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Structure and Vibrational Spectra of the Zwitterion L-Alanine in the Presence of Explicit
Water Molecules: A Density Functional Analysis
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Ab initio B3LYP/6-31G* optimized geometries, vibrational frequencies, and absorption intensities have been
calculated for the-alanine zwitterion (ALAZW) structures stabilized by four neighboring water molecules.
The ALAZW structures were stabilized by the addition of four neighboring water molecules because at the
B3LYP/6-31G* level of theory the ALAZW is not stable in the absence of the water molecules and will be
converted to the nonionized species. The ALAZW was not stable at this level of theory within the Onsager
continuum model using the recommended cavity radius obtained from the solute volume calculations. Geometry
optimization of the ALAZW in the presence of the explicit water molecules resulted in different optimized
structures for the amino acid itself. The distributed origin gauge atomic axial tensors and the electrie dipole
electric dipole polarizability derivatives calculated at the RHF level of theory were combined with the B3LYP
normal modes, frequencies, and atomic polar tensors to calculate the vibrational absorption, the vibrational
circular dichroism, and polarized Raman scattering intensities for the ALAZW structures. These calculated
vibrational spectra of the solute were found to be very sensitive to the relative arrangement of the neighboring
water molecules.

Introduction

Determination of the conformational details of biological @\
macromolecules is important to understand their functions. The

(0
relevance of the molecular structures in the crystalline phase @ \
for biological molecules in agueous solution is often questioned. (T %ﬁ“/

-

With this regard experimental approaches such as NMR and
Raman spectroscopy allow us to get structural and electronic @\ v<
information on these molecules in aqueous solution which Y
complements the information obtained from crystallography ®§12 ®
studies. Because of the complexity of the spectra, theoretical

studies are used to identify and interpret the vibrational modes. %

However, since it is difficult to implement this approach directly

for large systems such as proteins, model systems have to beFig_ure 1. Schematic p_resentation of ALAZW and thg atom numbering
studied first to understand the properties of the building units which has been used in order to report the geometries and to determine
such as amino acids. The conformational flexibility of amino, the normal coordinates. The atom types are only shown for heavy atoms.

acids, established both experiment&if/and theoretically, 1’
can be influenced by the presence of solvent molecules throug
electrostatic interactions and hydrogen bond formation.
Alanine is the smallest naturally occurring chiral amino aci
In peptides and proteins the conformational properties of many
other residues may be well modeled by this simple molecule.
The dominant species of alanine in aqueous solution is the
zwitterionic form, an asymmetric structure with a chiral center
to which locally symmetric groups are attached (Figure 1). There
have been a number of nonempirical theoretical studies on the
structure of alaniné?17-21 In many studies the amino acid has
been treated in the nonionized fofft”1° This consideration,
however, may be insufficient for the complete description o
the molecule in aqueous solution. It is well known that amino

pacids exist as zwitterions in the crystalline state as well as in

aqueous solution, stabilized by electrostatic, polarization, and
4. H-bonding interactions with the solvefft:?® In the gas phase,
where these intermolecular interactions have no effect, amino
acids exist in their nonionized formd323 Zwitterion formation
in aqueous solution occurs by means of the ionization of the
carboxylic acid and amino groups. These two charged groups,
COO™ and NH;*, strongly interact with each other and with
the aqueous environment. There are a number of theoretical
studies on the alanine zwitterion (ALAZW) using in vacuo
calculations, with or without applying reaction fields, mainly
¢ for analysis of the vibrational spectra obtained for the solid phase
and/or aqueous solution form of the ALAZW and its deuterated
isotopologueg?2t
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spectra in conjunction with a UreyBradley normal coordinate ~ Methods
analysis?” Ab initio calculations of the Raman and Raman
optical activity (ROA) intensities of isolated ALAZW resulted

in good agreement between the experimental and theoretical
results at the restricted HartreBock (RHF)/6-31G* level of
theory in the lower frequency regiéh. However, the calculated
ROA signs of several bands did not correspond to the experi-

ment and the calculated frequency separation for the ant|sym-Was large enough to cover at ledsA around the ALAZW.

metric and symmetric amino deformations and antisymmetric h hol bl h idered f lecul
and symmetric carboxylate stretches were reported to be muchT e whole assembly was then considered for a molecular
larger than the experimental values. To simulate solvent effects dynamic (MD) simulation applying periodic boundary condi-
Yugand co-work(g%l erformed RHF/G-SlG* Onsager self- 'tions. The MD simulation was performed for 1 ps at 300 K,

) (Ers P e 9 using dielectric constant of 1 and a nonbonded cutoff radius of
consistent reaction-field geometry optimization and force con-

- 20 A. Examination of the trajectory of the MD simulation
stant calculations for the ALAZW and found better agreement : : o
between the calculated ROA signs and intensities and theShowed thatin order to involve the two hydrophilic groups of

. the ALAZW, namely the COO and NH;™ groups, in the first

experimental values. . hydration shell, at least four water molecules were needed. For

In the present work, we studied the effect of the presence of thjs reason we extracted the complex structure of the ALAZW
explicit water molecules on the calculated geometries and and the four closest water molecules out of the hydration box
vibrational spectra of the ALAZW. The results of the geometry ang set up a second MD in order to examine the possible
optimizations are totally different after the inclusion of explicit arrangements of this complex (ALAZW and four waters).
solvent molecu_les in the calculations. _T_he predicted structure | the next step the optimized structure of the ALAZW and
of the ALAZW in the presence of explicit water molecules is ot jts neighboring four water molecules was used as the starting
co_mpletely different from the previously reported structures for geometry for a 10 ps MD simulation at 300 K, using again the
this molecule. dielectric constant of 1. In order to have a complete sampling,

Recently it has been shown that B3LYP optimized geom- we extracted the 200 lowest potential energy snapshots out of
etries, Hessians, and atomic polar tensors (APT) combined withthe generated MD trajectory and minimized them. Superim-
RHF distributed origin gauge atomic axial tensors (AAT) position of the minimized structures reveals that the whole data
calculated with split valence or larger basis sets are able toset converges to a cluster of 16 conformers. Application of a
predict accurately the vibrational absorption (VA) and vibra- semiempirical optimization at the PM3 level of theory decreases
tional circular dichroism (VCD) spectra of simple and medium the number of different arrangements to five structures which
sized organic moleculé$:38 Other groups had previously  were used in further ab initio calculations. PM3 semiempirical
shown that DFT level vibrational absorption calculations are calculations were performed by the MOPAC 93 program.
more accurate than RHF level calculatigh4? Finally, DFT Ab Initio Calculation. B3LYP/6-31G* level calculations
methods have been used to analyze the vibrational spectra ofvere performed with GAUSSIAN 94 on an IBM SP2
models for lipid4! and nucleic acid$?“® Most of the previous  computer. During the application of the Onsager continuum
work has been done on systems where there was only onemodel, the recommended cavity radius of the volume calculation
possible structure and the problem of multiple minima was not of solute structure and the dielectric constant of 80.0 were used.
addressed. Also most of the work has been done on systems The VA, VCD, and Raman spectra of the ALAZW structures
where the spectra did not change significantly when the solventhave been calculated using the B3LYP/6-31G* Hessian and
was changed. This work is also an attempt to extend and APT, RHF/6-31G** APT, distributed origin gauge AAT, and
document the methodology of density functional theory (DFT) RHF/6-31H-G** electric dipole—dipole polarizability deriva-
as applied to the calculation of the VA, VCD, and Raman tives. B3LYP/6-31G* level analytical Hessian (second deriva-
spectra of simple biological molecules where (i) there are severaltives of the energy with respect to nuclear displacements) and
low energy structures and (ii) the effect of the solvent is a large APT (first derivative of the electric dipole moment with respect
one. These two problems should be addressed if VA, VCD, to nuclear displacement) calculations have been implemented
and Raman spectra are to be routinely applied to answerin GAUSSIAN 946 and CADPACA748 The analytical imple-
structural questions in molecular biology and biophysics. mentation of the distributed origin gauge AAT, APT, electric
L-Alanine is a very good molecule to test the applicability of dipole—dipole polarizability derivatives, and Hessians at the
using these three types of spectroscopy to answer the simpleRHF level has been performed using CADPAC. The calculation
question: what is (are) the structure(s) of this simple molecule of VA and VCD spectra requires the calculation of the APT
in aqueous solution. One may assume that such a simpleand AAT along with the Hessian. We have calculated the
molecule has only a single low energy structure, and indeed, distributed origin gauge AAT at the RHF/6-31G** level with
many workers who have studied this molecule have assumedCADPAC and the Hessian and APT at the B3LYP/6-31G* level
this fact. with GAUSSIAN 94. The equations for the VA and VCD

Here we would like to document that including the explicit calculations are the same as those used in our previous work
water molecules in the optimization of the ALAZW structure- onN-acetylt-alanineN'-methylamidé® so we do not give them
(s), one comes to a very different conclusion about the predictedhere.
structure of the ALAZW. The calculated vibrational properties ~ The calculation of the Raman scattering intensities requires
of this small amino acid can be significantly influenced by very the calculation of the polarizability derivativeé“:
small rearrangements in the relative position of the neighboring
water molecules in the first hydration shell. These points should 53 - 9 —
be considered while attempting to use the theoretically derived &j = mWG(Rv E.E)] = (aTai,j(R))
structures to interpret the experimental results which are applied Aem=T RE=05=0 Ao Re
to answer the question of the ALAZW structure in solution. )

Initial Geometries. The ALAZW was constructed using the
amino acid library of the builder module of the program
Insightll 44 After assignment of the charges and potential types,
the structure was minimized using the cff91 force field of the
program. The optimized structure was then hydrated using a
preequilibrated water box of the size of ¥515 x 15 A which
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whereWs is the ground state potential energy surface in the
presence of two static electric fields, andEj, andX;, is the
nuclear displacement of atoimalong the Cartesian coordinate,
L=XY, 2

CADPAC has implemented the analytical calculation of
polarizability derivatives at the RHF levé*® as has GAUSS-
IAN, Inc.,*6 but neither to date has at the DFT level of theory.
Recently, Johnson and Flori&rhave implemented the polar-
izability derivatives at the DFT level of theory using the finite-
field numerical second differentiation of analytically calculated
energy derivatives. This is the same method as used by
Komornicki and Mclver to calculate Raman intensities by
Hartree-Fock theory in their program GRADSCHE. After the
polarizability derivatives have been calculated, they can be
combined with the vibrational frequencies and normal mode
vectors to predict the differential Raman scattering cross
sections, scattering activities and depolarization ratios. The
absolute differential Raman scattering cross section is given by

(vo — Vj)

(doj)
dQ 45
1- ex;{—

whereg is the incident laser frequency aney (— v;) is the
scattered frequench, c, andk are Planck’s constant, the speed
of light and Boltzman'’s constant, respectivel§.is the Raman
scattering activity, given by

4

%
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h
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2t

S )

§ = (4505 + 7)) (3)
whereg is here the degeneracy of tjté transition of energy
hw; anda; and3” are given by

21 A ] o2
aj - §(S/la,jaxg + S/lu,ja;g + S/{a,jazg (4)

B]Z = %{ (S/la,jaig - S/la,jo*i;t)z +
(Sia |0t = S0 008 + (S 04 — S 000)° +
Bl(Siej %)’ + (Siej052)° + (Sie )} (5)

where the matrixS,,; interrelates normal coordinatey; to
Cartesian displacement coordinadg:

Xla = zsﬁa,ij (6)
J

We can make the expressions for the derivatives with re-
spect to the normal coordinates more compact by noting that

I — gltg
gy = Oy S

_2_ 1, ' i\2 .
a; —§(a‘xx+ oy, + o) 4"

1 . i\2 . i \2 . i\2
oo — 0 + (@ — b + (@) — ah)? +

Bl(ahy)” + (o) )? + (al)} (5)

B

The VA, VCD, and Raman spectra are simulated using
Lorenzian line shapes. The full width at half the maximum
was assumed to be 5 cihfor the mid-IR region (2061800
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cm 1) and 10 cm? for the high frequency region (2863400
cm~1) for the normal modes in spectra.

Results and Discussion

Geometries and Energies. Regarding the free rotation of
different dihedral angles in the nonionized species of the
L-alanine molecule, several reasonable conformers have been
predicted for the amino acid. Because COOH and NHjroups
of nonionized species ionize to two symmetrical groups in the
ALAZW (COO~ and NH;™, respectively), a smaller confor-
mational space is expected for the latter form. However, the
strong electrostatic and/or H-bond interaction of these spatially
close charged groups with each other should be kept in mind.
Considering the well-known trend of H-bond formation between
the oxygen atoms in the GO group and the hydrogens in the
NH3* group, a strong interaction between the carboxylate and
ammonium groups of the ALAZW is expected. With this
regard, four different arrangements can be intuitively imagined
for the ALAZW monomer in the absence of solvent molecules.
These possible structures are schematically depicted in Figure
2 and were used as the starting geometries for further optimiza-
tions using different methodological approaches. The assigned
names in Figure 2 reflect the atoms which are involved in the
intramolecular interaction of two charged groups in the con-
former. For example, HHO means that in this conformer one
of the oxygen atoms of the carboxylate group is facing and
interacting with two hydrogen atoms of the ammonium group.
The four different conformers are constructed by different
combinations of two torsion angles, HNC (0° or 6C°) and
OCCGC,N (0° or 9C°). These angles are of great importance in
the determination of the backbone structure of the polypeptide
molecules.

In the first set of calculations, we started from all of the
starting geometries shown in Figure 2 and optimized them with
different force fields, including empirical, semiempirical, or ab
initio calculations. The results of the first set of calculations
showed that depending on the nature of the applied method,
different final structures could be obtained after full geometry
optimizations. All of the molecular mechanics force fields
ended up with a slightly rotated HHOO structure (Figure 2).
The results of the semiempirical calculations were not as unique
as the results of molecular mechanics force fields, and the shape
of the final structure was dependent on both the starting
conformation and the method applied (MNDO, AM1, or PM3).
In the case of ab initio calculations, all RHF optimizations of
the ALAZW resulted in the HO structure. This result was
independent of the size and the polarization extent of the basis
set (6-31G*, 6-31G**, 6-311+G*). The application of the
Onsager dipole continuum model using different cavity sizes
(recommended radius or recommended radius minus 0.5 A) and
different dielectric constants (4.0, 40.0 or 80.0) had no effect
on this conclusion. Other internal coordinates of the ALAZW,
such as bond lengths and bond angles, however, were influenced
by inclusion of the continuum model in the calculation. The
HO conformer is the structure reported in all of the previous
theoretical ab initio studies on the ALAZW structdfe!

There are a number of studies demonstrating problems with
RHF level theoretical calculations on amino acids, including,
most importantly, the inability of the RHF level of theory to
predict the relative energies of the----O and O-H---N
H-bonded conformers in these systems. Therefore, we repeated
the calculations at B3LYP DFT and MP2 levels of theory.
Application of the B3LYP DFT method resulted in a completely
different picture. On the B3LYP potential energy surface there
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Figure 2. Different conformers of the ALAZW which were used as the starting structures in the geometry optimization and hydration procedures
described in the methods section. The labels reflect the atoms which are involved in the intramolecular interaction of carboxylate and ammonium
groups in the ALAZW.

is no barrier to conversion of the ALAZW to the nonionized we started with empirical MD simulations using periodic
species. In our calculations, independent of the size and theboundary conditions for the ALAZW hydrated in a box of water
level of polarization of the basis set, we were not able to locate molecules, as described in the methods section. Examination
a stable ALAZW on the B3LYP/6-31G* potential energy of the trajectories of the MD simulations showed that, although
surface. In the case of all starting geometries (Figure 2), after the solute structure was quite flexible and could freely rotate
approaching the transient HO conformer, a proton transfer around the @—N and G—C' bonds, in most parts of the
occurred and the ALAZW converted to the nonionized species. simulations, the ALAZW adopted conformers were very close
The results from MP2 calculations were similar to the B3LYP to the HHOO structure. Furthermore, it was also found that,
results. The ALAZW molecule is not stable at MP2 level and in order to hydrate both the N1 and COO groups in the
will be converted to the neutral species after the transfer of a ALAZW, at least four water molecules were needed. Conse-
proton from NH* group to the C@ group. The instability quently, for the next step of the study the ALAZW was hydrated
of the zwitterion structure within gas phase calculations has beenwith four explicit water molecules.
previously reported for glycine in a detailed ab initio electronic ~ To sample possible relative positions of the solvent molecules,
structure investigatioPt->? It has been concluded that there is the next MD simulation was performed on the complex of the
no minimum on the gas phase potential energy surface corre-ALAZW and four water molecules, as described in the methods
sponding to the glycine zwitterion and with basis sets which section. After a PM3 semiempirical geometry optimization, the
contain polarization functions on hydrogen atoms (e.g., 6-31G**), whole data set of 200 snapshots of MD trajectory, which were
the intramolecularly hydrogen-bonded zwitterion species of selected on the basis of their relatively low potential energy,
glycine collapses to the nonionized species at both independentonverged to one of five conformers. In all of these structures
particle and electron correlated levels. Because of thesethe ALAZW can be best described as a slightly rotated HHOO
observations, we decided to study the effect of the inclusion of conformer. These conformers were used for the further ab initio
explicit solvent molecules on the calculated stability of ALAZW  calculations.
and on the conformational preference of the molecular system. In the presence of explicit water molecules all of the
In order to find the optimum number and position of water conformers retained their starting HHOO configuration during
molecules to be explicitly included in the ab initio calculations, the ab initio optimization. From now on we call these five
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TABLE 1: B3LYP/6-31G* Bond Lengths, Bond Angles, and Torsional Angles for the Six ALAZW Conformerst

AP A'c B B' C c D D' E E' F F
R(N2—H1) 1.049 1.044 1.056 1.051 1.053 1.050 1.055 1.052 1.040 1.038 1.047 1.045
R(C3—N2) 1519 1516 1.519 1518 1.514 1.510 1.517 1517 1.515 1514 1512 1.506
R(C4-C3) 1571 1571 1.567 1566  1.567 1.566 1.564 1562 1.575 1572 1564 1.562
R(O5—C4) 1.264  1.260 1.276 1.278  1.257 1.256 1.241 1.244  1.255 1259 1289 1.281
R(O6—C4) 1250 1.258 1.242 1243 1.255 1.260 1.276 1.280 1.255 1257 1.230 1.246
R(C7-C3) 1521  1.522 1.520 1521 1525 1.526 1.523 1.524  1.522 1523 1527 1.530
R(H8—C3) 1.093  1.093 1.094 1.094 1.092 1.091 1.092 1.092 1.095 1.093 1.095 1.095
R(H9—C7) 1.093  1.093 1.093 1.093  1.093 1.094 1.094 1.094 1.093 1.092 1.096 1.096
R(H10—-C7) 1.094 1.095 1.094 1.094 1.094 1.095 1.095 1.095 1.093 1.095 1.092 1.092
R(H11-C7) 1.096 1.095 1.096 1.095 1.097 1.096 1.097 1.095 1.097 1.095 1.097 1.095
R(H12—N2) 1.036  1.037 1.055 1.054 1.036 1.035 1.056 1.050 1.052 1.048 1.048 1.044
R(H13—N2) 1.047  1.054 1.034 1.038  1.037 1.045 1.033 1.039 1.034 1.043 1.034 1.046
A(C3—N2—H12) 107.5 107.8 109.3 109.6  108.6  109.4 108.4 108.4  109.1 108.0 109.8  109.7
A(C3—N2—H13) 109.5 109.6 112.0 1115 1104  109.3 111.4 111.2 112.6 1119 1106 1118
D(C4C3N2H1) 62.1 61.2 49.1 50.6 64.5 61.0 64.3 64.2 48.2 58.9 59.2 60.1
D(O5C4C3N2) 86.7 83.9 73.0 721 116.6 1188 103.0 105.5 60.6 89.60.5 —2.8
D(H9C7C3H8) 178.4 1789 -177.9 —178.7 1787 178.1 -—-177.4 —178.7 1773 —177.9 1772 177.7

2]n angstroms and degreésA, B, C, D, E, andF refer to the ALAZW plus four water molecule$A’, B’, C', D', E', andF' refer to the
ALAZW plus four water molecules optimized using the Onsager model.

different structures of the ALAZW and four water molecules
A, B, C, D, andE (from the most stable conformer to the less
stable one, respectively).

On the basis of these theoreticalences between the various conformers.

(conformerE) and by as much as 0.0594 A in another one
(conformerF). There are clearly very large structural differ-
The second most

results, in the presence of explicit water molecules, the HHOO obvious observation is the difference between theH\bond

structure is a stable conformer of the ALAZW. This conformer
of the ALAZW can not be located during the in vacuo
calculations or even by application of reaction field solvent
models in the absence of explicitly included solvent molecules.
Previously Barron and co-workéPsand Yu and co-worke?$
were able to get stable zwitterionic structures fealanine
utilizing RHF/6-31G* isolated molecule calculations and within

lengths which is a function of the H-bonding between the
hydrogen atoms of the ammonium group and the oxygen atoms
of the carboxylate group or to oxygen atoms of neighboring
water molecules. The HNC; and OCGC;y torsion angles are
also strongly coupled to the N\C' valence angle which varies
by 6.5, a very large variation in a simple valence angle.

The relative energies of the—F structures are given in Table

the RHF/6-31G* Onsager continuum model, respectively. The 2. The first four conformersX—D) are separated by less than
calculations did not include any electron correlation and the 1.0 kcal/mol. By including the zero point energy corrections
structure was different than the global minimum we found by to the total energies, we find that the global minimum is now
the inclusion of explicit waters. We may conclude, therefore, 0.6 kcal/mol lower than the next highest energy conformer.
that inclusion of explicit water molecules seems to be very Since our zero point energy corrections include, however, water
important to get this structure, which may exist and be the most modes, the energies which are not corrected may be more useful.
prominent species in aqueous solution. In any case, it seems possible that a conformational equilibrium
Because of the molecular mechanics nature of the MD may exist between the low energy conformers.
simulations, which were used for generating the starting complex Considering the relative positions of the surrounding water
structures, and because of the preference of the HHOO molecules, comparison of the geometries depicted in Figure 3
conformer in the applied molecular mechanics force field, we shows that, in the case of conformérs-E, where the ALAZW
could have missed other possible conformers which may alsoadopts HHOO structure, the arrangement of the neighboring
be stable in the presence of explicit solvent molecules within water molecules relative to the ALAZW can also be considered
ab initio calculations. Therefore, we decided to check for the as a significant difference between the conformers. Therefore,
existence of other stable ALAZW conformers in the presence the differences in calculated relative energies can be, at least
of four water molecules. To this end, three other starting partly, related to the differences in the number and way of the
conformers in Figure 2, the HO, HHO, and HOO labeled hydrogen bonds between the ALAZW and solvent molecules.
structures, were hydrated by adding four water molecules to ConformerF demonstrates, both structurally and energetically,
them. The complexes were then optimized using the same aba completely different behavior. It can easily be understood that
initio approach. Very interestingly, after geometry optimization there is a strong coupling between the arrangement of the sur-
both HO (the only stable geometry in the gas phase ab initio rounding water molecules and the internal properties of the sol-
RHF calculations) and HOO structures converted to the HHOO ute. Since the arrangement of water molecules in the first sol-
conformer in the presence of the four water molecules. The vating shell may be significantly influenced by the presence of
HHO conformer, however, was stable during the geometry the second hydration shell, consideration of the calculated rel-
optimization in the presence of the four water molecules. We ative energies for further conclusions should be carefully done.
have included this complex as the sixth conformer (conformer  In order to study the possible influence of inclusion of further
F) into the further analysis. solvation effects into the calculation on the obtained energies,
B3LYP/6-31G* optimized geometries of the six ALAZW  all obtained complex structures of the ALAZW and of the four
conformers and their neighboring water molecules are depictedwater molecules were reoptimized using the same basis set and
in Figure 3. The bond lengths, valence angles, and torsion level of theory, but with the implicit inclusion of the solvent
angles of the ALAZW for these conformers are presented in effects as the Onsager continuum model. The recommended
Table 1. As one can see, the largest and most obvious differencecavity radius obtained from the volume calculation of the solute
in the solute structure is the difference in the twe-@ bond and dielectric constant of 80.0 were used in this set of
lengths. They vary by as little as 0.0005 A in one conformer calculations.
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Figure 3. B3LYP/6-31G* optimized geometries of six different ALAZW conformers and their neighboring water molecules. In all structures each

hydrogen atom of the ammonium group and oxygen atom of the carboxylate group is involved in at least one hydrogen bond with the water
molecules.

TABLE 2: Molecular Total Energies (hartree) and Relative Energies (kcal/mol) for Six Different Conformers of the ALAZW
and Four Water Molecule Assembly

conformet B3LYP/6-31G* RE REC conformep B3LYP 6-31G* RE REC
A —629.457875 0.000 0.000 A’ —629.465338 3.711 4.676
B —629.457657 0.137 0.619 B’ —629.463596 4.804 5.939
C —629.456801 0.674 0.634 c —629.464675 4.127 4.863
D —629.456418 0.915 1.246 D’ —629.464847 4.020 4.965
E —629.454257 2.270 2.059 E' —629.460358 6.836 7.437
F —629.440439 10.941 9.450 F —629.471251 0.000 0.000

a ALAZW with four water molecules? ALAZW with four water molecules plus the Onsager modeRE: relative energy in kcal/mol (relative
to the lowest energy conformef)REC: relative energy corrected including zero point energy.

In Table 2 we also present the relative energies of the six changed. The relative energies of the conformers, particularly
conformers A'—F'), which have been optimized by adding the in the case of thé' structure, have been strongly influenced
Onsager continuum model to the ALAZW and four water by the presence of the reaction field. The conforfewhich
complexes. The point here was to see what the effect of theis the less stable structure in gas phase calculations without
continuum model would be on the relative energies and applying the continuum model (Table 2), is now the energeti-
structures of the six conformers as well as the movement of cally most favored structurd-() among the calculated conform-
the water molecules from their initial positions. As one can ers. Clearly the Onsager model has greatly changed the picture.
see from Table 2 the relative energies have substantially However, because the relative energies vary so much between
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the two models, we do not think that we can determine which the proton transfer which happens in DFT and MP2 optimization
structure(s) is (are) present in aqueous solution from the energief the ALAZW but also influences the shape of the potential
alone. With such a large change in the relative energies we energy surface with respect to the relative energies of the neutral
now look at the structural differences which could account for and zwitterionic species. We have found the zwitterionic
these effects on the relative energies and spectroscopic differ-structure more stable than the neutral species, so we are able to
ences which could be used to distinguish the structures fromreproduce this experimentally observed effect. However, it
each other. should be kept in mind that we have studied only two of the

The optimized geometries of this set of calculations including Possible structures of the neutral species and four water
the Onsager continuum model are referred tA'asF' structures molecules. It is pOSSible that one can find more energetically
and are also reported in Table 1. It can clearly be seen that,favorable clusters by having a more systematic approach.
except for the NNH and C-O bond lengths which can be Vibrational Absorption. One of the most relevant experi-
directly influenced by the water molecules hydrogen bonded mental approaches toward the structure elucidation of chemical
to them, after the inclusion of the continuum model the compounds is vibrational spectroscopy. The calculation of the
geometries of the solute do not change significantly. The Raman spectra of biological molecules in the presence of water
HHOO conformer is still a stable conformer after implicitly is now feasible. The calculations for simple models provide
including further solvation effects. The<® bond lengths vary =~ benchmark results for the calculation of Raman spectra of larger
with torsion angle about the,©-C' bond, but not as much as  biological molecules in aqueous solution. Because of the
without the Onsager model. The NC valence angle still complexity of the spectra obtained, many investigators use
varies by over 6.2 theoretical calculations to assist the interpretation of the

In order to study the effect of the solvation effects by experimental resul®.2:3+43 Recently B3LYP level analytical
explicitly including water molecules and application of a Hessian calculations have been implemented in GAUSSIAN
continuum model on the relative stabilities of neutral and 94*° and CADPAC!"® These force fields have been shown
zwitterionic forms ofL-alanine, we have also optimized the t0 be more accurate than RHF level Hessians which must be
neutral species of the solute in the presence of four water Scaled to get good agreement with both experimental frequencies
molecules with and without application of the Onsager model and IR absorption, VCD, and Raman intensities. The nature
reaction field. Two different and independent approaches were Of the normal modes have been shown to depend very much
used in order to get the starting geometries for neutral specieson the scaling scheme one chooses to scale the Hessian. The
of L-alanine and four water molecules. In the first approach advantage of the B3LYP level of theory is that the Hessians
(I) we started with the most energetically favorable conformer appear to be accurate enough to predict the IR absorption and
of neutral form of alanine, as reported by a recent ab initio YCD and Raman intensities when coupled with accurate APT,
study® and added four water molecules to it (conformer I). In distributed origin gauge AAT, and electric dipeldipole
the second approach (Il) we started from the most stable clusterPolarizability derivatives without scaling. The number of
of ALAZW and four water molecules (Conformer A) in the molecules for which the B3LYP Hessians have been calculated
present study. We converted the ALAZW to the neutral species and then using the resulting APT and RHF distributed origin
(conformer 11) by forcing a proton to be transferred fromH ~ gauge AAT the IR absorption and VCD spectra have been
group to the C@ group by gradually increasing the corre- predicted has been quite limitéH.* The good agreement
sponding N-H bond distance. The hydrogen bonds of 4+  shown until now was limited to a small number of functional
and CQ~ groups to one of the water molecules facilitate the groups and the comparison has been with measurements of the
proton transfer and the proton transfers via this water molecule. VA and VCD spectra of molecules in nonpolar solvents. We
We would like to compare the energies of these clusters of would like to extend here that work to include the ALAZW
neutral alanine and four water molecules with the corresponding structure found in aqueous solution since the ALAZW is not
clusters of ALAZW and four water molecules. With this stable in the gas-phase according to our ab initio B3LYP/6-
respect, the second approach may result in a more homogeneoudlG* calculations, and we have to explicitly include water
cluster which can be used in comparison of the energies of Mmolecules to stabilize this structure. In this section we present
neutral alanine and ALAZW hydrated with four water mol- the calculated VA spectra of the structurks-F' (ALAZW
ecules. The structures were then fully optimized using the and four water molecules optimized using Onsager model) in
B3LYP/6-31G* level of theory. The molecular total energies order to see the effect of the inclusion of explicit water
calculated for the fully optimized alanine neutral species and molecules on the predicted spectra of the system. In order to
four water molecules obtained from these two approaches arefurther study the predicted structures, vibrational analysis of
—629.445417 and-629.453576 hartree, respectively. Com- @all conformers was performed as described in the methods
pared to the molecular total energy of the ConfoerALAZW section. The vibrational internal coordinates of ALAZW which
and four water molecules);629.457875 hartree, these clusters are used in the analysis of the normal modes are presented in
are less stable 7.82 and 2.70 kcal/mol, respectively. The Table 3. These local symmetry vibrational coordinates are linear
optimized structure of the second approach which is energeti- combinations of the simple valence coordinates and are recom-
cally more stable was used as the starting structure for themended by Pul&} when scaling quantum mechanical force
Onsager model optimization of the system. After the inclusion fields. These coordinates are also useful in assigning the
of the reaction field into the calculation, the molecular total calculated frequencies to the normal modes, which are more
energy of the fully optimized structure of conformer Il is Convenient in spectroscopic analyses.
calculated to be-629.455937 hartree. As compared to the In Table S1 (Supporting Information) we align the calculated
corresponding molecular total energy of the ALAZW and four vibrational frequencies with those measured by Diem and co-
water molecules optimized using Onsager moe®29.465338 workers?7-30 The results are presented for the six conformers
hartree, conformer Il is 5.90 kcal/mol less stable. Regarding of the ALAZW stabilized by four water molecules and Onsager
these observations, it seems that inclusion of explicit water continuum model along with our vibrational assignment obtained
molecules into the calculations not only creates a barrier againston the basis of potential energy distribution analysis. The
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TABLE 3: Internal Coordinate Definition for L-Alanine Zwitterion Monomer 2

no nature no mode nature

@ R N—H stretch G (o1+ o2+ os—f1—f2— ,3'3)/\/6 CHs; sym. deformation
e R N—H stretch G (20'1— 'z — a'3)/\/5 CHs; asym. deformation
B R N—H stretch B (a2 — )V2 CHs; asym. deformation
@ R4 Cs—H stretch & (21— f2— 5'3)/@ CHs; rocking

g Rs Cs—H stretch & (B— N2 CHjs rocking

g Res Cs—H stretch g (28" —pB"s— 5”3)/\/6 C.—H rocking

o R C,—H stretch g (B2 5"3)/J§ C.—H rocking

g Rs C'—O stretch 8  (doxcy + axcz + 0vez)/A/18 XCY deformation

¥ R C'—O stretch G (doxcz + Oxcy + aycz)/v/18 XCZ deformation

O Ruo N—C, stretch @ (doyez + axcy + oxcz)/v/18 YCZ deformation

iz Ru C,—C' stretch g (20" — "1 — ﬁ'v'z)/@ CO, sym. deformation
iz Rz C,—Cg stretch 8 (8" — ﬂmz)/ﬁ CO; rocking

Gz (o + o+ as—f1— fo— 53)/\/6 NH; sym. deformatioh gz oop CQ out of plane wagging
G (200 — 0tz — ag)/Jé NHs; asym. deformation 4H 11 N—C, torsion

Gis (0 — a3)/ﬁ NHz asym. deformation 4 12 C'—C, torsion

Gie (281 — fBa— ﬁs)/Jé NH; rocking Gs T3 Cs—Cq torsion

A7 (B, — B)IV2 NH; rocking

8Ry = H1—Nz, Rz = H12—Nz, R = H13— N2, R4= Ho—C7, Rs = H10—C7, Rs = H11—C7, R = Hg—Cs5, Re = Og = C4, Ro = Os = C4, Rio =
N2—Cs, Ri1 = C3—Cy4, Riz = C3—Cy, o1 = Hi—Np—Ha3, a2 = Hi—Na—Hip, 03 = H12—No—His, f1 = H12—N2>—Cs, f2 = H13—N>—C3, B3 =
H1—N2—Cs, o'y = Ho—C7—Hig, o'2 = Ho—Cr7—H1y, o's = H1o—Cr—Hu1y, f'1 = H1i—C7—C3, f'2 = H1g—Cr—Cs; f's = Ho—Cr—C;s, "1 = Hg—
Cs—Ny, B2 = Hg—C3—Cy, "3 = Hg—C3—Cy, axcy = C4—C3—Ny, txcz = C4—C3—Cy, aycz = No—Cs—Cy, o"'1 = Os—C4—0Og, "1 = C3—Cy—
05, '”2 = C3_C4—06, oop= C3_C4—05_05, 71 = Hl—Nz_C3—C4, T2 = NZ_C3—C4_05, 73 = Hg—C7_C3—N2. bsym.= Symmetric. asym=

asymmetric.

calculated vibrational absorption spectra for the most energeti- TABLE 4: Vibrational Absorption, VCD, and Polarized

cally favorable conformer, conformé&t, are also presented in

Raman Spectra for Conformer F

Table 4. The vibrational spectra to be discussed are also A4y
depicted schematically in Figure 4a and b. The frequencies and assey® veq® +°  assignment A¢ A¢ Re R amuw
their corre;pqndlng absorption intensities have been calculated,any, 3080 3164 g g6 16 13 —-11 -8 49
at the optimized geometry and using the B3LYP/6-31G* vaNH; 3060 3142 g o4 858 639 —4 -10 63
Hessians and APT. vNH; 3020 3137 ¢ @ 988 601 —71 —24 60

As can be seen, the bond lengths and valence angles of the”gn3 gggg gﬁg 8% égg %gé 3307 387 113;31
charged carboxylate and ammonium groups and, therefore, the” ~ 2 8 G G G B B

. . . vC*H 2962 3093 q 89 67 56 60 117
vibrational modes which are dependent on these structural ,scry, 2949 3064 g g, G 13 19 -2 -8 152
properties, can be significantly influenced by the presence of saNH; 1645 1759 g, tus 84 73 —-17 -15 2
the neighboring hydrogen-bonded water molecules. Evaluation 0®NHs 1625 1750 g, Chs 42 37 27 24 3
of the potential energy distributions of the hydrogen stretching ¥*CO. 1607 1695 g oo 476 556 —53 -61 3

1 ; ; OSNH; 1498 1635 g 207 203 -9 -6 1
modes (40062000 cntl) of the calculated spectra is quite
helpful in assigning the stretching modes in this regign— 0°CHy 1459 1536 &, Go 3 3 9 200
p gning t g gion _ »CHs; 1459 1529 b, Gio 13 11 -9 -14 7

7). As can be seenin Tables S1 and 4, the order of frequenciesssco, 1410 1441 g 66 53 68 59 1
assigned to stretching of NH, CH, and CH groups is very O0CHs 1375 1416 6, Qus, Ch7 8 12 48 56 3
different between the conformers. This can be related to the 5C:H 1351 1390 g, O, Che 110 125-171 —168 5
relatively large variations in the frequencies of stretching modes gﬁHH ﬁg(l) 133(0) &, Go 1;% 1;3 g’g 543 f
of the NHs* group which are due to bond length changes as a 2 1145 1213 $ % gjz s 61 57 1 -16 2
function of conformer. The calculated intense peaks related to jaccn 1110 1133 ﬂ: qm: G2 27 21 —-11 -2 2
NH3* stretching modes (g gg) absorb at different frequencies  vCC(0y) 1001 1062 ep, Che, Oz 12 10 3 2 2
in the different conformers. These findings are directly related £CHs 995 1028 g, Gp1, tho 5 10 -2 0 4
to the different N-H bond lengths calculated for the different 55%"(':3’\] %25% 98}1% Go, G, G2 4113 4118 _2220 _1185 39
conformers which in turn may be due to the differences in the ” 775 775 (?8' gi‘)’ g;l 13 22 92 30 2
position of the H-bonded water molecules. As mentioned 5Go, 640 635 @@ 7 3 8 o 1
before, the calculatedNH bond length in the studied structures  £co, 527 625 @5 Cps, 1, G0 6 8 25 11 3
is one of the most variable parameters in our calculation (Table tNHs; 477 528 @o, Ch1, Cps, 7 42 35 —20 —19 4
1). This difference in bond lengths also appears for the three oskel 399 432 g 26 19 22 26 1
different N—H bonds within the same conformer. Assignment 7CH 296 355 @, Cpo, Cps 55 42 —=83 —34 1

f the three NH' stretching modes to two asymmetric and one oskel 283 290 g Gao > 10 >0 48 0
0 , , 9 , Y Me Sskel 219 264 g, bs 5 6 —-30 —-30 O
symmetric modes in our calculations produces a splitting of 116, ;co, 184 170 @ 7 7 -9 -8 1

231, 166, 188, and 80 wavenumbers in the asymmetrig"NH

stretching modes for the first five conformers, respectively
(Table S1). Generally only a very slight splitting is expected
for the asymmetric stretching modes. However, it should be
mentioned that this conclusion is made on the basis of the datag

aReference 270 B3LYP/6-31G* Onsager model optimized geom-
etries and Hessians, frequencies iméni B3LYP/6-31G* APT,A in

km/mol. ¢ RHF/6-31H-G** APT, A in km/mol. ¢ B3LYP/6-31G* APT
and RHF/6-31G** distributed origin gauge AAR: are in units of
s cn? x 10%. f RHF/6-318-G** APT and RHF/6-31G** distributed

obtained from the solid-state vibrational experiments of the origin gauge AAT,R are in units of esicn? x 10% 9 RHF/6-
ALAZW, where the positions of the water molecules around 311+G** polarizability derivatives.
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Figure 4. (a) Vibrational absorption spectra in the 34®B00 cnt? region for different complexes of ALAZW and four water molecules calculated

at B3LYP/6-31G*/Onsager model optimized geometries and using B3LYP/6-31G* APT. Absorption intensities are presented in km/mol. (b) Vibrational
absorption spectra in the 186@00 cn1? region for different complexes of ALAZW and four water molecules, calculated at B3LYP/6-31G*/
Onsager model optimized geometries and using B3LYP/6-31G* APT. Absorption intensities are presented in km/mol. Experimental spectra are
taken from ref 29.

the ALAZW are the same. In aqueous solution at room- Table S1 it can be seen that independently of the positions of
temperature one would expect a distribution of various water the neighboring solvent molecules, the £siretching modes
positions which is changing with time. (a4, g5, and @) absorb at nearly the same frequencies in the
In aqueous solution, the structure of the ALAZW is very different structures, even in the case of conforfderhich can
much influenced by the surrounding solvent molecules, and the be basically considered to be different from the other ones. These
spectra are expected to be strongly influenced by the formationmodes are coupled with each other and, contrary to thg"NH
of strong hydrogen bonds. Therefore, the spectra obtained instretching modes, can be defined as two asymmetric and one
aqueous solution in this region is probably a mixture of all of symmetric stretching modes of the @gfoup. The asymmetric
these modes (possibly more), which is consistent with the well CHs stretching modes absorb at 3143167 cn! and 3125
known broad absorption of Nfi stretching modes in this 3140 cn?, respectively, while symmetric stretching is predicted
region. In Table 1 one can see that in all cases, because of thé¢o absorb at frequencies ranging between 368872 cn1? in
different arrangement of the water molecules involved in the the different conformers. Again, contrary to the NHyroup,
hydrogen bonding with the solute, we get different bond lengths the calculated splitting between the frequencies of the asym-
for the three N-H bonds. Therefore, we do not expect to have metric stretching modes of methyl group is comparable to the
asymmetric and symmetric stretching modes which originate experimental values.
from the equal stretch force constants for the threg-N\bonds Because of its hydrophobic nature, the methyl group does
in the ammonium group. This result is different from the picture not have any direct contact with the solvent molecules.
which is generally used for the interpretation of the N stretch Actually, the high hydrophobic character of the methyl group
modes in the NE" group. Only a very slight change in the is one of the most important problems we encountered during
position of the water molecules in the first hydration shell may the further hydration of the ALAZW. In all cases the water
perturb the frequencies of the NHmodes. molecules gather together at the hydrophilic side of the molecule
The absorptions of CH and Gldroups are, on the other hand, (NH3* and COO groups) and the other side of the molecule
expected not to be influenced very much by the changes in thecannot be easily encircled into the hydration shell. In order to
position of the surrounding water molecules. From the data in completely surround the solute, one has to apply a very large
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number of explicit solvent molecules, a factor which makes  The strong absorptions are related to the highly polar groups
some parts of the calculations much more expensive. The CH NHs™ and CQ~ whose local structural changes can significantly

stretching modesg, gs, andgs) are more or less independent change the electric dipole derivatives. Since the arrangement
of the conformer. The calculated frequencies for different of the water molecules and the local structural properties of
conformers are very close to each other. However, these modeghese groups are mutually affected and since all of the studied
generally show low VA intensities, a fact arising from the apolar different conformers in this study are energetically accessible

nature of the methyl group. in aqueous solution, the experimental results for the vibrations
The methine (CH) stretching modeyJds independent of the  related to these groups are probably the average or the additive

water positions and can be assigned in conforndersF’ to effect of a number of different conformers. This can clearly

the band at about 3110 cth(between 3093 cn# in conformer be observed from the broad shape of thesNibsorption in

F' and 3133 cm! in conformerC’) (Table S1). the reported experimental results for the solution phase of the
The next three calculated vibrational frequencies (in the region ALAZW. _ . _

between 16061800 cnt?) are C-O stretching modes §7qo) In Table S2 (Supporting Information) the predicted VA

which are coupled with the asymmetric hiHdeformations (g, spectra for six ALAZW stabilized by four water molecules

qis). These modes have large intensities and show significant calculated without application of the Onsager model are
differences between different conformers. In contrast to the presented. The geometry, Hessian, and APT are calculated at
asymmetric NH™ deformations (g, aus), the symmetric NH" B3LYP/6-31G* level of theory. In case of a few normal modes,
deformation (gg) is not coupled with the other modes. This both frequencies and absorption intensities are different from
mode is expected to be influenced by different arrangementsthe corresponding values from Onsager model optimized

of H-bonded water molecules and varies from 1602 Efor structures. These vibrational modes which are sensitive to the
conformer A to 1642 cm! for conformer B and shows a high ~ presence of the continuum model are related to the N6t
intensity (Table S1). CO,~ groups. Examination of the optimized geometries in two

Among the other modes which can be well assigned are the Mmodels (with or without Onsager model) (Table 1) clearly shows
CHz asymmetric §;5 anddpe) and symmetric () deformations. that the polar groups are significantly influenced after inclusion
The asymmetric Ckideformations are predicted to have low of the continuum model in the calculations. This effect can be
VA intensities and occur in the region between 1520 and 1536 €xplained by the polar nature of these groups, on one hand,
cm~ for all conformers. The splitting between the asymmetric @nd, more importantly, H-bond formation with the water
CHj; deformations is less than 10 cfnin all conformers. The molecules which can be affected by further hydration effects.
symmetric CH deformation (gg), on the other hand, shows a Therefore, the corresponding normal modes are also expected
larger intensity and is located at about 1480160 cm? for to be influenced after inclusion of further solvation effects.
conformersA'—E' while it occurs at 1441 cmt for the F' VCD Spectra. In this section we report the calculated VCD
conformer (Tables S1 and 4). This mode is strongly coupled spectra for the conforme®&'—F'. In the previous section we
with methine and NH" rocking modes in the different  showed that the calculated VA spectra of the conformers are
conformers. Except for thesq gs2, and g3 vibrations, which significantly influenced by the presence and the position of the
are related to the torsion angles of the backbone and can beexplicit water molecules. Here we compare the predicted VCD
straightforwardly assigned, the other modes of the spectra arespectra for the investigated conformers and study the differences
strongly coupled with each other and cannot be easily analyzed.between the predicted spectra caused by the different arrange-

Because of the inclusion of explicit solvent molecules, the ments of the ALAZW and the four water molecules. In Table
spectra are predicted to be significantly different with respect S3 (Supporting Information) we report the calculated VCD
to the vibrational modes of the NH and CQ~ groups in spectra for our six ALAZW conformers stabilized by four water
different conformers. The methyl group modes are not expectedmolecules and the Onsager reaction field modeHF'). The
to be significantly influenced by the presence of water molecules high frequency and mid-IR regions of the VCD spectra for six
in the present study. The calculated frequencies and splitting conformers are depicted in Figure 5a and b, respectively. The
in this case are in good agreement with experimental values.calculated VCD spectra for the most energetically favorable
For example, the asymmetric Gldeformations in conformer  conformer, conformeF’, are also presented in Table 4.

A’, calculated at 1527 and 1528 chshow a splitting of only Experimental VCD spectra for alanine in aqueous solution
1 cm which is in agreement with experimental data (Table have been reported in the 1500000 cni! region. Because
S1). of the strong absorption of water between 1550 and 1700,cm

In Tables S1 and 4, we have also presented the VA intensitiesthe region is masked and is inaccessible in VCD experiments
calculated using the RHF/6-33G** APT. Although the performed in normal water. There is a significant difference
overall predicted shape of the spectra seems to be the same foin the 1706-1800 cn1? region between thE' conformer, which
the different levels of theory (RHF/6-331** or B3LYP/6- has a different structure for ALAZW solute, and the other

31G*) for the APT calculations, there are a few vibrations whose conformers. Conforméf’ shows significantly lower intensities
intensities are significantly influenced by the level of calculation. for the VCD absorption in this region (Table 4 and Figure 5b).
The vibrational modes which are rather sensitive to the APT There are, however, completely different patterns of positive
values and their intensities are influenced in this way are relatedand negative signs for the other conformefs—E’) in this

to, or have a component of, the vibrational modes of;NbIr region. As has already been discussed in the previous section,
CO, groups. Whether the direct involvement of these groups the presence of water molecules can perturb the ALAZW such
in the H-bond interaction of the solute and water molecules hasthat the calculated vibrational frequencies, potential energy
any relation to this finding requires for more studies. In most distributions, intensities, and relative orders for charged chemical
cases, however, the intensities calculated on the basis of differenigroups differ significantly. Therefore, depending on the position
APT values (from DFT or RHF calculations) are not signifi- of the water molecules in the complex structure, the pattern of
cantly different and the predicted spectra would have a very positive-negative alternation in the calculated spectra of the
similar shape. various conformers could be different, causing the calculated
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Figure 5. (a) VCD spectra in the 34662800 cn1* region for different complexes of ALAZW and four water molecules, calculated at B3LYP/
6-31G*/Onsager model optimized geometries and using B3LYP/6-31G* APT and RHF/6-31G** distributed origin gauge AAT. Absorption intensities
are presented in units of &som? x 10*. (b) VCD spectra in the 1806200 cnt? region for different complexes of ALAZW and four water
molecules, calculated at B3LYP/6-31G*/Onsager model optimized geometries and using B3LYP/6-31G* APT and RHF/6-31G** distributed origin
gauge AAT. Absorption intensities are presented in units of esd x 10*. Experimental spectra are taken from ref 29.

spectra average to zero or be drastically reduced. Consideratiorl350 and 1400 cri. This negative absorption corresponds to
of the large coupling of these modes makes the situation morethe vibrational frequencies of 1361436 cnt?l, 1341 cnrl,

complicated. 13561427 cml, 1398 cml, 1406-1426 cn1l, and 1390
In Tables 4 and S3, we have also presented the VCD cm™ for conformersA'—F', respectively (Table S3). Examina-
intensities calculated using the RHF/6-31@** APT and tion of the potential energy distributions presented in Table 4

distributed origin gauge AAT. Similar to the VA spectra, the reveals that the £&-H rocking modes (g and g4) and the CQ~
overall shape of the VCD spectra is the same using the different stretching normal modesgand @) contribute to the absorption
APTs. Regarding the effect of the level of APT calculation on at the above-mentioned frequencies in different conformers. The
the predicted spectra, very small changes in the intensities oflarge negative absorption in the simulated VCD spectra corre-
the vibrational modes can be observed in VCD spectra assponds to the intense negative absorption at 1358' ¢mthe

compared to the VA spectra (Tables 4 and S3). experimental spectrd. This band is assigned by Diem et?l.
In Figure 5b, we compared the simulated VCD spectra of to the methine deformation mode.
different conformers with the experimental d&laln the case The simulated VCD spectra of the confornfér(Table 4)

of all conformers, large negative absorption can be seen betweershows the best agreement with the experimental spectra. For



5910 J. Phys. Chem. B, Vol. 102, No. 30, 1998 Tajkhorshid et al.

b Experiment

2800 3100 3400 A M "“VU\ U \J U .
600 1000 1400 1800
B \ ‘\
. -
MM | [‘\ ;.‘ ;L‘
2800 3100 3400 A bb\ \_/vbk_,w\/) U \vk
600 1000 1400 1800
|
¢ | ;‘ i
c i i} i
M | T
— g . \‘ :\ \‘Jk/u\ ’\ y /“ ; \ ‘\J \
2800 3100 3400 YLV WV W W\ VAL
600 1000 1400 1800
oy ;I
o |
| | i i
\ Loy, ‘\\ ! \\
2800 3100 3400 AN {\JU\ AU v\_/ AV \
800 1000 1400 1aoo
=4 i |
/ £ | L U\
I f
/ 1 o
2800 3100 3400 A VLL\J\) IV J w
600 1000 1400 1800
F' i
e |
: . , \ ;\f o A
2800 3100 3400 A 5\/ (] 1
Wavenum VIV 'S U WYL Ui
BUEnUMBETS 500 1000 1400 1800
Wavenumber (cm'l) Wavenumber (cm'l)

Figure 6. (a) Raman spectra in the 3482800 cnt? region for different complexes of ALAZW and four water molecules, calculated at B3LYP/
6-31G*/Onsager model optimized geometries and using RHF/6-GF1 polarizability derivatives. Absorption intensities are presented fh A
amu. (b) Raman spectra in the 186800 cn1? region for different complexes of ALAZW and four water molecules, calculated at B3LYP/6-
31G*/Onsager model optimized geometries and using RHF/6-8&Ft polarizability derivatives. Absorption intensities are presented 4adku.
Experimental spectra are taken from ref 20.

the conformeF’ the relative intensities in the 1660800 cnt?! Polarized Raman Spectra. In Table S4 we present our po-
region and in the 13061500 cnt? region of the simulated VCD  larized Raman predictions for the six conformers and show the
spectra match the corresponding experimental spectra better thasimulated spectra in Figure 6a (high frequency region, 3400
the simulated spectra of the other conformers. In the £300 2800 cnt?) and 6b (mid-IR, 1806600 cnT?). The calculated
1500 cn1t region we have much larger intensities in the VCD polarized Raman spectra for the most energetically favorable
spectra, as compared to the absorptions in the 46800 cnt?! conformer, conformeF’, are also compiled in Table 4.

region, in both the simulated spectra for the conforileand As compared with the calculated VA and VCD spectra, the
experimental data. The alternation of positive and negative overall shape of the polarized Raman spectra seems to be less
peaks in the VCD spectra of conformBf is also comparable  sensitive to the different arrangements of the water molecules
to the experimental data. Confornt€ris the most energetically  included in the calculation. The polarized Raman spectra of
favorable cluster of ALAZW and four water molecules after all conformers have been simulated using electric dipole
including the Onsager continuum model to the B3LYP/6-31G* electric dipole polarizability derivatives calculated at RHF/6-
level geometry optimization. Compared to the spectra simulated 311+G** level of theory. The necessity of application of polari-
using the optimized geometries of the ALAZW and four water zation functions in the basis set in the calculation of electric
molecules without the inclusion of the Onsager model (data not dipole—electric dipole polarizability derivatives for properly
shown), inclusion of the solvation effects by application of a simulating the Raman spectra has been previously deséfitiéd.
continuum model has improved the obtained results, signifi-  For all studied structures, there are strong absorptions in the
cantly. high frequency region of the spectra (Figure 6a). Because of
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the lack of experimental data in this region, comparison could be observed at 1410, 1412, 1407, 1398, 1406, and 1396 cm
be performed only among the conformers. Similar to the high frequencies for the conformefs —F', respectively (Table S1).
frequency (28063400 cnt?) region of VCD and IR spectra, These C@~ stretching modes are, however, strongly coupled
most of the differences in the shape of the polarized Ramanwith other normal modes in different conformers (Table S1).
spectra in this region can be related to the sNHtretching For the Raman spectra of all conformers, large intensities are
modes which, depending on the conformer and the relative predicted for these frequencies, respectively. This is in complete
position of water molecules, absorb at different frequencies. agreement with the intense peak which can be observed in the

In the mid-IR region, where the experimental data are €xperimental spectra.
available2°2” the calculated spectra for different conformers ~ For appropriate assignment of stretching modes of theg"CO
have been aligned with the experimental spectra (Figure 6b).group to one asymmetric and one symmetric stretching modes,
In this region the spectra of all conformers seem to be the bond distances of the two—® bonds should be equal.
comparable with the experiments. In the 73@50 cnt? region Therefore, in cases where we do not have equal bond distances
of the experimental Raman speéf& the most intense band  for the C-O bonds, we may not get the expected contributions
can be observed at 850 cfn This band was assigned by Diem  of two C—O bond stretching modesg@nd g in the present
et al?’ to the symmetric stretching mode of-®l bond. Asit  study) to the assigned frequencies. With this respect, in the
was mentioned before, in this region (750250 cnt?) there ~ case of conformerd’, C', andE’, where the G-O bond lengths
is a large coupling between different modes in different are approximately equal to each other (Table 1), we observe
vibrational frequencies. Nevertheless, the frequencies of 906, the significant contribution of bothgcand g stretching modes
900, 914, 906, 908, and 918 cnare calculated to have the inthe two CQ™ stretching vibrations (Table S1). In conformers
largest contribution from the symmetric stretching modeefhNC ~ B', D', andF’, on the other hand, where these two bonds have
bond (qg¢) in conformers A'—F', respectively. For these significantly different bond distances, eitheyar g stretching
vibrational frequencies, relatively large intensities are calculated modes contribute to the second stretching mode of the"CO
for the Raman polarized spectra. However, in our calculation, group absorption and, therefore, the band cannot be properly
the most intense band in this region of the Raman spectraconsidered as a symmetric stretching mode (Table S1).
corresponds to the vibrational absorptions at 834, 842, 841, 839, The difficulties in the proper assignment of the symmetric
831, and 840 cmt, in conformersA’—F', respectively (Table  stretching mode of the GO group, as compared to the
S1). This vibrations can be best assigned to the G®mmetric experiments, have been reported in previous stiidids. the
deformation which is largely coupled with other normal modes, previous investigations, the ALAZW has been studied in the
like the C-N and G—C' stretching modes, in different absence of explicit water molecules and at the RHF level of
conformers. theory. In this way the most energetically favorable conformer

The experimental bands at 1301 and 1351 twere assigned of ALAZW is the HO conformer (Figure 2). In this conformer,
by Diem et ak” to the G—H bending modes. However, there because of the presence of a strong intramolecular H-bond
must be significant contributions from the NH bending  Petween one of the oxygen atoms of the.L@roup and one
motions because these bands shift to 1291 and 1337,cm ©f the hydrogen atoms in the NFgroup, there is a pronounced
respectively, upon deuterating the MHyroup. The calculated ~ difference between the bond distances of the tweOdCbonds.
vibrations at 1300 and 1361, 1297 and 1341, 1291 and 1356,!n conformer HHOO (Figure 2) which is only stable in the
1297 and 1354, 1298 and 1342, and 1298 and 1350 cior presence of explicit water molecules the relative orientation of
conformersA'—F', respectively, have significant mixing of the two oxygen atoms with respect to the NHgroup is more
Cu—H rocking modes (g and g.) and NH* bending motions symmetric. The explicit water molecules which are used to
(cus Gi7) (Table S1). Therefore, assigning these calculated stabilize the ALAZW anq th_e pattern and strength of their
vibrational absorptions to the two experimental bands at 1301 hydrogen bonds can be significantly influenced by the presence
and 1351 cm’ seems reasonable. Comparison of the calculated of further hydration shells. Therefore, the presence of only four
frequencies in this region with the experimentally assigned Water molecules in the environment of the ALAZW resuilts in
frequencies also indicates that unscaled DFT results are quitedifferent possible hydrogen bonded clusters which, at least with

promising with respect to the reproduction of the experimental "€sPect to the bond distances in the iind CQ™ groups,
frequencies. are totally different from each other. This can be clearly

On the basis of isotopic data, the experimental Raman bandSObserVed in the Case.Of _conformeBs .D » andF'. With t_h's
at 1375 and 1459 cm were assigned by Diem etlto methyl respect, although application of a continuum model may improve
the results, inclusion of a sufficient number of water molecules

deformations. The 1375 crh band is due to the symmetric . : ;
methyl bending mode. This band correlates with the absorptionsg!f;he l(;alculanons would be the best approach to overcome this
ifficulty.

at 1436, 1448, 1452, 1449, 1460, and 144X ¥rfor conformers
A'—F', respectively (Table S1). The 1459 chband in the
experimental spectra is due to the nearly degenerate pair o
antisymmetric methyl bending modes. These modes can be well The potentially large influence of the solvent environment
correlated with the calculated antisymmetric methyl bending on the structural and other properties of molecules in solution
modes (g and o) absorbing for conformeré’'—F" at 1523 is well known to be of significant importance in the study of
and 1529, 1520 and 1525, 1526 and 1528, 1527 and 1528, 152%hemical and biochemical events. However, in most studies,
and 1523, and 1529 and 1536 cirespectively (Table S1).  pecause of the large expense of the calculations introduced by
The calculated splitting between the antisymmetric methyl either implicit or partially explicit inclusion of solvent molecules
bending modes are less than 10 ¢€nin case of all of the  and/or complexity of the different possible arrangements of such
conformers. solvent molecules, the solvation effects have been ignored and
The experimental Raman band at 1410 éris assigned to the system has been modeled by the gas phase approximation.
the symmetric C@" stretching modé’ In our calculationsthe  There are a few successful approaches in order to partly simulate
second mode which can be assigned to the C&retching can the solvent effects by the application of the continuum models

fConclusions
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in the calculations. Although these models are much closer to mentioned before, the presence of the second hydration shell
simulating the real environment of the solute than gas phasemay influence the structure, relative arrangement, and hydrogen
calculations, they mostly approximate the solvent effect by the bonding patterns of the solvent molecules in the first shell which
overall electrostatic field of the solvent and do not include in turn affect the structural properties of the solute. Because
explicit interactions between the solvent and the solute which of these possible complications, we decided to include more
are important, for example, in the case of the H-bond formation. water molecules into the calculation and study the effect of this
Therefore, wherever such explicit interactions are absent, like consideration on the predicted structure and vibrational spectra
simulation of organic solvents or simulation of non polar solutes of the ALAZW. These calculations are in progress in this
they can be more successfully applied. In the case of waterlaboratory. We are also investigating the Raman optical activity
simulations one has to keep in mind that the application of such for a number of conformers which can be helpful for comparing
models is only able to describe the continuum effect of the the calculated structural data with experiments.
surrounding water molecules on the solute system, that is, the The results of the present study on the structure of the
bulk water effects. Specifically for systems such as the ALAZW clearly show that the inclusion of explicit water
ALAZW, which is able to form strong hydrogen bonds with molecules in the calculations substantially influences the
water molecules, one may expect significant differences betweencalculated structural and spectroscopic properties and hence the
the implicit and explicit inclusion of the solvent environment. subsequent vibrational analyses of the studied molecules.
The results of the present study clearly indicate such differences. )
In contrast to all previous theoretical studies applying either ~Acknowledgment. E.T. and K.J.J. would like to acknowl-
pure gas phase calculations or implicit solvent inclusion which €dge receipt of a scholarship by the European Union for their
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amino acids, these substantial differences in the structure areJniversity. The authors would like to thank Roger D. Amos
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of the molecule. In polypeptide structures the carboxylate and Analytical Derivatives Package (CADPAC), which was used
ammonium groups of amino acids are involved in the formation © calculate all of the distributed origin gauge atomic axial
of peptide bonds, and therefore, the obtained results of the {€NSOrs in this paper.
present study should not be directly transformed to any
conclusion about the prediction of secondary structures in protein
structures. However, elucidation of the structural details of
amino acids as the building units of protein structures seems tomc conformersA'—F', and polarized Raman spectra of conform-
be essential for the better understanding of the structure and A_E ti'vel (4 pages). Ordering information is
function of these macromolecules. We have also looked at the ©.~  TESpectively, pages). 9
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effects of adding explicit water molecules to a model compound
for peptides and proteinbl-acetyl+ -alanineN'-methylamidé®
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the solute molecule and the pattern and strength of hydrogeniis 2923.
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