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Empirical solvent correction for multiple amide group vibrational modes
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Previously proposed solvent correction to the amigeptide vibration was extended so that it can

be applied to a general solvated chromophore. The combined molecular and quantum mechanics
(MM/QM) method is based on a linear dependence of harmonic force field and intensity tensor
components of the solute on solvent electrostatic field. For N-methylacetamide, realistic solvent
frequency and intensity changes as well as inhomogeneous band widths were obtained for amide
A, I, Il , andlll modes. A rather anomalous basis set size dependence was observed for the amide
A and| vibrations, when bigger basis lead to narrowing of spectral bands and lesser molecular
sensibility to the environment. For a modehelical peptide, aV-shape of the vibrational circular
dichroism signal observed in deuterated solvent for the anlideand was reproduced
correctly, unlike with previous vacuum models. @005 American Institute of Physics

[DOI: 10.1063/1.1877272

I. INTRODUCTION copy, models based on solvent electrostatic potential or its
gradient (intensity of the electric fieldsampled on solute
Combined ~molecular and quantum  mechanicshonds or atoms appear particularly promisiri§>’ For ex-
(MM/QM) methods became a popular choice for simulatingample, solvent frequency shifts of water O—H stretching vi-
of solvent eﬁect§._11$ince interpretation of the infrard‘R) brations were found to be approximate|y |inear|y propor-
spectroscopic data is to a large extend dependent on thejpnal to water electrostatic field projected along the O-H
theoretical simulation involving detailed description of stud-pond, and thus could be used in MM/QM simulations
ied systems, realistic solvent modeI:'s are particularly needegf  the absorption band proﬁ|g§>_8 Similarly  for
for polar, strongly hydrated biopolymers, such asn.methylacetamide(NMA), linear relation between the
peptided and nucleic acid$>'’ For peptides and pro- c_—o bond length, stretching frequency, and solvent elec-
teins, the strong absorption bands of the amide group chrgrostatic potential at NMA atoms has been fodfd Thus
mophore provide indispensable probes of the secondarympirical corrections could be developed in order to model
structure, both in linear and differentiédircular dichroism  eajistic amidd (C=0 stretch frequencies and inhomoge-
absorption sp_ectroscoﬁ?ﬁzz Although good qualitative  neous band width§™**! For the NMA-water system, alter-
agreement with the experimental signal can be oftehative approach was proposed with fitting based on geo-
achieved with models based @b initio computations on  metrical parameters instead of the potential, providing
vacuum peptide fragmentd;*® more accurate models are encouraging results even for amidleand Ill modes™ We
needed especially for nonperiodi2c7 ziglhomogeneously hyattempted to generalize the electrostatic procedure for
drated structures, such gshairpins®™ " In this work, we  myltiple-amide systems and used the NMA fitting parameters
expand the electrostatic correction proposed for the amide i simulations of peptide amidelR and vibrational circular
band previously, so that it can be applied to any chro- gichroism(VCD) spectra Although the amideé mode is of
mophore and arbitrary number of vibrational modes. primary importance in peptide vibrational spectroscopy,
The role of the solvent electrostatics on solute propertiegther vibrational bands of the amide group are also affected
been recognized quite ea??%/flr;g became utilized in many py the solvent in a similar mann&tThus it appears natural
continuum  solvent modefs™~*° Since these cannot dis- tg extend the model further, in order to capture the influence
criminate among individual solvent molecules, more explicityf the solvent on the whole amide group. In fact, the ap-
approaches are looked for, providing better link betweerhrgach presented below is not dependent on particular
classical and quantum dynamics. For vibrational spectrosghemical species and can be extended to any solvated chro-
mophore. Also, rather minor attention in the previous models
¥Electronic mail: bour@uochb.cas.cz has been paid to the role of the approximation level and basis
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set selection. Thus we test these dependencies more extdiN=6) in order to map better the surrounding electrostatic

sively. Rather surprising effect of increasing the basis set sizéeld.

was found for some modes, leading to a narrowing of the  When the potential is constafip; = ¢,=- - =¢y), We ex-

vibrational bands, i.e., the NMA molecules becomes less sugpect nearly zero intensity of the electric field and conse-

ceptible to external perturbations. quently no frequency shifts. This is automatically ensured
The manuscript is organized as follows. In the methodwith a conservation conditiongor eachl)

section, the empirical correction to the force constants and

dipole derivatives of a vibrating chromophore is introduced, E by =0. (4)

based on the solvent electrostatic field modeled by fixed par- J=IN

tial charges. In the next section, the model is calibratedrhe condition was already proposed for the amidmode

againstab initio computations on small NMA-water clus- modeling, on the basis of charge conservation in a local

ters. Then simulated spectra in the agqueous environment aggomic current mode®*!

compared with experiment, in terms of frequency shifts and  The coefficientd; can be obtained frorab initio com-

inhomogeneous band broadening. Finally, the model is apputations on a “learning set” ah solute—solvent cluster@n

plied to aa-helical 19-amide peptide and relation of simu- this work 11 NMA-water clustejsvia minimizing the root

lated absorption and vibrational circular dichroism spectra tanean square differences between the computed and fitted

experiment is discussed. {Ay, i=1--m, I=1. .M} force constants
2 .
> <Ail ~Ag = 2 bleDij) — min. (5)
i=1-m i=1N
Il. METHOD

Now the potentialp; thus has a clustefi) and atomic(j)

We wish to find dependence of vibrational frequenciesindex. The method of Lagrange multipliers fot) and (5)
on externalsolven) electrostatic field for any molecular part leads to a set of linear equations for the fitting coefficients
where vibrations are localized. For brevity, we talk about theand a multiplierA. For each force constahtwe thus obtain
amide moiety, but obviously the first order correction can bethe coefficients by matrix inversion:
easily generalized for any other chemically distinct group. In
the harmonic approximation the observable frequencies ar
given by the harmonic force fieff.In order to eliminate the 2 Pirbin . E PiNPiL 1 b
coordinate-system dependence and the redundancies in t g =Lm 1
force field, we diagonalize a partial field matrix. Particularly,

for a set of the force constangs,, .z} comprisingM atoms > onen > onein 1 by
of interest(\, u=1---M; a, B=X, Y,2), the eigenvaluefA,}, i=1.m " izim A
I=1.-3XM, are given by 1 1 0
3M
Frans = 2 SuaiNiSup, 1) > (A= Ao
=1 i=1.m
with an orthogonal transformation _
3 3 M 2 (Ail = Ao ein
E s)\a,ls,uﬂ,l = 5)\,M5a,ﬁ and E 2 S}\a,ls)\a,.] = 5I,J! (2) i=1.m
1=1 a=1\=1 0
where§'is the Kroneckei-symbol. In order to obtain eigen- .
values more relevant to experimental frequencies, we con- A-b=clO b=A""-c. (6)
sider the mass-weighted force fiefd,, 5= Fya,us/ VMM, Providing that the NMA force field is transferable, the

whereF is the usual second-derivative mattbiessial and  same fitting coefficients can be used in a solvent correction

m,, atomic mass of an atom. for any amide group in a peptide. New Cartesian force con-

Based on previous wo'rlé . we model the influence  giants are then obtained from the vacuum values as
of the solvent by a linear fit am

A=A + _%N bij¢;, ©) frawup= f(O))\a,MB + |21 Sha,1SuBil _%‘ b'jQD,‘. (7)
=1 = =1,

9-41

where A, is the force constant in vacuum, arg is the  where thes-matrices are calculated for each chromophore

electrostatic potential of the solvent at the nucl¢usf the  separately within the first-order approach.

solute. In the present combined MM/QM scheme the poten-  An influence of the solvent electrostatic field on the ab-

tial is modeled by atomic partial charges of water. Note thasorption and Raman intensities is treated in a similar way. In
different atoms may be included in Eggl) and (3) and  this case, however, working in the local normal mode space
generallyM # N; for example, in the peptide group, in order does not bring any convenience in terms of reduction of

to investigate force constants for the HNCO atofis=4), number of variables, because of the character of the electro-
we may include additionally the two neighborimgcarbons magnetic tensor derivatives. Also, phases of the normal
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FIG. 1. (Colon Ten clusterg1-10 of NMA (0) and three water molecules 0.15 1 *
used for the fit.
& -0.05 |
modes(signs of thes-vectorg are arbitrary, which would *
make the fitting ill-defined. Thus Cartesian components of 0.25 1
the dipole derivativegatomic polar tenso,,, ;) and polar- . -
izability derivatives(a,, g ,) are fitted directly as expressed AP, ab initio
in a local Cartesian coordinate system attached to the CON 025 005 045
amide group atoms
Polarizability Derivatives
—_ p(0 4
P;La/,ﬁ - P( ),ua,ﬁ + 2 Cj,;La,B‘Pj! (8) 8 (a.u.)
j=1N
. 2 J
E 1 Chd
— (0 g
Cpapy= @ papy ™ E % ey ©) < o o
j=1N
-1 -
where thea-index belongs to atonu, and 3,y denote the
; . e - ® Aa, ab initio
electric dipole components. The fitting coefficients 3 — : ,
16 g 9i e syt Were obtained using an analogous procedure -3 -1 1 3

as for the force constants. Note, that the same matrix FIG. 2. Comparison of fitted anab initio values of solvent shifts of diag-

Eq. (6) can be used for the force field as well as for thegn; force constantéup), atomic polar tensofmiddle), and polarizability

tensor components. (bottom) components in local coordinate system. The tensors comprise six
amide group atoms and all the clusters displayed in Fig. 1.

[ll. RESULTS AND DISCUSSION

Computations A. Vibrations of the amide group

For theab initio calculations, in addition to the common Supposedly, the properties of the four atoms directly in-
hybrid Becke3LYP® functional, the BPW91 general gradient VOIVed in the partial bond rearrangement
approximation was used;*’ since the latter has been exten- o _c_N_Hwo O —C =N —H
sively used for simulation of peptide vibrational spectra in ’
the past? GaussIAN program&® were used for computation are the most influenced by the solvent, because the polar
of ab initio energies, gradients and vibrational frequenciessnvironment stabilizes the charged form. Thusl€¥4 in Eq.
and intensities, with standard basis 681G, 6-31G, and (1), most of the solvent shifts of the higher-frequency vibra-
6-311++G") as specified below. Homemade cRxD  tional modes of interest should be comprised in the model.
prograrﬁ19 was applied for the normal mode optimization For an isolated OCNH group, six of thex34=12 eigenval-
routine. The molecular-dynamics simulations were run withuesA, would correspond to translations and rotations of zero
the TINKER program packag%“. Peak fits in experimental and frequencies. If built in a peptide, two of the translational
simulated spectra were done with theEBTRACALC® soft-  modes roughly matchC—C(O) and N-*C stretchings of
ware. Particularly, the center transition frequencies, absorpmedium frequencies, and the rest corresponds to lower-
tion band areas, and band widitagcording to common con- frequency bending and torsional modes. Additionally, be-
vention given as full peak widths at their half heights, cause of the local pland€,) symmetry, we may expect one
FWHH) could be obtained with the latter program by a curvelower-frequency out of plane and five in-plane intrinsic
fitting into the mixed Gaussian—Lorentzian bands. HNCO vibrations. The latter five higher frequency modes
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TABLE I. Calculated force field fitting parametefls;; in Eq. (3)]. For the 6-atom fifM=6), with force field
(F) in atomic units, atom massés) in g/mol, potential of solvent atorig) at a sitej, ;=% ,(Z,/r ), is used
with Z,, in atomic units and the distanceg; in A

Amide mode(l) j:H(N) N C(0) O “C(N) “C(CO)

BPW91/6-31G

A 8.4 -8.6 -16.8 5.1 5.6 6.3
I -0.1 2.5 -5.0 0.4 -0.4 2.5
Il 0.2 -1.3 -0.5 0.7 -0.2 1.1
11l -0.2 -0.3 0.2 0.4 -0.5 0.4
BPW91/6-311++G
A 8.7 -14.4 0.7 0.8 4.4 -0.2
I 0.0 1.6 -1.9 -0.4 -0.4 11
Il -0.6 2.8 -8.9 2.6 -0.6 4.0
10 -0.5 1.5 -35 1.3 -0.5 1.7
Becke3LYP/6-311++G
A 6.4 -7.7 -0.7 3.4 3.2 5.4
I 0.1 0.9 -0.3 -0.9 -0.2 0.4
Il -0.9 3.8 -95 2.9 -0.7 45
I -0.6 1.8 -4.1 15 -0.5 2.0

involve the analytically important amid& (N-H stretch,  the molecule(clusters 4 and 10 in Fig.)lup to the “full
amide| (C=O0 stretch, amidell andIll (N-H bend and hydrated” caséclusters 8 and Pwhere all the three possible
C-N stretch vibrations. The fifths in-plane mode can be hydrogen bonds on the N-H and=€0 groups were satu-
imagined as a N—€=0 bending, but cannot be easily as- rated. All the geometries were generated from configurations
signed in the spectrum due to coupling with other motionsobtained by molecular-dynamid#1D) simulation with the
Thus, as far as we are interested in the high- and mid-IRTINKER program packag®’. The solvent electrostatic field
spectral regior(~> 1000 cn1?), only 4-7 highest diagonal was generated with the same partial charg€s84 for water
elements could be left in the fiEq. (3)]. However, inclusion  oxygen and 0.42 for hydroggias for the MD simulation.
of the full number(12) was used since it does not bring any The normal mode optimization was applied so that the
further significant computer cost. As shown below, in orderhigher-frequency modeg >300 cni?) could be relaxed in
to account for the coupling of the amide group vibrationsthe clusters. The quality of the fit for the diagonal force
with the “C—-CQ(O) and N—C stretching modes, it may be constants, dipole and polarizability derivativéisear depen-
desirable to involve also th&C carbons in the fit and use a dencies 3, 8, and ¢ =6) can be seen in Fig. 2. The maxi-
local force field matrix witiM =6 and 3< 6=18 eigenvalues. mal variation of the force constants under the solvent influ-
ence is about 15%, while the deviation from the linear
dependence does not usually exceed 1%. The dispersion of
the electromagnetic tensor derivatives deviates more from
The constants needed for the empirical corrections of théhe linearity; however, we find it satisfactory for the purpose
amide group force field and tensor derivatives were cali-of the empirical model.
brated on a set of N-methylacetamide molecule and ten In Table I, the calculated force field fitting parameters
=11 in Eq.(5)] clusters with three water molecules shown in[b;; in Eq. (3)] are listed for the four highest eigenvalukg
Fig. 1. It has been shown previously that a relatively smallwhich approximately correspond to the amid, II, andlll
number of water molecules in the first hydration siethl-  vibrations. For the amide (C=0O stretching vibrations we
vent molecules closest to the solute chromoph@a@uses can compare them qualitatively to those in Refs. 7,8, al-
most of the vibrational spectral changes and relatively smalihough in the previous works field dependence of the stretch-
number of clusters is needed in order to reproduce an aveing frequency and not the force constants was fit. However,
age solvent influenc® >*This can be also partially justified we obtained the same sign pattern except for tt®)@tom
by the fact that water molecules in the vicinity of the polaras in Refs. 7 and same pattern as in Ref. 8. However, it may
N-H and C=0O groups are strongly oriented due to the for-be difficult to assign a simple physical meaning to these
mation of the hydrogen bond&.In an extreme case, two parameters and they should always be considered together
geometries would be sufficient for providing the slope andwith the selected mathematical model. For example, the val-
intercept for the linear model. Nevertheless, in order to obues seem to be spread relatively evenly over the six selected
tain statistically significant dependence, positions of the waatoms, while the electrostatic field in the vicinity of the
ter molecules in the training clusters were arbitrarily variedC—=O bond only should be most important for this mode.
in order to produce a wide range of solvent electrostatidndeed, the number of atoms was previofidtyund rather
fields, from the vacuum case, over the situation where thartificial and is perhaps somewhat redundant for this local-
waters were left only around the hydrophob@H;) parts of  ized mode. Similarly for the amida (N-H stretch, we see

B. Training cluster set
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TABLE II. Frequencies of absorption maxintig cm™) for amide modes of N-methylacetamide.

Calc/Vacuum Calc/Watér
BPW91 BPW91 BPW91 Becke3LYP BPW91 BPW91 BPW91 Becke3LYP
Normal mode 6-31G 6-31G 6-311++G" 6-311++G" 6-31G 6-31G 6-311++G" 6-311++G" Exp/Water
N—H), amideA 3563 3573 3561 3647 3434 3468 3460 3584 (330()b
(C=0), amidel 1673 1741 1699 1747 1613 1678 1644 1681 1630
Amide Il 1534 1507 1497 1545 1535 1512 1520 1563 1576
Amide Il 1279 1242 1236 1277 1325 1288 1259 1301 1314

%-parameter fit, 68- water molecule periodic cage.
PCannot be reliably estimated because of the overlap with the water absorption band, the peak center at'3825 ahtained by Raman scattering
measurementbackscattering, spectral resolution 5.5 ¢nvolume ratio NMA:H,0=0.05.

that biggest parameters belong to the H and N at¢ass C. Vibrational spectra of hydrated N-methylacetamide
expegteai but .also to the (D). etom for the BPW91/.6 In order to simulate the inhomogeneous band widths of
-31G" calculation. In general, similar patterns were obtained

with the threeab initio methods listed in Table (and also at ﬂ;t?rebgfgng;gdfﬁoﬁzte;u:\g\sﬂ/;nr;(;fgg I:M;V 2;2'615;%0'2:
the BPW91/6-31G level which is not shoyymwith the cal- 9

culations differing in basis se6-31G" vs 6-311++C) (see Fig. 4 were generated by an MD. run. The sLTuIation
more variant then when only the functiongdBPW91 vs vyas_ performed with t_he Amber force field OfN-RER’. pe-
Becke3LYR were different; this dependence on thie initio rlodlc-boundary conditions, and NpT ensemble using atmo-
level, however, is significantly bigger than for physically ob- spheric pressurél atm and room temperaturg298 K). Af-

servable variables as frequencies and intensities given it 10 PS of equilibration the geometries were recorded
Tables Il and 11l below. Bigger absolute values of the fitting SeParated by 1000 MD steggsf 1 fs) so that they can be
coefficientsby; for the higher-frequency modes result from c_onadered mdependen_t. For each conf|gu_rat|(_)n the perturba-
the fitting of the absolute force fieldliagona) elements and  tion to the NMA force field and tensor derivatives were ob-
do not indicate that these modes would be more sensitive t§tined based on the water electrostatic potential, and har-
the solvent. From this approagggs. (3), (8), and(9)] one ~ Monic vibrational frequencies _apq mtensmee calculated.
can imagine fitting of relative values; we see, however, ndVote, that only ongvacuum ab initio computation of the
advantage of the latter within the present first-order schemdYMA molecule was needed.
We restrain ourselves from the analysis of the fitting coeffi- ~ The resultant vacuum and solvent absorption and Raman
cients for the dipole and polarizability derivative componentsintensities calculated at the Becke3LYP/6-311+ +@vel
[Egs. (8) and (9)], because of their large number and evenare compared in Fig. 5. Lorentzian bands 7 tmvide
fuzzier physical meaning. (FWHH) were used for the simulation of the spectra. This
Perhaps more interesting is the accuracy with which thdandwidth allows to smooth the discrete distribution, but is
amideA, I, II, andIll vibrational frequencies of NMA can small enough not to change the inhomogeneous broadening.
be reproduced by the empirical correction. This is illustratedn accordance with the experiméhthe amideA band is
in Fig. 3, where the model values are compared toahe broadened most by the solvent interaction, with the calcu-
initio results for all the clusters described above. Apparentlylated bandwidtiFWHH) of about 150 c. This contrasts
the model reproduces trends in the solvent shifts for all thevith the C—H stretching signal, which is not dispersed. Al-
clusters, all the amide vibrational modes and thus within théhough the hydrogen constants were not taken explicitly in
entire frequency range. Occasional deviations of up tdhe fit, we do not expect any significant effect of solvent on
~10 cni? from theab initio values occur, a price which we these hydrophobic groups. The lower-frequency redms
find acceptable for the simplicity of the simple model. low 2000 cmY), however, comprises again amide group

TABLE Ill. Absorption band widthgcm™) [full widths at half height§ FWHH) of absorption peaR&lipolar strengthgdebyé) for N-methylacetamide. The
dipolar strengthgD) were obtained by fitting of the spectral intensitie$ by mixed Gaussian—Lorentzian peaks and integration over the frequéngies
using the formula Ddebyé&)=0.009 184X [e(Lmol™* cm)dw/ v.

CaldVacuum CaloWatep®
BPW91 BPW91 BPW91 Becke3LYP BPW91 BPW91 BPW91 Becke3LYP
Normal mode 6-31G  6-31G  6-311++G"  6-311++G’ 6-31G 6-31G 6-311++G"  6-311++G" Exp/Water
N-H), amideA 0/0.001  0/0.002 0/0.002 0/0.003 179/0.035 175/0.025 157/0.035 125/0.031>60/0.03)b
C=0), amidel 0/0.039 0/0.047 0/0.065 0/0.070 200/0.101 89/0.098 53/0.111 43/0.117 45/0.065
Amide Il 0/0.028 0/0.038 0/0.041 0/0.049 70/0.017 42/0.072 49/0.043 52/0.048 46/0.050
Amide Il 0/0.025 0/0.023 0/0.025 0/0.028 155/0.063 45/0.024 57/0.028 55/0.029 32/0.011

%-parameter fit, 68- water molecule periodic cage.
®Cannot be reliably estimated because of overlap with the water absorption band, width of'9@asrdetermined by the Raman scattering measurement
specified in Table II.
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1520 FIG. 4. (Color Periodic box with NMA and 68 water molecules used for the
| MD simulation.
L
1490 \ , - and 1301 crit, experimentally 1576 and 1314 chrespec-
Amide Ill tively). _ _ _

1300 In Table IIl absorption bandwidths and dipolar strengths
are compared to experimental values, as obtained by least-
square fitting of the spectra by mixed Gaussian—Lorentzian

1260 bands. As for the solvent frequency shifts, the anlidél

1 band widths are most affected by thé initio approxima-
tion. Particularly the values obtained with the smallest basis

1220 ‘ ‘ J ' set (6-310G) are quite unrealistic. Surprisingly, bigger basis

0 2 4 6 8 10

sets lead to narrowing of the amideand| vibrational bands
Cluster (by 50% for amidel!) and these motions become less sus-
FIG. 3. Comparison of the amide (N-H stretch, | (C=0 stretch, Il and _Ceptlble tp eXtem.aI perturpatlons, Whlle the ch.lths S.llghtly
Il (N-C stretch and N—H bendrequencies for the clusters from Fig. 1 as increase in the bigger basis for amitleand ll.. Little dif-
obtainedab initio and using the empirical correction to the vacuum force ference can be observed between the performance of the
field [Eq. (7)]. BPW91 and Becke3LYP methods, the latter yielding a
slightly better agreement with experimental bandwidtie-

modes most effected by the solvent. Even the frequencies &ulated 43, 52, and 55 cth experimentally 45, 46, and

the C—H bending modes~1550—1400 cmt) are indirectly

dispersed via coupling with other modes. The overall fre- Absorption Raman Scatieing

quency shifts are summarized in Table Il. Amidemodes 800 Il

shifts down by~100 cn! and the calculated value is rather  eo0 godiiin e
independent on the basis set size. The remaining differenc , ;:
to the experimen(since the model was calibrated agaiabt 4L
initio computationscan probably be accounted for by anhar- ~ 2° " m i ¢
monic potential of the N-H bontf. Also the amidel fre- 0 JlL ) L L iedl g
quency shifts significantlyby ~70 cni?); the shift, how- 400 ' Wa,'“'g, 0
ever, is more dependent on the basis set and functiona h g
chosen. For example, the BPW91 frequeritg44 cm?) is @ | =
closer to experimer(t1630 cm?) than the Becke3LYP value 200 “0 %
(1681 for the 6-311++G basis set. In accord with the ] I | =
simple conjugation model where the solvent strengthens the  © o0 200 000 2000 2000 1000
C-N bond, calculated amidé andlll frequencies shift up. Wavenumber ) Wavenumber (cm-1)

Similarly as for the amidé mode, the shif(5—40 cm?) is

quite dependent on the basis set size and the functional wiffG. 5- Calculated IR absorptiofieft) and Raman(right) spectra of the
5 . ' NMA molecule in vacuum (top) and in water (bottom), at the
the Becke3LYP/6-311++ level providing the best Becke3LYP/6-311++G level. For the latter, 7000 MD configurations

agreement with the experime(talculated frequencies 1563 were averaged for the box displayed in Fig. 4.
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Finally, the box siz¢Fig. 6(c) vs Fig. 6e)] influences details
2007 a of the absorption profile, nevertheless most spectral charac-
1007 teristics are obtained already with the smaller box and shifts
°7 of peak maxima do not exceed 10 ¢iymwhich confirms the
2007 b dominant role of the first hydration sphere. We have also
e 1007 investigated the effect of various water—peptide force force
07 fields (not shown used in the MD simulation, but did not
200 c find any significant influence. Overall, we may conclude that
the model provides realistic frequency, intensity and band-
0" width changes, although propab initio level must be found
4007 similarly as for the vacuum computation. With regards to the
2001 d modeling of vibrational spectra of peptides, the sensitivity of
01 the amidel andll bands to anharmonic interactions and the
222 M ab initio level appears somewhat unpleasant, because this
1001 region is most accessible and usually provides the strongest
experimental signzill?'zo

0.8
A o4 f
A D. Hydrated peptide a-helix

0.0 T T T T
1800 1600 1400 1200

In order to estimate the performance of the solvent cor-
rection to the amide group vibration for a more realistic sys-
FIG. 6. Effect of the basis set and box size on the speaird-atom (M tems, we simulate vibrational circular dichroigMCD) and
=2‘g /2“’ (b)—(e()j %‘aéogl(c";"fbﬁ) fit, (at)—(d) S”;aglblofilg;“b'&)a C ‘:ig box  absorption spectra of hydrated 19-amide L-alanine-based
;nd (e))’ (;I)D\E/i\?Ql( f)unctional,(da)lslgseiie(g)&(g functional(f) th?aslasxzeer(i?r:;(rft)al pgptlde, C_H__CO_[NHCH(CH?’?CO]U_NH_Cl_b' Vacuum .
spectrum(2.74 M solution of NMA in water, FTIR Bruker IFS-66/S spec- dipole derivatives and harmonic molecular force field of this
trometer, 10um CaF, cell (Biotools), 298 K, baseline subtractgd 19-mer (with respect to the number of amide groupgere
calculated by transferring Cartesian molecular tertééfs
obtained for a 7-amide fragment at the BPW91/6-31G

_1 . .
82 cnt”, for the amidd, 11, andll modes, respectivelyThe — o,01  gtandard helical geometfywas chosen(¢=-57,
dipolar strengths are also significantly dependent of the basgz ~47° and the normal mode optimization metiddsed
set, namely for the amidié mode, while the two functionals in order to relax the higher-frequency motions in the

provide similar values. Computed values agree reasonab _amide. Then the 19-mer was placed in a water btk
well with the experiment, given the expected error originat-><20>< 20 A, with 192 peptide and 1587 water atonais-
ing in the water base line subtraction. Calculated bandwidttb|ayed in Fig. 7. Under periodic boundary conditions mo-
and dipole strength for the amidd mode exhibit biggest ocyjar dynamics was run with theNKer softwaré” for an
deviation from the experiment. This can be explained bprT ensemble(p=1 atm, T=300 K), using the Amber 94
coupling of this mode with other lower-frequency motions, force field, similarly as for the NMA system. Only water
such as methyl-wagging, which could not be included in thenojecules were allowed to move, while positions of peptide
model. _ . atoms were fixed. In order to get a representative distribution
In Fig. 6, the dependence of the simulated spectra on thgf the solvent, after an equilibration stage000 steps of 1
number of atoms included\), box width, functional and fs) 900 configurations separated by 1000 MD stéps9
basis set size on simulated absorption spectra of NMA can bgere generated. For each configuration solvent corrections to
seen for the mid-IR region. If a force field of 6 instead of 4 the vacuumab initio force field and dipole derivatives of the
atoms is included in the fitFig. 6(@) vs Fig. @b)], namely  19-mer were applied, based on the immediate electrostatic
the middle part of the spectfd400—1500 cm') comprising  field of the solvent and the fitting parameters obtained from
methyl-group vibration is influenced; nevertheless frequencyhe NMA—water system. Thus the 900 corrected force fields
of the amidelll bands also somewhat increases, because @fould be diagonalized and resultant normal mode frequencies
the inter-mode couplings. As expected, the anlideode is  and absorption intensities obtained for each mode. Note, that
not influenced by this change, since it is localized primarilyin this way the amide—amide interactions obtained for
at the two G=0O atoms. As discussed above for Tables Ilvacuum are not perturbed by the solvent, which disperses
and Ill, the bigger basis s¢Fig. 6(b) vs Fig. 6c)] is neces- only the localized “diagonal” components of the 19-mer
sary in order to obtain more realistic amitdéequency and force field.
bandwidth. Namely the relative intensity ratio of the anlide Calculated vacuum and solvent-corrected absorption and
andl bands is affected by the basis set increase, in favor t&CD spectra of the 19-amide can be seen in Fig. 8. Similarly
the experiment. The application of the Becke3LYP functionalas shown in previous studfé€>*°the vacuum approxima-
[Fig. 6(d) vs Fig. 6c)] leads to improvement of the amidle  tion provides qualitatively correct relative intensities and
andlll frequencies, while the amideband shifts away from signs of the VCD bands. Particularly, tke/-) sign pattern
the experimental value, probably because of internal anhaof the big VCD couplet belonging to the amidievibration
monicity of the G=0 vibratior?” not included in the model. calculated around 1740 ¢t and the overall negative inten-

Wavenumber {cm ™)
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FIG. 7. (Color The modela-helical alanine-based 19-amide in a b@6 4
X 20x 20 A) of water. Solvent molecules in front of the peptide are not ° 5
visible in the figure. 1800 1600 1400 1200 1600 1400 1200 1000
Wavenumber (cm-1) Wavenumber (cm-1)

; ; ; ; iy - FIG. 8. Simulated absorptiafteft) and VCD(right) spectra of thex-helical
sity of the amidd] motion with a minimum at 1534 crhare 19-amide,(a) and(b) in vacuum andc) and(d) with the MM/QM correc-

in agreement with experimental spectrasshelical peptides gy, Spectra fola) and(c) natural andb) and(d) N-deuterated peptide.
and proteins, where the sharp amitlecouplet occurs at

1615-1620 crm and the amidd! signal appg?ﬁjgoﬁ‘gza broad yescription of the solvent effect than computationally more
negative band centered around 1550 The  oyxpensive methods, particularly the continuum solvent
solvent-corrected VCD and absorption spectra reproducg,qels® Thus we find it viable for reproducing the main

correctly this difference in the dirspersion of the amid®d  features of the vibrational solvent effects on amide group
Il frequencies. Unlike for the N-methylacetamide, the amidgipations in peptides.
Il mode can couple with other amide groups and skeletal
a-he_lix vibratiops, which further increase; the frquency dis-lv_ CONCLUSION
persion. Experimentally, measurement ipsolutions is
preferred, because it allows to better subtract the environ- The empirical correction realistically models solvent ef-
mental baseline for the most intensive amitlesignal’®  fects in vibrational spectra of the amide group, in terms of
While the deuteratiofiN—D) for the vacuum does not cause intensity changes, frequency shifts and inhomogeneous vi-
any qualitative change in spectral shapes, except of a mindirational band broadenings. For N-methylacetamide, the
downshift of the amidé band(by 6 cnt?) and a more sig- changes caused by the solvent were found to be significantly
nificant redshift of the amiddl signal (from 1534 to dependent on the approximation level and basis set size used,
1430 cm?), it produces a new strong negative VCD band atsimilarly as for vacuum computations. When applied to the
1657 cm®. In experiment, the negative lobe occurs ata-helical peptide, the model significantly improved the simu-
~1622 cm?, and although such change of amideouplet lated spectra a explained many features observed experimen-
to a W-shape has been described many times for deuteratéyly, including the isotopic deuterium-exchange effects.
a-helical system&®2#%|t could never be explained by stud-
ies based on vacuum modeling. ACKNOWLEDGMENT
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