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Transfer of molecular property tensors (force field, dipole derivatives, polarizabilities, etc.)
from smaller fragments to bigger molecules is powerful tool to calculate molecular vibra-
tional spectra. However, we found serious accuracy limits for valinomycin (Phys. Chem.
Chem. Phys. 2010, 12, 11021), where the transfer of the Raman optical activity tensors (ROA)
had to be avoided. Therefore, in this study, the individual polarizable group model is ana-
lyzed for a model water dimer, and the corrections stemming from mutual group polariza-
tions neglected in the transfer are estimated ab initio. The electric dipole polarizability was
found more local and less sensitive to the interaction of distant molecular parts than the op-
tical activity tensors (G’, A), which can partially explain the error observed during the trans-
fer. In the second part of the study, tensor derivatives are transferred from smaller fragments
to model valinomycin and insulin molecules, and the resultant tensor derivatives and ROA
spectra compared to benchmark computations. The results confirmed that the error is
caused by mutual polarization of molecular parts, more significant in insulin than in valino-
mycin, and could only partially be improved by increased size of the fragments.

Keywords: Ab initio calculations; Raman spectroscopy; Peptides; Optical activity; Tensor
transfer.

Current chemistry possesses many techniques that can be used to analyze
molecular structure. One of them is the chiral spectroscopy that explores
different interaction of left and right circularly polarized light components
with non-symmetric molecules, i.e. those without symmetry plane or a cen-
ter!. Traditionally, optical rotatory dispersion or circular dichroism was
used to determine absolute configuration based on electronic transitions.
Later, optical activity of vibrational transitions appeared more convenient
for many applications, as the vibrational bands are energetically more re-
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solved, and only electronic ground states need to be calculated to interpret
the spectra®.

In particular, the Raman optical activity (ROA), first observed in 19733,
appears very useful for biological applications, as it allows for studying mol-
ecules in the physiological aqueous environment, and the spectra can be re-
corded for a wide range of fundamental transitions. The technique can be
applied to small molecules*®, as well as to peptides’8, proteins, nucleic
acids, and even viruses”!?. The inhomogeneous band broadening in the
spectra reflects molecular flexibility!!. A decomposition of experimental
spectra into calculated subspectra of model dipeptides provided similar
conformational ratios as NMR 12,

Routinely, the spectra can be calculated within the harmonic approxima-
tion directly by available quantum-chemical programs, such as Dalton'3-13,
Turbomole (local version)!®-18, or Gaussian!??, These analytical implemen-
tations of the coupled-perturbed techniques!'®?! speeded up calculation of
the optical activity tensors??> A and G’, so that about the same computa-
tional effort is required for ROA as for an unpolarized Raman spectrum
simulation®. Large proteins were simulated directly using an extensive
parallelization of the computer code!”.

Nevertheless, there are serious restrictions of the direct ab initio ap-
proach, as it is still very computationally demanding and lower accuracy
(restricted basis set, approximation level) must be anticipated for larger sys-
tems. One way how to overcome the computational cost of the quantum-
chemical methods is the Cartesian coordinate tensor transfer (CCT)23. It
was successfully applied for simulation of vibrational circular dichroism
(VCD) of peptides?* and nucleic acids®®. The computational times were re-
duced dramatically, and the accuracy of the IR and VCD spectra was about
the same as for a direct calculation. However, for valinomycin ROA tensors,
we found that the accuracy deteriorated more, and the transfer had to be
avoided®. This indicates that the polarizability tensor (A, G’) derivatives are
not as local as the properties needed for VCD (force field, electric and mag-
netic dipole derivatives). By other words, the polarizability derivatives do
not depend only on the closest neighborhood of the differentiated atom.

Therefore, in this work, we discuss the origin of the non-locality, and es-
timate the accuracy numerically on model examples. It appears that mutual
polarization of different molecular parts is more important for ROA than
for the unpolarized Raman scattering. Thus ROA is more sensitive to
a tertiary molecular structure than VCD, which contradicts a popular be-
lieve among the ROA community. Another interesting observation is that
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the simple polarization model?® (not utilizing the A and G’ tensors at all)
works surprisingly well for simulation of the spectra of larger molecules.

So far, the CCT technique was used relatively rarely for ROA, although
successful applications already include small molecules!'*?’, B-peptides??,
model oligopeptides?’, and even unfolded proteins®’. Nevertheless, accu-
racy of the simulations is limited by many factors, including the harmonic
limit3!. Also noise in the experimental spectra often complicates the inter-
pretations based on the computations. Therefore, we find it necessary to
test the method not only against the experimental data, but also against ex-
act computational benchmarks.

Below, we provide an introduction to the Barron formulation of the
polarizability theory of isolated chromophores in a time-dependent electro-
magnetic field, and derive expressions for polarizability tensors for an en-
semble of molecules. Then individual terms contributing to the electric
dipole-electric dipole (o), electric dipole-magnetic dipole (G”) and electric
dipole—electric quadrupole (A) polarizability are evaluated using the
coupled-perturbed approach on a water dimer, which provides a feeling for
their importance. Finally, the accuracy of ROA spectral simulations is ana-
lyzed with the aid of more realistic valinomycin and insulin models.

THEORY

We need to investigate a system of individual chromophores/molecules in
a laser electromagnetic field?2. Schematically, the situation is outlined in
Fig. 1, where the laser field is, for example, represented by the intensity E,.
In addition to this external field, individual chromophores (positioned at
r;) sense the field from the neighboring ones, e.g. the radiation coming
from the induced dipoles ;.

0]

Fic. 1
In a system of many chromophores/molecules, each one (i) senses not only the external laser
field (E), but also contributions coming from the other ones, e.g. from induced dipoles y; (j # i)
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More completely, we consider a system of independent chromophores,
each with a dipole (u;), magnetic dipole (m;), quadrupole (©;), in the laser
field (light) described by electric field E,, its gradient VE,, and magnetic
field B,,. For ROA 1232, we are interested in the polarizability « of the whole
system and the optical activity tensors G’ and A, defined as??

0y = M (1a)
OE,
om
Gly = 00— (1b)
JE,,
00
A =—M Ic
o,y aE ( )

Oat

It is very important to realize the origin dependence of the variables. We
express tensor properties of each chromophore at a coordinate system hav-
ing origin at the chromophore position. On the other hand, properties of
the whole system are evaluated at common origin. The total moments can
be thus obtained as

=DM, (2a)
1 .
my = Zmi,ﬁ +Ezgﬁyﬁrz’,yui,§ (2b)
3
O, = ZG)WB +§Z(r’7°‘u"'ﬁ +r,.,ﬁui'a)—8a52rwui,y. (2¢)

We can expand the induced parts as

1 ,
Wio =0 s E g + 3A,(X o VEi p, +— Gmﬁ g e (3a)
0,4 = A pEig t (3b)
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m , = Gl’OC BEi,(x + (30)

The intensities experienced by each group are sums of the laser and sur-
rounding chromophores’ fields,

_E0a+2 wﬁuzﬁ Ztuaﬁv (4{1)
j#i )¢1
VE L VEO op t Ztll oprH v (4b)
j#i
Bi,oc =B Z ij, (x[S (4C)
j#i
where
2
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o gme s '
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2
1 15rl/ olijpliy + 3(6(113 i,y + Svotru p ¥ 6Bvri/‘,m)rii
tiopr = Viliop = 4 7 !
TE T

ij

Tio =Tiy —Tior €=1/4g.1, isspeed of light, g, is vacuum permittivity, and
U is vacuum permeability.

Now, lets us consider the total electric dipole moment of Eq. (2a), which,
using Eqs (3a) and (4a-4c), becomes

1
n, = Z[ 1(1[3(6[3)(-'-2 i,ps %5 gztii,ﬁﬁv ) T

j#i j#i

1 ,
+§Aia,mztii,sv8°‘/,8x =2 Glup 2 Ty Gt 1B,y Q)

VES ]#1
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where we used E, , = -0”E, ,, and retained only terms proportional to E,,.
Therefore, for the polarizability, from Eqs (1a) and (5), we get

Oy = Z(Xi,aﬁ +
i

’ ’
+Z[ So l/ XSQ/SB t3 (Ala aan xvﬁa 3 altxxtl/ xS /B M)+ Glax Tu XYGIB Y:l' (6)

J#1

It is interesting to note that the last term in Eq. (6) becomes zero for static
polarizability (o = 0). Even for the dynamic case, however, as shown bel-
low, it is usually quite small, and can be neglected.

Similarly, we can elaborate the total magnetic moment (component pro-
portional to E will be written only)

1 1
mB =— , {(1) ia,B [6 + z ij, as(x’ 3 ztiiﬂ&YAf“f&Y] +

j=i j#i

t5 283751"{[ [6 +z l/ﬂx ztuan /aﬁvj

j#i /¢1

1

+3Ai8’m2tii,bmochmj}EO,u, (7)

j#i

so that

’ ’ (O] (0]
GocB =2(G1aﬁ Zgﬁyﬁrryocz&x)_22|:8[%{6 i,y zéa’Tt/abO{’ + -

i i#]

1 ,
+5 3 € el s(ai,ozatij,kya Ay — (xi,éatii,kyaAia,ky) th B Lije®sa |- (8

Finally, we obtain the A tensor for the whole system. Starting from (2¢),
using (3a), (3b), (4a)-(4c¢), and leaving only terms proportional to the elec-
tric intensity, we get the quadrupole,
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3
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and from (3b) and (9), we obtain

1

3
AY,O@ = Z(Aiy,uﬁ +§(ri,aa i,By +T a‘zuy) Socﬁ IL )"’

+Z{( (T 6O g 1550 o) = 8ol 0L )Tii,m,(xi’w+Aia’u37"ﬁ’ae(xm}+.... (10)

J#F1

COMPUTATIONS

To estimate the importance of the various terms in the above expressions,
the dynamic polarizability tensors e, G" and A of two water molecules
(Fig. 2) separated by r = 4, 4.5, 5, 5.5, 6, 7, 8.5 and 10 A were calculated by
Gaussian?? at the HF/6-31G** and HF/aug-cc-pVTZ levels, using the excita-
tion wavelength of 532 nm, which corresponds to a typical ROA experi-
ment®. Only the latter larger basis set results are shown; they were
qualitatively similar to those obtained with the smaller basis. Alternatively,
the tensors were calculated for one water molecule only, and the total
polarizabilities calculated from the formula derived above. Our transfer
CCT 33 and smaller programs were used for the tensor transfer and analyses.

Reliability of the transfer of the tensors derivatives was investigated with
the valinomycin and insulin peptides (Fig. 3). For the propeller conformer
(I in the Figure)® the polarizability tensor derivatives were calculated at the
HF/6-31G level, using also the excitation wavelength of 532 nm. Alterna-
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¢

Water dimer (parallel water planes, rotated by 45°) used for the tests, dgy = 0.943 A, ZHOH =
106°

3

Fic. 3
The valinomycin molecule (I), its fragment (II), potassium complex (III), and insulin peptide
chain (IV, with its ribbon representation, PDB code 2A3G) used for the tests
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tively, with CCT 33, some derivatives were transferred from a smaller frag-
ment (II) comprising four acid residues. The geometry of the fragment
mimicked exactly those of the valinomycin. Variously sized fragments and
the HF/3-21G level were used for to the valinomycin potassium complex
(III) and bovine insulin (chain A only, structure IV in Fig. 3). Details of the
fragmentation and aminoacid sequence are given in Table I. The error of
the ROA and Raman intensities (I) was evaluated as 8 = [|Iyact — iransferreal d®/
I/Tyact/d® within 200-1800 cm™. The force fields obtained for the full mole-
cules were used to generate the spectra.

TABLE I
Definition of the CCT fragmentation schemes

1) Valinomycine
ID4 L-Lac L-Val D-Hiv D-Val L-Lac L-Val D-Hiv D-Val L-Lac L-Val D-Hiv D-Val

2) Insulin A Chain
m* G I VE QCC CASVCSLYQLENYTCN

02L5

% OmLn" means that the fragment and the overlapped region contains n and m amino acids,
respectively.
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RESULTS AND DISCUSSION

Water dimer polarizability. The average tensor elements, and the average
deviations of the «, G’ and A tensors if calculated from the approximate
formulae (6), (8), and (10), respectively, are summarized in Fig. 4. In the
common origin, the a-polarizability of the dimer is approximately the same
for all distances (panel a in Fig. 4), as all the terms in the Eq. (6) are either
independent on the chromophore separation, or decrease as ~r3 (see the
definition of the distance tensors T and t above). On the other hand, be-
cause of the origin-dependence of the magnetic dipole and electric quadru-
pole moments, tensors G’ and A are approximately linearly proportional to
the distance, in agreement with Egs (8) and (10).

In the transfer, polarizabilities on one molecule were rotated according to
the dimer geometry, and the origin-dependent terms in Eqs (8) and (10) for

a) Average tensor elements b) Average error: a
0.2
60 - T
v ——e—— plain sum
<[t]> /'/// « Ao + o...0. correlation
i , + o...A correlation
40 /r/'/ Y —..—a.—..  + G...G correlation
//" —~— A
2
20 1 .
o s . °
.
0 v
4 5 6 7 8 9 10
r, A
c) Average error: G’ d) Average error: A
0.8
0.15 4 ——e—— plain sum .
+ 0....0. COIT. —e— plain sum
AG’ + 0L A COIT. AA + 0.0, correlation
0.10 1 + G...0 COIT. + a...A correlation
\» 0.4
&
0.05 1
o PN
0.00 . ' —_— 0.0
4 5 6 8 9 10 4 5 6 7 8 9 10
r A r A
FiG. 4

Water dimers of 4-10 A separation distance (Fig. 2): average tensor elements (a), and errors of
the a (b), G’ (c) and A (d) polarizabilities calculated by various approximations
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G’ and A were included in the plain sums. From the average errors (panels
b-d in Fig. 4), we can see that already the plain sums of two water polari-
zabilities reasonably well approximate the properties of the whole dimer.
For example, for the 4 A separation the average error is less than 3% for all
polarizability types.

As expected, for increased water molecules’ separations, the error dimin-
ishes. However, a closer look reveals that the error of o faints most quickly
with the distance, for r = 7 A, for example, it is reduced to 20% from the
original magnitude for r = 4 A. For G’ and A, the respective errors decrease
to 38 and 35% only. For larger distances, the difference is even more appar-
ent. Thus we see that the G” and A optical activity tensors are less local
than the electric polarizability a.

The error can be significantly reduced, when the total polarizabilities are
corrected to the mutual polarization of monomers. For o (panel b in Fig. 4),
the “o...a” term (second in Eq. (6)) is clearly the most important, which
reflects the dominance of the dynamic electric dipole—electric dipole inter-
action. The “A...a” term (third in Eq. (6)) is quite negligible, which corre-
sponds to the fast (~r~%) decrease of the t tensor with the distance, and so is
the last “G...G” term, which reflects the weakness of the magnetic forces
among molecules in comparison with the electric ones.

Similar reduction of the error by the dipole-dipole interaction (“o...o”
term) is obtained for the G” and A tensors. For G’, also the “G...a.” correc-
tion (fifth term in Eq. (8)) contributes significantly, however, still much less
than the dipolar interaction. Overall, we can conclude that the model of in-
dividual chromophores only approximately valid for separated molecules,
and that the tensors obtained from the monomers can be further improved
by involving the dipole-dipole interaction, but without any ab initio calcu-
lation for the whole dimer.

The error for the fragment (II-1) transfer. When the polarization tensors, in
this case their atomic derivatives, are obtained from a part of the molecule,
the differences between the “dipolar” « and “optical active” G’ and A ten-
sors are much more pronounced than for the water dimer. From Fig. 5,
where we compare the exact tensor components for the whole molecule
(calculated at the HF/6-31G level) with those obtained from the fragment
(corresponding to the plain sum for the water dimer), we can see a much
nicer correlation for the dipolar polarizability (cc = 0.986) than for G’ and A
(cc = 0.900 and 0.875, respectively). This reflects the contribution of the
terminal effects in the fragment to the polarizability derivatives, and the
higher sensitivity of the optical activity tensors (cf. Fig. 4) to the mutual
group polarization.
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Indeed, tensor derivatives related to atoms distant from the fragment ter-
mini agree better with those in the whole valinomycin molecule (Fig. 6).
With the distance the error diminishes very quickly for e derivatives, in
agreement with the two-molecule model (Fig. 4). However, the G’ and A
tensors are less local, and significant error is expected to be introduced in

the simulated ROA spectra by the transfer. Different atomic kinds behave
similarly.

« G’ A
15 40
.
10 cc=0.986 . 20 cc =0.900 .. cc=0.875
. 20
e
T s " - 2
g . g g
£ 0 * g 0 £ o
=
5 . 4 £ .
1 oo . -20
-10 -20
.®
-15 a0 I
-15 <10 -5 0 5 10 15 -40 -20 0 20 40 -40 -20 0 20 40
Exact Exact Exact
FiG. §

Correlation of the transferred and exact o, G" and A tensor components in valinomycin, for

the model valinomycin fragment (Fig. 3, transfer from II to I). Correlation coefficients (cc) are
given in the graphs

[ G’ A
1.0 3 5
L]
A A Ay N
L
(] 21 e 3‘ o o o
. e ® T o & @ .
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e° o 1 . “...... .a. .....{0’...
. Lo ® 0% o 1 %e e d
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d, A d, A d, A
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Dependence of the error of atomic tensor derivatives on the distance from the fragment termi-
nus, for the valinomicin II-I transfer. d = min(d,,d,), where d; and d, is s distance from the
terminal hydrogen (H-O) and oxygen (O=C), respectively
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The Raman and ROA spectral simulation. Finally, we can document the lim-
ited precision of the Raman and ROA spectra simulated for the valinomycin
complex from six fragments in Fig. 7. For insulin the results (not shown)
were similar. Whereas the Raman spectra (Fig. 7a) obtained from the frag-
ments are almost indistinguishable from the exact result, the approximate
ROA spectra contain a large error. Interestingly, for ROA, the simpler polar-
ization model?*34, where the derivatives of G’ and A are not used, agrees
more with the ab initio spectrum. Although the O4L8 fragmentation pro-
vides somewhat better results than O2L8 (see Table I for the definition), the
results clearly show that the error introduced by the transfer local approxi-
mation is not acceptable for ROA. In particular, the error of the local part of
the G’ and A (see also Fig. 5) is larger then their contribution to the ROA

spectrum.
a .
i 0214
\4 -
= 0418
| ab initio
T T T A T
1800 1400 1000 600 200
Wavenumber, cm™!
b _
0218
. 0418
=
polar. \
1 \ ab initio, ) 1 A
1800 1400 1000 600 200
Wavenumber, cm’1
FiG. 7

Raman (a) and ROA (b) spectra of the valinomycin complex calculated ab initio and with the
fragmentation schemes defined in Table I. The ROA spectrum obtained from the polarization
model using only the o-polarizability derivatives is also plotted

Collect. Czech. Chem. Commun. 2011, Vol. 76, No. 5, pp. 567-583



580 Yamamoto, Boui:

On the other hand, the Raman spectrum (Fig. 7a) simulated from the
fragments is almost indistinguishable from the exact one, which can poten-
tially lead to significant savings of the computer time. Also, note that the
ROA spectra (Fig. 7b) simulated by the transfer contain a smaller error in
the higher-frequency region than for lower wavenumbers. This can be ex-
plained by the delocalization of the lower-frequency vibrations, more sensi-
tive to the long-distance polarization effects.

The performance of the transfer method for ROA could be partially im-
proved by varying fine transfer parameters, in particular averaged tensors in
the overlap regions provided better results than when one fragment was
used only. When the each overlapped region contained four amino acids,
the error significantly decreased compared to two amino acids only. This
again points at the importance of the longer-distance polarization effects
for ROA. With the longer fragments and longer overlapped regions, the er-
ror decreased for valinomycin (Fig. 8, top), although even with the largest

Raman ROA
0.3

0.2

;0.1 ;1
ﬂm?ﬂ?g 0 D

3 * W =
FAEETE TS
FELEEE FEEEE S

Raman ROA
0.3 3

_ 02 2
i =
2=
0.1 1
0 oL

) S & ) ) ) & *
& SV \'/\ ~ &v; &I N ~ N
FiG. 8

Error of the valinomycin (top) and insulin (bottom) Raman and ROA spectra obtained from
the fragments defined in Table I, and from the polarization model
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fragments (O4L8) and error of about 50% remained. For the chain A of
the insulin (Fig. 8, bottom) the error was in general smaller than for the
valinomycin, however it could not be further decreased even for a very
large fragment (O7L14). This can be explained by the tightly packed ter-
tiary structure of insulin where many amino acid side chains are oriented
inward and interact with other parts of the peptide, even with those sepa-
rated by many amino acid residues (cf. Fig. 3).

Based on these results, we can say that the Raman tensor derivatives for
the peptides can be thought of as highly localized, with a practical interac-
tion span of 2-4 amino acid residues. On the other hand, the ROA tensors
are more sensitive to long-distance polarization interactions. Our conclu-
sions are consistent with detailed computational analyses of cyclic pep-
tides’ ROA78. In some other experimentally studied systems, such as the
alanine containing peptides®’, the ROA signal can be dominated by local
components, because of an extended or flexible peptide structure. Indeed,
in polyproline helix?® or similar linear peptides?®3° the side chains sepa-
rated by many aminoacids are not close to each other, and CCT provided
reasonable ROA spectra. On the other hand, we saw that in the insulin and
valinomycin the contribution of the mutual polarization not included in
CCT could not be neglected. In summary, the CCT method has serious ac-
curacy limits for ROA, which should be considered when a high level of the
agreement between theory and experiment is required.

CONCLUSIONS

On the water dimer we validated the model of separable polarizable
chromophores, and numerically estimated the magnitude of the various
correction terms stemming from the mutual dynamic polarization of the
two molecules. We found significant differences between the electric polari-
zability (o) and the optical activity tensors (G’, A), the latter being less local
and more influenced by the inter-chromophore coupling. The coupling was
more pronounced in the valinomycin and insulin fragment models, where
the local separated chromophore approximations introduced large error
into the polarizability tensor derivatives, and consequently to the resultant
ROA spectrum. For ROA simulations of large molecules, we thus recom-
mend the transfer method be used with caution, for rod-like molecules
much larger fragments are needed than for VCD (where only force field and
dipole derivatives are transferred). For our more folded examples of insulin
and valinomycin, the polarization model gave better results than the frag-
mentation. The modeling of the unpolarized Raman spectra based on
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smaller molecular fragments is more reliable than for ROA, and can lead to
significant savings of the computer time.

This study was performed with the support from the Academy of Sciences (M200550902), the
KONTAKT II MSMT program (LH11033), Czech Science Foundation (P208/11/0105), Luna,
Metacentrum and University of Tromsg computer facilities.
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