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An empirical correction to amide group vacuum force fields is proposed in order to account for the
influence of the aqueous environment on the-O stretching vibratiofamide ). The dependence

of the vibrational absorption spectral intensities on the geometry is studied with density functional
theory methods at the BPW91/6-31'Glevel for N-methyl acetamide interacting with a variety of

of water molecule clusters hydrogen bonded to it. These cluster results are then generalized to form
an empirical correction for the force field and dipole intensity of the amide==(stretch mode.

As an example of its extension, the method is applied to a ldgéurn mode) peptide molecule

and its IR spectrum is simulated. The method provides realistic bandwidths for the amide | bands
if the spectra are generated from #iginitio force field corrected by perturbation from an ensemble

of solvent geometries obtained using molecular dynamic simulation20@3 American Institute of
Physics. [DOI: 10.1063/1.1622384

I. INTRODUCTION tion using DFT(density functional theojymethods. Particu-
larly, we extend the results of Haet all* so that an empiri-
Models for the influence of solvent are becoming in-cal force field correction based on the electrostatic field
creasingly popular in computational chemistry, since they reperturbation of this mode by the solvent can also be applied
flect the actual environment of most experimental results foto DFT computations for larger molecules. This manuscript
which an interpretive basis is sought, and since includingonsists of two conceptual parts, DFT computations on
solvent effects often brings a substantial increase in the adNMA/water clusters and development of an empirical model
curacy of the simulation’.* Vibrational spectra of the pep- suitable for correcting amide | calculations for oligomeric
tide and protein amide | band provide a typical and verypeptide systems. For thab initio computations, the more
important example where such an improvement is desirablearecise DFT methods at the BPW91/6-3TGlevel is used
The amide | occurs in a spectral region of little overlap withinstead of the HF approximation that was used by previous
other modes and is a relatively local motiGamide G=0  workers®'* Additionally, instead of using aad hoccluster
stretch, whose spectral intensity dominates the IR spectrumgonstruction we derive the solvent geometries used for these
is not mixed with other modes, and whose band shape rgests from molecular dynami@MD) simulation configura-
flects molecular conformatioh® However, in solution the tions and thus vary their structures in a more systematic way.
C—=0 bond stretching is strongly affected by solvent, par-As & model oligopeptide calculation, we simulate IR spectra
ticularly formation of hydrogen bonds with water, the com- for a pentapeptide constrained tg3aurn geometry, chosen
mon solvent for biological samplé<—° Apart from the ab- in particular as a secondary structure component for which
sorption, faithful reproduction of frequency shifts and fine Solvation by water could lead to significant effetis’
vibrational mode splitting in solvated systems is also desir-
able for interpreting a wide range of analytical methods, in-
cluding vibra?ionalgcircular dick?roisrmvcg),lo Raman or Il. CLUSTER CALCULATION
Raman optical activitfROA) spectra*? A. MD snapshot clusters

N-methyl acetamidéNMA), a single amide “blocked” With the aid of the TINKER molecular software

with methyl groups, has traditionally been used for accurat%ackagezo the NMA molecule was placed into a box of wa-

ab initio computations as a relatively faithful model for the ter (of a size of 18.56 Aand the geometry minimized under
properties of the peptide linkagé:"’ Because of the impor- periodic boundary conditions with thevBer?* force field.

tance of the amide | band for yibra;ional spectros<_:opy, in thiSSubsequently, a molecular dynamic simulation was run. Af-
study we explore how the vibrational frequencies and IRie oqyilibrium was achieved, ten configurations were gener-
intensities are influenced by the number and geometry Oéted, separated by 1000 1-femtosecond steps. Using a home-
solvent molecules explicitly included in @b initio calcula- 1,5 4e graphical interface, MCM$8, approximately
spherical clusters were selected for each MD-derived con-
dElectronic mail: bour@uochb.cas.cz figuration. These used a common cutoff of 6.8 A, based on
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FIG. 1. (Color) An overlap of the ten NMA/water clusters, each having a FIG. 2. The variable-size NMA/water clustefas described in Table.|

different color, obtained from the MD simulatidthe NMA molecules are
aligned in the middlg

B. Variable-size clusters

For one of these particular MD configurations, the size
of the cutoff sphere was varied in a wider range, so that

the distances of the water from the NMA £(0O) atom. various parts of the NMA hydration shell were present, as
Retaining only complete water molecules falling within the summarized in Table I. Clusters C2 and C3 were constructed
cutoff resulted in a series of clusters containing 23, 28, 30so that water molecules approximately surround hydrophilic
31, 28, 27, 25, 30, 31, and 29,8 molecules, respectively. and hydrophobic molecular parts, respectively; see also Fig.
These geometries are shown overlapped, but distinguishe?l These selected “subclusters” allow one to obtain a better
by color, in Fig. 1 to give a sense of how the water positiongeel for the importance of different solvent interactions on
varied for the 10 MD-derived structuredb initio density  the spectral parameters. It can be seen that different arrange-
functional theory(DFT) computation of frequencies and di- ments of the water molecules, particularly when resulting in
pole intensities were carried out for each of these clusterbl-bonded as opposed to “free”’£O groups(which only
with the GAUSSIAN progrant® at the BPW91/6-31& occur for isolated NMA or specially configured solvent mol-
level2#?° To maintain the MD conformation but relax the ecule$, can cause dramatic changé®duction$ in the
higher frequency vibrational moddparticularly the amide amide | frequency. The amide Il frequency rises by
1), so they would be calculated near their energy minimumq~30 cm  for the hydrogen-bond clusters as compared to
the geometry of the clusters was optimized prior to the freisolated(vacuum) NMA, consistent with previous resulfs.’
guency calculatioriat the BPW91/6-318" level) using the  Interestingly, the amide Il frequency for the “hydrophobic”
normal mode optimization meth8t (modes with |o| cluster where the water molecules are assembled around the
<300 cnmi'! held fixed. methyl groups is shifted down to 1515 ¢y which is lower

TABLE |. Variable-size NMA/water clusters.

Number of

water d(C=0)

Cluster molecules wa® wop® A Remark
co 0 1732 1522 1.235 Vacuum
C1/n32q 3 1701 1554 1.250 Firgti-bonding hydration shell
C2/nmag 12 1677 1544 1.254 First and second hydration shell
C3/n15 15 1704 1515 1.245 Only waters aroundH; groups
“Hydrophobic hydration”

C4/n19 19 1668 1552 1.253 Extended second hydr. shell
C5/n35 30 1658 1557 1.258

3w, amide | frequency for deuterated compound, in ém
bw,, amide Il frequency for naturahll *H) compound, in cm?.
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than the vacuum level. Surprisingly, in comparison to previ-TABLE II. Fitted parameters for the empirical amide | frequency and dipole
ous explicit water calculations adding a second hydratioﬁtrength correction as obtained from the BPW91/6-31@alculation.
shell continues to have a significant impact on the amide |

. . . i Pi d;
frequency; however, frequencies obtained with larger shells
seem to converge. This is consistent with our and other lab’s 10 —0.0325 0.970
findings that just ting th licit waters H-bonded ~ 2(&&=9) 000624 182
indings that just computing three explicit waters H-bonde 3 (C(CO) 0.002 69 0.209

to NMA did not sufficiently correct the amide | frequency. 4(N) 0.006 80 0.663
Experimentally comparable frequencies were only obtained
by adding a reaction field or using the polarized continuum
model (PCM).>” Analogous behavior was observed for hy-
drogen bonding to other NMA molecules instead of water; ina minor error (0.7 cm! rms) arises when the number of the
this case, however, the amide Il frequency shift was preparameters is reduced to fo(ihree independent, because of
dicted to be bigger and amide | shift smaller than faOf  the conservation conditiorparameters, corresponding to C,
There is an approximately linear relation between the@ O, and the N and Cbound to the CG&O0). In fact, if only
bond length and amide | frequency, but the regression relawo-parameter fit for the two ££-O group atoms was ap-
tion is slightly worse than found in the previous stddly, plied, most of the solvent amide | frequency shift was still
presumably because of the wider range of geometries invesecovered. But, in this case the erfems) rose further by
tigated here. about 2 cm®. This would probably be acceptable for the
training set for NMA, but may lead to bigger spectral distor-
tions for more complicated systems. Additionally, because of
Ill. EMPIRICAL CORRECTIONS the conservation condition, such a fit with only one indepen-
A. Amide | frequency correction dent parameter would not be sensitive to detailed geometry,
e.g., to the rotation of the water shell around the-O bond,
and a principal advantage of the model would be lost. Thus,
we feel that the four-parameter fit is a reasonable compro-
mise for the ensemble of the clusters described above, with
balanced contribution of the atoms connected to the carbonyl
6 group. Similarly, we introduce an analogous fit of a set of
Aw=w—w0=u2 lioi, (1)  parameters to the dipole strengtti, units of debyes are
=t used here All calculations presented here were done for
wherewy is the frequencyor wave numberin vacuum and NMA in D,O with N-deuterated NMA, since the amide |
the unit factoru= 116 080 was introduced in order to comply vibration cannot be clearly separated frorgQHvibrations in
with the original meanintf of the parameterk . Then, the the protonated form. Thus, our starting equations were
frequency has units of wave number (ch and the poten- 4
tials can be calculated as Aw:w—wOZUiEl @i, )

j q
]
=L AD=D-Do=2, di¢;,
i=1

We follow the recent work suggesting that the amide |
frequency(w) is proportional to electrostatic potentiép)
from water molecules at the six nuclei which form the core
of the amide group

J

where the partial atomic charges for water atoms @e
=0.412 andyp= —0.814, and the distances are measured in 4 4
A. This relation was originally derived based on a consider- E pi:E d;=0,
ation of the anharmonicity of the=€0 vibration and effec- ==l
tive vibrational transition charge@lerivative of the partial with the parameters given in Table Il. Figure 3 shows the
atomic chargeq; with respect to the normal mod®  agreement of the fitted values with theb initio
(99;/9Q)) within the amide group atom$:?’ A conserva- (BPW91/6-31G*) results for the 16 clusters. The values
tion condition for the parameters, i.eSP_;1;=0, was are somewhat more scattered than those in the original work
thereby developed. The values of theparameters were of Ham* which we attribute to the higher diversity encom-
originally determined on the basis of fitting to the vibrational passed in our clusters, and the fact that we also include clus-
frequencies obtained with HF/6-33+H G** calculations ters(e.g., with O only around the Ckigroups that would
for relatively small NMA—water cluster¥. not be physically reasonable for aqueous solution. Indeed,
In this work, we refit the frequency shifEq. (1)] using  for the MD snapshot clusters, whose overall geometries
the DFT BPW91/6-31&" frequencies obtained for th@l-  change but whose numbers of water and H bonds are rela-
together 16 clusters described above. We included also theively consistent, the dipolar strengths vary only by about
smaller clusterqwith 0—15 water molecul@sbecause we 0.1 debyé.
were interested in testing the validity of the formula for
any configuration of the water molecules; obviously, their
influence to the fit was rather minor. We include the partially
hydrated examples of Fig. 2 to exemplify how the works  In order to extend this method to oligomer molecules,
some extreme perturbations. Additionally, we found that onlywe approximate the amide | mode by a loca=O stretch-

B. Force field and dipole derivative correction
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FIG. 3. Comparison of the amide | frequencies and dipolar strengths of the 16 NMA/water c{&gysré and 2 obtainedab initio (BPW91/6-31G* ) and
using the empirical correctiofEq. (2)]. The rms error was 8.7 cnd and 0.01 debyefor the left and right graph, respectively.

ing vibration, whose bond strength and frequency can varybut with a weighting factor given by the atomic masses,

as influenced by the solvent. Note that coupling terms res, ,=1S8e for O, andS 4= — 22e, for C, i=x,y,z), andp;

sponsible for interactions among individua=® groups in - =1.119 is an empirical parameter accounting for the fact that

a peptlde are not affected within the model. The Correspond:he normal mode is not a pure£o (Carbon monoxidb

ing local harmonic oscillator potential can be represented ag otion. Settingw= wo=1732 cm !, which corresponded to
Kd2 maw2d? the amide | frequency for N-deuterated NMA in vacuum cal-
o T (3 culated at the BPW91/6-37& level, appears to be a rea-

sonable approximation in Eq7).
wherem is a reduced mass, and the change of the force In the same manner as the Cartesian force field, atomic

constantk upon hydration is polar tensorgderivatives of permanent molecular electric di-
® pole momentu® with respect to atomic coordinatesre
Ak~2—Kk. (4) changed upon vibration. As a first approximation the amide |
w

transition dipole u, points along the €-O bond. The dipole
We wish to use these relationships to “repair” the strength(D) is defined as
vacuum force field {;;, second derivatives of the energy D=2 ®)
with respect to Cartesian atomic coordinatgg, so that ’
might reflect the influence of the water potential according tovhere
Eq. (2) for the C=0 stretching motion. Because of the nor- Iu®
mal mode Q) to Cartesian transformation relations = |M|~w—1/2aixsi‘d:w—1/2pd‘isiyd_ 9)

Xi=S , =S .lx. , 5
=SaQar Qa=Sai o ® The dipole derivative matri® ; is usually referred to as the
the vacuum €=0 bond force constantle=Q) is given by atomic polar tensor. For the first-order changes upon hydra-

92E P2E tion, similarly as for the for constant, we get
k= W:S‘vdaxiaxj Sid- © AD~2uApu, (10)
The Einstein summation conventi¢sums run over repeated Ap Ao AP;Sy;
indices occurring twice in a prodydss used in this and the — =5t (13)

2 PiSq; ’
following formulas. Upon hydration, the=<0O stretching H @ 1=

force constantk, changes according to E4), and for the  and, using similar logic as for the force field, we get a work-
resulting hydrated complex the Cartesian force f{digh we  ing equation for the polar tensor correction
obtain results from the following working equation: Aw

2Aw Pc’wzi: Paai+pd YN

—+ S 1S, 4Py (12)
, . . 2D | 2g ) Db drdi
fij=fij+pf[sl,dlsi',dfi'j'sj/,de,C:iL]_w . (7)

Here, the approximation is somewhat more crude than that
In Eq. (7), the S,fdl elements are equal to components of afor frequencies, since we omit the dipole moment direction
unit vectore pointing along the €O bond (e.g., positive deviation, as well as the contribution of the off-diagonal
for oxygen, negative for carbgnas are the elements &f 4 P-tensor components. Thpy correction constant, which
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FIG. 4. Absorption spectra, comparison of the empirical alndhitio amide

| frequency correction for a snapshot of one MD configuration, NMA plus =
30 water molecules, taken into tka initio (BPW91/6-31G* ) computa- i
tion.

should account for some of these simplifications, was set tc
0.72. Note that the scaling constaptsandp;s, which had to

be introduced to extend the NMA results on general amides
even though they were obtained by a least-square fit, origi-
nate in the intrinsic nature of the amide | vibration in the

trans-amide group.

1780 1720 1680 1840 1800
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IV. RESULTS FIG. 5. Models of the amide | absorption band in NMAA) vacuum;

. . . (B)—(F) water clusters(B) force field correction only(C) force field and
In the previous section we developed an empirical COripgle derivatives correction applied. Fib)—(F) periodic bondary condi-
rection for the molecular force field and dipole derivativestions were additionally applied. FdB)—(D), (E), and (F) 100, 1000, and

that gives, for the 16 NMA clusters, the same amide | fre-10000 configurationgcorresponding to the red Iip)asvere e}veraged, re-
quencies and intensities as obtained by &.(in practice ;‘;Ctt')‘;en'z;lvif‘g'z'st&ziigfggﬁig ‘(’)"fa;aslf'\r;i‘é'tit?: é”r:]fq)flour different Lorent-
with a frequency error of~1%). However, the method as

formulated above is now applicable to systems with an arbi-

trary number of amide groups. Given the enormous differ- _ . . .
ence in the computational effort for the empiri¢taction of A. MD simulation of NMA in water solution

secongdl andab initio (days or weeks of the CPU timero- In order to test the capabilities of our model for simula-
cedure, the appeal of such an approximation is obvious. Thgon of vibrational spectra, we performed an MD simulation
advantage as well as a drawback of the method can be illuser NMA in a small water cage with periodic boundary con-
trated in Fig. 4, wherab initio and empirical computations ditions. The dimension of the cage was 13.08 A and it con-
of the absorption spectra for one of the snapshot clusters atained 1 NMA and 69 waters for a total of 219 atoms. With
compared. The clear advantage is that empirical calculatiothe TINKER programs, the structure was energy minimized
reproduces the frequency shift and a part of the intensitwith periodic boundary conditions, then an MD simulation
change for the amide | band in a fraction of the computemwas initiated(as anNp T ensemble: constant number of par-
time that is required for theb initio result. On the other ticles, temperature of 300 K, and a pressure of 1 atmosphere;
hand, the influence of the solvent on the other modes, pawith 1 fs steps After about 2000 steps equilibrium was
ticularly the ab initio derived frequency and intensity achievedaccording to temperature and energy floating aver-
changes in the CH bend/C-N stretching regionages, and configuration samples were then taken after each
(1350-1550 cmt), could not be reproduced empirically. additional 1000 Newtonian steps. Altogether, 10 000 geom-
This limitation results solely because, as formulated, our coretries were generated, which could be used to empirically
rection is for only one local mode, the=€0 stretch. Analo- adjust the vacuum (DFT/BPW91/6-31%G) NMA force
gous parametrization for nonlocal mode, such as amide Iffield and dipole derivatives, using EqS) and (12).

would be more problematic. Nevertheless, because of the These calculational outcomes are summarized by the
paramount importance of the amide | signal for analyticalspectral simulations in Fig. 5. The spectra A—E are repre-
vibrational spectroscopy, and because of its exceptional sesented as verticdled) lines as well as by assigning arbitrary
sitivity to solvent interactions, we feel it is useful to explore Lorentzian bands of 7.5 cit band width(full width at half

the possibilities of this proposed model further. height, FWHBH; for the last spectruniF) the width is varied
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in the interval 0—5 cm? as indicated in the figure. Clearly,
except for the vacuum calculation, the width of the Lorentz-
ian band assumed does not determine the resultant width of
the spectral signal, since it is much smaller than the hetero-
geneous broadening~(50 cmi !). Nevertheless, for the o
smaller bandwidths of 1 and 0.1 crhstatistical fluctuations )
are still visible even when the full number of 10 000 configu-
rations is averaged. A best fit to the simulated baR).
5(F), with the width of 5 cm '] was achieved with a mixed
Gaussian84%)—Lorentzian(16%) shape. We speculate that
the “Lorentzian part” of the band indirectly reflects an influ-
ence of the molecular shape on the absorption profile, e.g.,
deviations from spherical geometry, both for the solvent and
the solute.

The relatively high vacuum frequendy~1730 cm %, FIG. 6. Structure of theg-hairpin type | pentapeptide fragment,
Fig. 5(A)] drops to~ 1650 cm * for the amide | when aver- Ala-Ala-Aib-(D-Ala)-Ala-NHCH;.
aged over all the water “clusters” in the box. This value is
much closer to that which is experimentally obserebut

there is a substantial variation in=€0 frequencies com-  goution, and this structure may thus be relevant for simula-
puted for each MD configuration samplgelg. 5(B)]. Arela-  ions including solvent, partially justifying our lack of a full
tively minor correction to the band shape results from thesgarch for the solvated peptide itself.
influence of the perturbation field on the dipole strengths in  The geometry of the fragment was generated with the
each cluster when averaged to give an absorption profile,\ker protein builder, but with the torsion angles restricted
[compare Figs. @) and §C)]. There is a significant differ- (4 the x-ray determined values. Then, the molecule was sol-
ence between the vacuum and all the other values of thgsieq in a cubic cage of water, 18.56 A on a side. The system
dipole strengths in Fig. 3, suggesting that, once the hydrogefyss allowed to minimize for 50 steps in order to relax the
bonds to water are formed, the=80 absorption intensity highest-energy geometric parametérgich effectively re-
(dipole strengthvaries little with added solvation. Applica- pairs inadequacies in the structure as obtained from the
tion of periodic boundary conditions for calculation of the builden. Then, the positions of the peptide atoms were re-
potential causes a slight narrowing of the absorption bandyained, and the MD simulation was run for only motions of
and increases its symmetry, as can be seen by comparison water molecules. We feel this was a reasonable approach
[Figs. §C) and §D)]. Similarly, when the periodic boundary for this test calculation since the/BeR force field used here
condition was omitted completely in the simulation, an addi-coy|q have difficulty predicting realistic changes of the pep-
tional hlgTer-frequency wing of the absorption band aroundjge secondary structure and its coupling with the solvent
1710 cm = was observedthe spectrum is not shown here  rrangement. This is especially true since the side-chain in-
In this test, the NMA molecule was expelled from the insideteractions present for a real peptide are eliminated in this
to the surface of the water drop during MD simulation, dueyodel pentapeptidé.e., only methyls are used, since only
to its relative hydrophobigity. Nevertheless, when a greatej\l3 and Aib form this sequengdor purposes of simplifying
number of MD configurations are properly averadéys.  ap initio calculations. In fact, variation of the peptide struc-
5(E) and §F)] the band profile becomes smooth and they,e is not the goal of this simulation, but rather the impact
shape symmetric. on the spectrum of the variation in the water structure is what
we seek to simulate. The conditions of the MD run were
analogous to those used for the NMA cluster simulations.
After equilibrium was achieved 1000 steps at 300 K
10 000 Newtonian steps were obtained and the computed ge-
ometry was recorded every 100 steps, so that 100 configura-
tions were averaged. In this case further increase of the num-
In this section, absorption and vibrational circular ber of configurations did not have significant impact on the
dichroism spectra of a penta-peptide, resultant spectrum.
Ala-Ala-Aib-D-Ala-Ala-NHCH3, are simulated; Ala In a parallel computation, the vacuum spectral frequen-
=L-alanine, Aib=aminoisobutyric acid (or @,  cies and intensities were calculated for the fragment at the
dimethylglycing. Its geometry is shown in Fig. 6. The sec- DFT/BPW91/6-31G* level. Prior to the force field calcula-
ondary structure of this peptide fragment corresponds to &on, normal modes withw|>300 crmi ! were allowed at this
B-hairpin type I loop of a longer peptide, the structure of level to relax the peptide structure from the x-ray derived
which was determined by x-ray crystallogragfyaccording  geometry, which caused a negligible change in secondary
to our theoretical simulations and recent experimentabktructure. The force field and dipole tensors for this pen-
experienc® such -Aib-D-Ala- turn motifs should be quite tapeptide in vacuum were then calculated and the réult
stable, so these results have potential direct applicatiordeuterateglis shown in Fig. 7(top) for the IR of the amide |
Thus, the x-ray structure may be maintained at some level iband. Based on the distributions of the water molecules

B. Solvent correction of the vacuum computation
on an oligopeptide amide | band
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FIG. 8. Simulated absorption spectra for the pentapeptide and 168 water
molecules for two temperaturé300 K solid line, 380 K dot-dashed line
summed as in Fig. 7.

couplet from high to low wave numbers. The empirical sol-
vent correction, however, leads to a more negatively biased
VCD and gives a rise to an extra positive peak around
1620 cm 1. Thus, the correction can potentially improve
VCD simulations as well. However, we feel that detailed
assessment of its performance for VCD should be left for the

1760 1680 1600

-1 . . .
Wavenumber (cm’) future, when more comparisons with experimental data are
available.
FIG. 7. The influence of the hydration on the absorption spectra of the In order to document further possible application of our

pentapeptide. On the top the BPW91/6-31Gamide | IR simulation in — \model we repeated the pentapeptide simulation for a differ-
vacuum is presented; the bottom spectrum was obtained by simulating the . .
influence on the amide | of 168 water molecules in a periodic cage, summe@Nt tmperature of 380 K. The change in spectral frequencies
over 100 configurations obtained from an MD simulation. and intensities with temperature can be seen in Fig. 8. The
strongest intensity shifts to higher frequency, which is in
accord with trivial expectation, since hydrogen bonds are
around the peptide as obtained in the sampled configuratioriess favored at elevated temperatures. Our thermal unfolding
from the MD simulation, the empirical correctiofiggs. (7) data for a number gB-hairpins do show a steady increase in
and (12)] to the ab initio force field and dipole derivatives temperature for the main absorption band; however, it is dif-
were applied. The resulting solvent-corrected amidspec-  ficult to quantitatively separate the salvation effect from a
trum for this peptide is in Fig. fbottom). Both the vacuum conformational changéraying of the hairpin strands® On
and solvated peptide absorption spectrum of the amide the basis of our experimental experience we suppose that the
band are more complicated than for the NMA moleculemodel overestimates the temperature influence on the amide
(compare with Fig. & Additionally, due to the number of | band, probably due to the limitations of theBER force
peptide groups in the peptide and their compact turn geontield. Similarly, the model did not qualitatively reproduce the
etry, some internal hydrogen bonds are already formed iwlifferences in bandwidths for @ and DO NMA
vacuum. In particularly, the inner loop carbonyl oxygen solutionst’ This bandwidth can be partially rationalized due
forms a bifurcated hydrogen bond to two other amideto the resonant coupling between the amide | ap@® Hend-
groups, which is reflected in the vacuum absorption spectruring modes, which does not exist for,D. In test computa-
as the most intense, and lowest frequency, IR band aions (not shown herewe ran unrestricted MD simulations
1685 cm 1. This mode is distinct from the absorbances offor the whole system, with the peptide allowed to move as
nonbonded or weakly H-bonded groups. This pattern is sigwell, and obtained qualitatively similar results, suggesting
nificantly disturbed by the empirical water correction, wherethat this turn structure corresponds to a well-defined mini-
the center of the amide | absorption band shifts to approximum on the molecular potential energy surface.
mately 1650 crn? and a significant shoulder/sideband devel-  So far, we have used the empirical correction for aver-
ops to higher wave number. Clearly, despite the generaging effects of solvent interaction, which is most appropri-
broadening, its nonsymmetric shape still reflects the differenate for a large system. Nevertheless, it is interesting to test
carbonyl groups. the extent to which a particular solvent configuration can be
Additional efforts were made to simulate the VCD of the modeled. This is tested oab initio computations for the
pentapeptide with water. Obviously, the VCD of NMA would peptide surrounded by 9 water molecules, the geometry of
be zero because of its effective planar symmetry. The hydrawhich can be seen in Fig. 9. This particular geometry was
tion also causes large changes in the simulated VCD specandomly selected from one of the MD configurations de-
trum. Both the vacuum and solvent model predict a net negascribed above; however, to simplify the computation, only
tive signal for the pentapeptide turn amide | mode and a water molecules making hydrogen bonds to the peptide were
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retained. In Fig. 10, theb initio (BPW91/6-31G*, ob-
tained using the normal mode constrained optimizationFIG. 10. Calculated (BPW91/6-316) absorption(s) and VCD(Ae) spec-
vacuum and hydrated IR and VCD spectra are compared 5 of the pentapeptidéa) for vacuum;(b) hydration modeled by the PCM

. L. . ._continuum model alondr) empirical solvent correctiofEgs.(7) and(12)],
those calculated by applying our empirical correction to this o) emp [£gs.(7) and(12)]

and(d) full ab initio calculation. See Figs. 6 and 9 for the geometriegdpr
smaller cluster as well as to the outcome of the IEF-PCMand (b), and(c) and(d), respectively.

continuum modef>3! We here reference the more sensitive

VCD pattern as a probe of the normal mode ordering. The

vacuum computatiofa) predicts high frequenciga peak at  tinuum model, but in disagreement with the results from the
1718 and a shoulder at 1714 ch), as is normal for DFT explicit models(c, d). The comparison in Fig. 10 may be
peptide frequency calculations since hydrogen bonds are naefffected by a slight relaxation of the geometry in #ieinitio
formed for the loop €=0 residues. The inner loop=€0  computation. Nevertheless, we can draw two important con-
group provides the lowest frequency (1685¢mVCD)  clusions:(i) mode reordering in the solvent can happen; and
band, because of the extensive bifurcated H bonding. Théi) the empirical model reproduces qualitative patterns found
1699 cmi ! VCD band arises from the ends of the molecule,in the full ab initio simulation, although more detailed as-
which is virtually a short, flat, antiparalleg-sheet hairpin sessment of the apparent frequency errors should be the topic
segment. However, in the solvent environment it is theof a separate study. Note that this empirical scheme is the
B-sheet component that provides the lowest frequency peaknly method, apart from thab initio computations, that can

at 1639 and 1644 cnt for spectra ¢, d in Fig. 10, respec- reproduce the extended band splitting needed for qualita-
tively. Unlike in vacuum, due to H bonding to the solvent, tively correct VCD and ROA spectra simulation.

the inner and outer £:0 groups provide modes at similar
frequencies, providing a positive band for the inner
(1677 cmi ! ab initio, 1657 empirical and a negative signal
(1699 cmi ! ab initio, 1675 empirical for the outer =0 In this work on NMA solvated with a cluster of waters
group vibrations. The innerB-sheet G=0O groups are we have extended previous knowledge about hydration of
shielded from the solvent, and thus it is not surprising thathe amide group by addressing these particular problems:
their net frequency is not changed much by the solfemt what is the necessary size of an explicit water environment
1710 forab initio and 1699 cm? for the empirical modg) needed for a computation to obtain a realistic frequency
but the inversion of the VCD sign for these modes is quiteshift, what is the influence of that water environment on
surprising. The PCM model without explicit watgity gen-  spectral intensities, and how can these results be generalized
erally improves the vacuum frequencies, but does not reprdeor application to other systems? We extended the results of
duce the VCD sign pattern and normal mode ordering. IrHam and co-worker' taking into account more general
particular, it predicts that the outgsheet &=O group vi- clusters and using the more accurate, especially for vibra-
brates with higher frequency (1665 cf) than the inner tional frequencies, DFT theory as a basis for the computa-
loop group (1653 cm?), as might be expected for a con- tions, instead of the HF approximation.

V. DISCUSSION
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Our solvent modeling is focused on the amide | vibrationget reasonably accurate frequenciés.The resulting fre-
and thus cannot compete fully with more general solventjuencies are still high by a few cm, but this just reflects
models, such as continuum polarization motfef&or Car—  the DFT results, since the empirical method was calibrated
Parrinello molecular dynamics simulatidisr directab ini-  against the set of DFT (BPW91/6-316 level) calculations
tio cluster calculation$’ However, these methods computa- done for the various clusters used to develop the fitting pa-
tionally become extremely resource intensive. Furthermoresameters. The correction can be no better thanathénitio
for peptide conformational analysis with IR spectroscopy theresults on which it is based, but it offers convenience and
amide | vibration provides both the strongest IR signal andapplicability to large systems. Furthermore, it could be easily
the most useful diagnostic tool, while at the same time it isfurther repaired by introduction of a scaling factor, which in
strongly influenced by hydrogen bonds to water. Thereforethis case would be a minor correction, not likely to distort
any vacuum calculations of frequencies are in need of sigthe modes significantly. At this point, however, scaling
nificant correctionAb initio frequencies have been corrected would not extend physical insight into the amide | vibration.
by scaling in many previous studies, but such a scaling factoit may be also worthy to model the water electrostatic poten-
for missing the H-bond effect on the amide=® would be tial differently than from the fixed partial atomic charges,
very large(compared to the 5% or so reduction usually re-€.9., taking into account water polarizability or using proper
quired for DFT frequenci@s Such a large perturbation may electrostatic field-fitted charges obtained at the given
change the nature of the modes, so that using just a simp@PW91/6-31G*) method. This would, however, make the
scaling could miss that important impact of the H bonds tomethod more robust. Because of the relatively good fit of the
solvent. This has been shown by many tests, e.g., where ofg@quency shifts obtained by the charges given in the original
can include water explicitly in the DFT computatioffs®  reference(0.412 and—0.814), we rather rely on the fitting
The empirical method presented here allows us to make sudrameters that may incorporate also inaccuracies in the de-
corrections to the FF on an arbitrarily large system. An exiermination of the atomic charges. This parametrization is
ample was given in Fig. 10, where for the amide | mode wealso close to that used in thesBER force field (0.417 and
can, unlike with previous modeling, with minimal computa- —0.834).
tional effort obtain realistic frequencies sensitive to actual A more serious limitation is the lack of a similar correc-
water orientations and, in addition, obtain heterogeneouton for the amide Il mode. This mode is more coupled to
band broadening via molecular dynamics averaging_ Th@ther Vibrations, and the same sort of scaled correction as
spectral bandwidth has been a point not addressed in convesed here for the amide | may not be possible without con-
tional spectral simulations, and is usually circumvented bysideration of the influence on other parts of the spectrum, and
an introduction of arbitrary empirical constant chosen tocertainly it could not have the same formalistic basis. The
mimic the experimental bandwidth. amide 1l frequency is shifted up in frequency by80 cmi !

From the computation on the pentapeptide turn modelUPon hydration. This is in the opposite directi¢due to
we can see that the broadening caused by the solvent is corfi-Ponding stiffening the bending motipbut is of less mag-
parable in magnitude with the dispersion caused by the in[lItL!de than for amide I. The experlmenta!s&gnlflcance of_ the
tramolecular interactions. A significant part of the dispersior@Mide Il has not been so well develop&d, nevertheless, it
in the vacuum calculations is due to the difference of “free” IS cléar that measurements in®lare of growing importance
and H-bonded €=0 groups, whereas in aqueous solution anfo_r IR an_d Raman so that fgture modellng_ would have to d_eal
C—0 groups are likely to be H-bonded, unless they are in Lither wnh solvent correction to the ar_mde_ Il mode or in-
particularly protected globular fold. The NMA result pro- clude the influence Qf solvent onto aII. vibrational degrees Qf
vides a control with regard to the amide | dispersion due tdr€€dom more consistently. Other mid-IR modes are obvi-
(¢,4) variation, as there is only one amide and the spectra‘PUSIV uncorrected as well, but these are mostly well repre-

width must come primarily from the heterogeneous broaden$eNted by vacuum computations. As a falil initio approach

ing due to the water environment. In this case it would seen® Still impossible for larger systems, extensions of this em-

that the water dispersion effect might correspond to the explrlcal method or a combln_atlon of epr|C|t and regctlon_ field

perimental value of 50cm- found for H,O solution solvent modelsﬂn;gy provide a solution to consideration of

(FWHH), but in that case mixing with and correcting for SClvent effects:"

solvent modes is problematté.Consequently, we simulated

the spectra for N-deuterated NMA in,D, where the ob-

served width somewhat narroweFGO cm’l). Thus, while VI. CONCLUSIONS

our method vyields the useful idea of the heterogeneous

broadening, it overestimates the effect at this time. These cluster computations indicated that, for an explicit
Also, the frequencies obtained by this correction are in-solvent model, positions of water molecules are as important

deed much closer to experiment than by vacuum calculatioas their number, if the influence on the amide | frequency is

or even by just using just a single layer of explicit, H-bondedto be reproduced correctly. The empirical correction pre-

waters in the DFT calculatior’si*”Only with several layers sented here takes into account this geometry dependence and

can one get a converging frequency correction. The samspeeds up the computations considerably when compared

sort of observation was made previously when it was rewith ab initio methods. Thus, realistic amide | spectral fre-

ported that with a single layer of water H-bonded to NMA, aquencies could be calculated for a model pentapeptide and

polarized continuum model or reaction field was needed tdeterogeneous broadening and temperature dependence
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