion angles ¢ and a in 20° steps and optimizing the rest of
coordinates at each point. The B3LYP*® functional and 6-311+
+G** basis set were used as a default. The solvent was included
via polarized continuum model (PCM), conductor-like solvent
model (COSMO, including its Gaussian implementation
“CPCM”)¥ ™' and COSMO-RS method™ with o-potential
of water at 298.1 K. van der Waals interactions were included
via the Grimme’s D3 correction” with Becke-Johnson’s (BJ)
damping®* (D3B]J). Vibrational frequencies and IR and Raman
spectra were calculated at the same level as optimized
geometries. Gibbs free energies were obtained within the
standard ideal-gas rigid-rotator harmonic oscillator model.*®
The DFT/CPCM conformer spectra were averaged using the
MD energies, better describing the strong solvent—solute
interactions than the CPCM model. However, control
computations indicated that resultant spectra shapes were fairly
independent of the weighting scheme. No scaling of DFT
frequencies was done, as it may obscure the solvent effect, and
even multifactor scaling schemes usually bring about a uniform

shift of calculated frequencies only.”® Excitation wavelength of
532 nm was used for response calculations of the Raman
spectra.

Generating Spectra with MD Clusters. For each system,
300 snapshots evenly separated along a 50 ns MD trajectory
were selected for the averaging. Test computations (Figure S1)
indicated that this number of snapshots provides sufliciently
accurate spectra. Only solvent molecules H-bonded to the
solute (typically 7—8 waters, example geometries are plotted in
Figure S2) were kept in the snapshots for DFT calculations. As
computations of vibrational spectra on raw MD clusters are
meaningless,”’ >’ the snapshots were (E)artially optimized in
vibrational normal mode coordinates® using the QGRAD
program.”’ Low-frequency (<300 cm™') normal modes were
frozen, which resulted to a minor perturbation of the MD
geometry only. Then the spectra were calculated for all
snapshots by Gaussian 09 and final shapes obtained as a plain
average of all MD snapshots. The B3LYP/6-31++G**/CPCM
method was used as it provided reliable vibrational spectra of
similar systems previously."> For simulation of spectral curves
Lorentzian profiles were used with the full width at half-

maximum of 10 cm™.

B RESULTS AND DISCUSSION

Conformer Energies and Potential Energy Surfaces.
The molecules exhibit a relatively limited number of con-
formers; their geometry and relative energies are summarized in
Table S1. Vacuum and dielectric solvent results are consistent
with previous studies.'””’ For example, vacuum B3LYP/6-
31G* computation predicted”” equilibrium value a = 70° for
the gg conformer; our computation (B3LYP/6-31++G**)
predicts 74°, which changes to 68—65° in the solvent,
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Figure 3. Mean-force Amber99 potential of EMP (left) and EMSP (right) with integrated {—probabilities plotted above.
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and hydrogen (Hyy) as obtained with the classical (GAFF) and ab initio

according to the dielectric model adopted. For DMP, the
dispersion correction does not change the conformer ordering.

The MD simulations provide more variable results and
indicate that the geometry is more flexible than obtained by the
static DFT models. The dependence of the free (obtained for
Amber99 and GAFF force fields) and electronic (B3LYP/6-
311++G**/PCM) energy on the { and a angles for the entire

10685

DMP PES is plotted in Figure 2 with separate histograms for
the { angle. All methods predict a local minimum around 60°/
60° (gg conformer of C, symmetry), energy of which is the
same as for the 300°/300° (g'g) conformer. The Amber99
force field provides another minimum at 80°/280° (= 280°/
80°) (gg = gg) of C, symmetry and a very weakly populated
“C,” minimum at 60°/180° (= 180°/60°) (gt = tg). The GAFF
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Figure S. Structure of the first hydration shell (water isodensity) around DMP (left), EMP (middle), and EMSP (right) molecules, GAFF

calculation.
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Figure 6. IR (left) and Raman (right) spectra of DMP. (A) DFT/CPCM spectra of 324 conformers Boltzmann-averaged according to the GAFF
population probabilities; (B) MD/DFT cluster averages from 300 Amber99 MD snapshots; (C) MD/DFT cluster averages from 300 GAFF MD
snapshots; (D) experiment. Experimental IR spectrum below 1000 cm™ was measured in D,O, which is more transparent in that spectral region

than H,O. The band assignment is summarized in Table 1.

force field provides a more even conformer distribution than
Amber99 with lower energy barriers between them. The “gg™”
conformer provides two minima with GAFF at 80°/255° and
90°/285° (plus the symmetric counterparts), and a fully
extended form appears at 180°/180° (tt, of C,, symmetry).

Note that the gg and tg conformers correspond to phosphate
geometries in B; and By conformations of DNA, respectively;
the gg” conformation does not occur in canonical B-DNA.%' ™%
This may explain the differences between the Amber99 and
GAFF results. Only the Amber99 force field was parametrized
to stabilize canonical B-DNA, whereas GAFF was designed for
general purposes and in our case allows for higher flexibility of
DMP. Therefore, it might provide more realistic results for the
systems studied here, as observed below indeed.

In comparison with MD, the DFT computation provides the
most rigid geometry with domination of the gg conformer. MD
simulations with the Na® counterion provided very similar
results and are not shown. This is consistent with the minor
effect of sodium ions at low concentrations on DMP energetics

and vibrational spectra, as was reported also by other
authors.'”*

The EMP provides virtually the same {/a energy landscape
as DMP (left-hand side of Figure 3, only the GAFF result is
shown), with similar conformer ordering (E(gg) < E(gt) <
E(gg’)) provided by DFT/CPCM calculations (Table S1). The
EMSP potential energy surface (Figure 3, right-hand side, and
Table S1) is not symmetric; the ggt minimum is significantly
more populated than the ggt one, and the extended ttt
conformer is more populated than the corresponding tt DMP
form. The f-torsion angle exhibits a simple narrow distribution
(not shown) centered around 180°, which is in agreement with
its value in the DNA backbone.” Interestingly, the conformer
ordering for EMSP is different compared to DMP and EMP.
The most stable conformer in EMSP is gtt (Table S1), which
was also indicated by previous computational and experimental
studies.”*"° Energy differences between EMSP conformers are
relatively low, mostly within 1 kcal/mol. The extended ttt
conformer appears to be as stable as the gg't.
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Hydration and Solvent Radial Distribution Function.
The negatively charged phosphate moiety interacts strongly
with the aqueous environment. We were in particular interested
in how well a classical nonpolarized MD force field describes
the hydration in comparison with the ab initio dynamics, that is,
whether it provides a realistic water distribution around the
solute. As shown previously, correct water distribution and its
dynamics are among the most crucial points in correct
modeling of vibrational spectra.'®'¥** The radial distribution
functions obtained with the GAFF force field and BOMD are
compared for EMSP in Figure 4. Apparently, very similar
hydration patterns within the first hydration shell are obtained
by the two approaches. The BOMD simulation predicts the S---
H bond to be ~2.26 A by 0.14 A longer than GAFF; on the
contrary, the BOMD O-+-H bond length (1.68 A) is by 0.05 A
shorter than GAFF. However, because the MD bond lengths
and angles need to be optimized at QM level for computation
of the vibrational spectra, the small differences do not affect the
modeling. In another representation, the structure of the first
hydration shell for DMP, EMP, and EMSP molecules is shown
as the isodensity plots in Figure 5. As expected, DMP and EMP
provide a very similar pattern (Figure S3). In EMSP, the S--
H,0 hydrogen bonds are weaker (~0.5 A longer than O---H,0
ones), and the first hydration shell around the sulfur atom is
less compact.

Vibrational Spectra of DMP. Experimental and computed
IR and Raman spectra of DMP are shown in Figure 6, and peak
positions and assignments of the most intense bands are
summarized in Table 1. The experimental IR spectrum is
dominated by the asymmetric (out-of-phase) and symmetric
(in-phase) P=0 stretching vibrations at 1205 and 1083 cm™’,
respectively, marked as bands 2 and 3 in Figure 6. The
asymmetric and symmetric stretching C—O bands 4 and S
appear close to the symmetric ¥(P=0) band, while 2(P—0)
asymmetric and symmetric modes 6 and 7 around 800 cm ™" are
separated from the others. A visualization of the normal mode
displacement confirmed that the asymmetric P=0 stretching is
rather uncoupled to other molecular coordinates, whereas
symmetric P—=0, P—0, and C—O stretches mix. A weak CHj
group deformation band 1 appears at 1464 cm™'. Relative
Raman intensities differ from IR; asymmetric v(P=0) and
v(C—0) bands are weaker while the symmetric 2(P—O) band
and symmetric CH; deformation mode is stronger than in IR.

All computational methods (traces B—C in Figure 6)
reasonably well reproduce the main experimental features in
IR and Raman spectra, that is, the dominant symmetric and
asymmetric P=O stretching regions, separated from the C—H
bending and P—O stretching vibrations. However, significant
frequency and band shapes inconsistencies appear according to
the simulation method used. The fine splitting of bands 3—S is
reproduced by GAFF cluster averaging (trace C) only. IR C—O
stretching bands 4 and S are separated from the phosphate
symmetric P=0 stretching 3, while they appear as a shoulder
in the Raman spectrum only, which is reproduced by the GAFF
simulation as well. The simulation based on the Amber99 force
field (trace B) provides some of these features, although not so
well as GAFF. The success of GAFF suggests again that this
force field is better suitable for description of DMP dynamics
than Amber99.

These results are consistent with previous modeling of DNA
IR spectra, where an explicit hydration significantly improved
the symmetric P=0 and C—O stretching pattern (1000—1100
em™) if compared with a vacuum simulation.'”** For DNA

Table 1. Experimental and Computed Frequencies of
Selected DMP, EMP, and EMSP vibrational bands”

IR Raman
peak Vg, Veale. Visp. Vede, assignment
DMP (Figure 6)
1 1464 1495 1465 1494 5(CH,)
2 1205 1167 1205 1175, 1202, v(P=0),,
3 1083 1068 1087 1072 v(P=0),
4 1056 1060y, 1064, v(C-0),,
5 1041 1019 1038, 1015, ¥(C-0),
6 824 785 829 803, v(P-0),,
7 760 746, 762 745 ¥(P-0),
8-9 551, 493, 531, 479, 391,  deformation
40S, 383, 370, 265 modes
248 (respectively)
EMP (Figure 7)
1 1449 1493 1458 1491 5(CH;)
v 1395 1432 1399, 1294 1435, 1319 5(C,H,—
C3H;)
1202 1171 1198 1176 v(P=0),,
3 1081 1075 v(P=0), +
v(C-0),
3 1058 1055 1086 1078 v(P=0), +
v(C,-0y)
4 1040 1031, 1043, 1046, v(P=0), +
v(C-0),,
S 953 941 952 956 v(C,—0,)
6 818 796 817 800y, v(P—0),,
7 753 750, 759 757 v(P-0),
8-9 551,530, 546, 509, 475,  deformation
492, 396, 389, 342 modes
351
EMSP (Figure 8)
1 1447 1492 1458 1490 5(CH,)
% 1392 1427 1398, 1290 1432, 1314 5(C,H,—
C3H,)
2 1132 1114 1134, 1104 1170, 1117 v(P=0)
1024 1029 1046 1029 v(C,-0,) +
1(C,-0,)
4 947 940 948 940 v(P-0,)
s 774 778 782 783 v(P-0,)
6 647,616 631 v(P=S)
7-8 445, 326 443, 337 deformation
modes

“Frequencies are given in cm™', computed values are from the GAFF/
DFT cluster average spectrum, as and s denote locally asymmetric and
symmetric vibrations, sh is a shoulder, experiment relates to H,O
solutions

quadruplexes'> or deoxyguanosine monophosphates,” a polar-
izable solvent model also led to a larger error in calculated
frequencies (~30—40 cm™' if compared to the experiment)
than the MD cluster methodology used in the present study
(~15 cm™). The phosphate vibrations behave similarly in
RNA" and DNA and are easily identifiable in both molecules.
The asymmetric P=0 stretching band is relatively isolated and
less coupled with other modes. Its position is sensitive to
conformation, and it is thus used as a marker. The symmetric
P=O0 stretching signal is less sensitive to conformational
changes and more coupled. Because of the coupling, its band
shape is different in DNA, RNA, or single-/double-/triple-/
quadruple-stranded structures.'>"

The plain DFT-based simulation with the continuum solvent
model only (trace A) gives the worst agreement. The inclusion
of the solvent molecules and averaging of solvent configurations
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Figure 7. Experimental and simulated IR and Raman spectra of EMP. (A) DFT/CPCM spectra of 27 conformers Boltzmann-averaged according to
the GAFF population probabilities; (B) MD/DFT cluster averages from 300 GAFF MD snapshots; (C) experiment. Experimental IR spectrum
below 1000 cm™ was measured in D,0. Assignment of the labeled bands is summarized in Table 1.

is thus mandatory for a faithful reproduction of the experiment.
In the DFT/CPCM approach, all asymmetric modes (2, 4, and
6) provide too strong IR and too weak Raman bands, while the
symmetric modes (1, 3, S, and 7) exhibit too weak IR and too
strong Raman bands (spectra A in Figure 6). It is interesting
that the P—O (single-bond, bands 6 and 7) stretching
frequencies are computed with a large error (~50 cm™) with
this method, larger than for the more “polar” P=0 stretching
modes. For the principal PO,~ vibrations, the Raman spectra
appear to be less sensitive to the computational approach,
conformational and environmental modeling than IR. This,
however, should not be generalized; indeed, the lower-
wavenumber deformation modes (8—10) exhibit slightly larger
variations.

To understand the origin of the band broadening and to
separate the conformational and environmental effects, we
performed a set of restrained MD simulations with DMP
geometry fixed in major conformations, averaging water
positions only. The individual conformer spectra showed subtle
variation, while their averaging (red traces in Figure S4)
provided similar results for Amber99 and GAFF in this case.
On the other hand, spectra of individual snapshots in Figure S5
exhibit much larger variations and demonstrate that water
configuration has a significant effect on the spectral shapes.

Note that the bandwidth in the DFT/CPCM computations
(e.g, traces A in Figure 6) is an arbitrary number; in the cluster-
based simulations it is somewhat smoothed by the convolution
with the Lorentzian bands, too, but the main broadening comes
from the solvent—solute interactions and geometry dispersion
(cf. Figures S4 and SS). For modes 3—7, the MD averaging
predicts broader bandwidths than observed experimentally,
indicating that both the Amber99 and GAFF force fields
provide potentials that are too “shallow”.

Because the IR intensity of v(P=0), (3) and v(C—0) (4
and S) bands in individual conformers differ, the IR spectrum
provides information about the conformer ratios. The gg
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conformer is connected with higher intensity of bands 4 and §,
while gt and especially gg' conformers are connected with
increased intensity of band 3 (Figure S4). The shape of the
experimental IR spectrum where band 3 is more intense than
4/S (Figure 6) implies that gt and gg DMP conformers
outnumber gg. These marker bands thus appear generally
useful for phosphate studies. For example, in our earlier IR
study of deoxyguanosine monophosphate (dGMP),** the bands
4/S were more intense than 3 (see Figure 7 in ref 25), which
suggests a larger contribution of the gg conformer.

Also the v(P=0),, IR band 2 is sensitive to the DMP
geometry. Position of this band in gg and gt (Figure S4) differs
by about 19 cm™ (GAFF). The v(P=0),, band is frequently
used as a sensitive indicator of transitions between B, A, and Z
DNA forms.*® In particular, the B—Z transition is accompanied
by a large 10 cm™! shift of this band.”'*®’~* Unlike the right-
handed B-DNA, which adopts the g'g” backbone conformation
(equivalent to gg in DMP), the left-handed Z-form has
alternating gg/gt values of {- and a-torsion angles.w’éz’70 Thus,
compared to B-DNA the v(P=0),, band in Z-DNA should be
shifted to lower wavenumbers by about half the difference
between its position for gg and gt conformers. The predicted
GAFF value of 9.5 cm™ is in excellent agreement with the
experimentally observed shift.

In another control computation, we completely removed the
hydration shell for major DMP conformers (Figure S6). The
overall DFT/CPCM spectral band shapes are not as realistic as
with the explicit water molecules, but the main trends in
conformational variations of the spectra are conserved.
Although the intensity of the v(P=0), IR band 3 is very
low for the gg conformer, it increases for gt and gg". The shift of
the v(P=0),, IR band 2 between gg and gt conformers is also
modeled correctly, although slightly underestimated. Thus, the
spectral changes are intrinsically dependent on the DMP
conformation and only enhanced by the presence of the
solvent.
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below 1000 cm™! was measured in D,O.

A typical accuracy of the computed harmonic vibrational
frequencies if compared to experiment (Table 1) is 3—35 cm™,
which may be caused by a limited accuracy of the B3LYP
functional,”* neglect of the anharmonic potential contribu-
tions”>”* and approximations adopted in the treatment of the
solvation. This error is rather minor and it does not prevent us
to assign and understand most of the phosphate vibrations. It is
interesting that the negative charge and the overall polarity of
the PO, do not have an extreme effect on vibrational
properties. For example, inclusion of the solvent in the
computations changes the P=O vibrational frequencies by
20—40 cm ™! if compared to vacuum,'” which is less than for the
similarly polar but neutral C=O groups where solvation-
induced shifts up to ~65 cm™ were predicted.”*

Vibrational Spectra of EMP and EMSP. For EMP, the
calculated and experimental spectra are compared in Figure 7.
The main phosphate group bands (P=O0, P—O, and C-O
stretching) are quite similar to DMP. However, the v(C,—0,)
band in IR and Raman spectra is well-separated from v(C,—
0,). As for DMP, the MD/DFT simulations (trace B) explain
well the main experimental features, whereas the DFT/CPCM
simulation (trace A) is less realistic. Spectra of individual EMP
conformers (Figure S7) do not show significant variations,
similarly as for DMP (Figure S6). The 19 cm™" shift of the
v(P=0),, IR band 2 observed above for DMP is exhibited by
the EMP ggt and gtt conformers as well. The band has a similar
position in gtt and ttt, the latter form is populated only weakly.

Finally, the simulated and experimental EMSP spectra are
plotted in Figure 8. The MD-based results are the most realistic
again. However, the plain DFT/CPCM computations in this
case describe the experiment reasonably well, too. This may be
partially caused by the absence of symmetric and asymmetric
vibrations in EMSP, spectral shapes of which the DFT/CPCM
method could not reproduce for DMP and EMP. Many EMSP
bands simulated by the MD/DFT procedure are somewhat
broader than in the experiment, as we have already observed for
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DMP and EMP, indicating thus insufficient accuracy of the MD
force field in this respect.

The v(P=S) vibration 6 calculated at 634 cm™' is not
accessible by IR with BaF, cell windows but is observed in the
experimental Raman spectra at 647 cm ™" (Figure 8). Note that
its intensity is lower in IR and much higher in Raman than for
v(P=0) and can be used as an important marker band of the
thio-substitution in the phosphate group. The most intense IR
bands arise from v(P=0), v(P—0), and v(C—0) vibrations
(bands 2—S5, see Table 1 for a detailed assignment).

Surprisingly, IR spectra of nine main EMSP conformers
(Figure S8) vary more than for individual DMP and EMP
conformations. For example, position of the (P=0) (2) and
v(P—0,) (4) bands varies within 20 cm™. Band 3 has two
components, 2(C,—0;) and v(C,—0,), intensity of which is
conformer-dependent as well, so is the (P—0;) vibration (5)
coupled with other modes and split into two components. As
an extreme example, the position of the v(P=S) band (6) is
the most sensitive to the geometry and shifts by up to 50 cm™.
This again makes it an excellent marker also for conformer
studies of thio-substituted DNA and related systems. For
example, the splitting of band 6 in the experimental Raman
spectrum (Figure 8) clearly indicates a multiconformer
equilibrium, which is confirmed by the broad multicomponent
v(C—0) (3) and v(P—0,) (5) bands in the IR spectrum.

B CONCLUSIONS

On several experimental and theoretical models, we inves-
tigated vibrational properties of the phosphate and thiphos-
phate moieties in order to understand their spectral response.
The results can also find immediate applications in structural
studies of nuclei acids. IR and Raman spectra of the
dimethylphosphate, ethylmethylphosphate, ethylmethylthio-
phosphate molecules were measured and calculated using
several methodologies. The combination of molecular dynamics
and density functional theory appeared as the best approach,
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well capturing the effects of environment and dynamics. In
particular, the averaging of MD clusters provided spectra
significantly improved in comparison with those generated with
the dielectric solvent models only.

The GAFF force field produced notably more realistic results
than Amber99, which was explained by the Amber99 bias
toward canonical DNA geometry. A detailed analysis provided
insight into the conformational flexibility of the model
molecules and allowed us to identify marker bands particularly
sensitive to the conformation. Both the water and phosphate/
thiophosphate dynamics were found important for the spectral
shapes. The IR spectra appeared to be more sensitive to the
environment and conformational dynamics than Raman
spectra, which was ascribed to the relatively large dipole
moment change characteristic for the P=0/C—O stretching
vibrations. The results also cast light on the sensitivity of the
phosphate spectral signal to DNA conformation observed
previously and explain the shift of P==0 asymmetric stretching
IR band used for a long time as a marker for B-Z DNA
transition. Similar high conformational sensitivity of the P=S
stretching band in EMSP indicates that this vibration can serve
as a local structural marker for thio-substituted NAs. We thus
hope that the more detailed insight into the phosphate
vibrations will enhance future spectroscopic and structural
DNA studies.
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