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Abstract

Optical activity of regularmolecular assemblies, such as protein fibrils or nucleic acid

condensates, is often significantly stronger than for isolated molecules. Previous

modeling suggested that this may be caused by the ordered quasi‐periodic structure

and a long‐order synchronization of chromophore excitations. In the present study,

we briefly review this phenomenon and investigate some aspects on simple models

related to protein vibrational optical activity. The transition dipole coupling (TDC)

model is used to generate vibrational circular dichroism (VCD) and Raman optical

activity (ROA) spectra. While a linear arrangement of chromophores produced

relatively simple couplet intensity patterns, a richer band structure was predicted

for planar geometries. A stacking of β‐sheet planes has been identified as another

powerful source of the enhancement. The results do not completely reproduce exper-

imental observations but are consistent with them and confirm that chiroptical

methods may be extremely useful to study aggregation of chiral molecules.
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1 | INTRODUCTION

Chiroptical methods exploring different interaction of left
and right circularly polarized light with chiral molecules
established as useful tools to study molecules and their
assemblies, such as sugars, nucleic acids, and proteins.
An interesting phenomenon, enhancement of the chiral-
ity in molecular aggregates, was first observed in the
electronic circular dichroism (ECD) of nucleic acids. By
condensation of DNA strands at high salt concentrations,
ECD intensity significantly increased when compared, for
example, with standard B‐DNA spectrum.1 Later, this so
ssue in Memory of Ettore
mentation, Experimental
or this special issue previ-
, and 29:12. More special
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wileyonlinelibrary.com/journ
called ψ‐type circular dichroism (“psi” for polymer and
salt‐induced) was observed in a range of DNA samples.1-13

An analogous observation was reported in the infrared
region for vibrational circular dichroism (VCD).14

For proteins, ECD enhancement in such an extent is
not known. However, a closely related “exciton coupling”
has often been pointed out as a principal mechanism lead-
ing to large spectral intensities in α‐helical structures.15-17

More spectacular effects for proteins have been
observed in the vibrational region. Formation of fibrous
aggregates, such as β‐amyloidal plugs related to a wide
variety of neurodegenerative diseases, is often accompa-
nied by a large enhancement of the VCD signal.18-21 A
typical example is shown in Figure 1 for lysozyme. The
“fibrillation” of the native protein is accompanied by
much smaller changes in the absorption spectrum. A very
good indicator of the enhancement is thus also the dimen-
sionless dissymmetry factor (g, the ratio of the VCD signal
© 2017 Wiley Periodicals, Inc.al/chir 55
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FIGURE 1 Enhanced VCD of lysozyme fibrils (top, dashed line)

and corresponding absorption spectra (bottom). Spectra of the

soluble native protein are plotted by the dotted and full lines.

Reprinted with permission from Ma. S. et al. J. Am. Chem. Soc. 2007,
129, 12364. Copyright American Chemical Society
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to the absorption). For the lysozyme, it rose from about
5 × 10−5 to ~4 × 10−4.

Because the “fibrils” often do not crystallize and give
rather mediocre NMR signal, the vibrational spectra thus
potentially provide a welcome window allowing one to
monitor protein structure.22 The enhancement is also
favorable for the VCD spectroscopy itself, as the technique
is traditionally restricted by the weakness of the phenome-
non and difficulties associated with measurement of
artifact‐free spectra.23 Large dissymmetry factors may cut
down the measurement times, from hours to minutes.

Explorations of analogous exciton‐like enhancements
of Raman optical activity (ROA) are still at the beginning.
Raman optical activity measurements of condensed mac-
romolecular systems are very difficult. The enhancement
may appear as an experimental artifact, and vice versa.24

Yet some studies such as that on polyproline strands
of variable length25 showed that mechanical coupling
between neighboring residues does lead to a significant
dependence of some ROA bands on peptide length.
Another interesting ROA enhancement phenomenon
was lately observed for astaxanthin (carotenoid dye)
aggregates, sometimes exhibiting huge signal in compari-
son with monomer spectra.26 This phenomenon, however,
was explained by resonance effects,26,27 i.e., it is most
probably not related to the “mechanical” exciton coupling
of the chromophores modeled in the present study.

Because of the size of the aggregates, theoretical
foundations of the chirality enhancement are rather incom-
plete. A polarizability theory relating the phenomenon to a
long range coupling of the chromophore28-30 helped to
explain some variety in ψ‐ECD of DNA samples.3,31,32 At
the present study, we use the transition dipole coupling
(TDC) approximation to look at dependence of VCD and
ROA spectra on geometry of model systems. Transition
dipole coupling has been previously used to successfully
model CD enhancement in nucleic acids33 andVCDpatterns
of protein β‐sheet structures including fibrils.34-36 Depending
on macroscopical orientation of β‐sheet planes reasonable
approximation to experimental spectra was obtained,
although still not reproducing observable dissymmetry fac-
tors and detailed splitting of VCD bands.36 In the present
study, a larger variation of the geometries is explored, some
of them providing a more realistic pattern. We also find
interesting the enhancement predicted for ROA spectra,
although not confirmed by an experiment so far.
2 | MATERIALS AND METHODS

2.1 | Transition dipole coupling

Within the transition dipole coupling (TDC) model,34,37,38

extensive molecular systems can be treated relatively
cheaply in terms of computer time and memory. The
chromophores (for example, the protein C═O groups)
are represented by interacting dipoles. The potential
between dipoles μj and μi is

Vij ¼
μi ⋅ μjr

2
ij−3μi ⋅ rijμj ⋅ rij

r5ij
; (1)

where rij is the vector connecting dipole positions and dots
are used for scalar products. Atomic units are used through-
out. The positions are somewhat arbitrary. For the COmole-
cule‐likemodeling themiddle of the C═O bondwas used; for
amides, the amide I and amide II vibrational dipoles were put
in geometrical centers of the HNCO atoms. Solving the
Schrödinger equation in a basis of monoexcited states (“exci-
tons”) leads to diagonalization of the Hamiltonian matrix
with off‐diagonal elements equal to Vij and diagonal ones
equal to transition energies εi. In the first approximation,
the transition energies are the same for same chromophores.
From the eigenvectors cλ and eigenvalues (energies) of the
Hamiltonian, we can calculate spectral intensities. The resul-
tant transition electric and magnetic dipole moments are
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μλ ¼ ∑
N

i¼1
cλi μi

mλ ¼ i
2
∑
N

i¼1
εicλi ri×μi;

(2)

respectively, where N is number of the chromophores
and ri are chromophore position vectors. Similarly,
for Raman and ROA transition polarizabilities (electric
dipole‐electric dipole, α, electric dipole‐magnetic dipole,
G′, and electric dipole‐electric quadrupole, A), we get

αλ ¼ ∑
N

i¼1
cλi αi; (3)

G'
λ ¼ ∑

N

i¼1
cλi G'

i;

Aλ ¼ ∑
N

i¼1
cλi Ai:

The TDC model for ROA is then closely related to
the group‐polarizability approximation.39 We neglect
mutual polarization of the chromophores as this has a
rather minor effect on the spectra.40,41 However, origin‐
dependence of G′ and A has to be taken into account.
The tensors in the common origin (COM) depend on
those in the local origin (LOC, at ri) as

39

αi COMð Þ ¼ αi LOCð Þ; (4)

G'
i COMð Þ ¼ G'

i LOCð Þ− i
2
ri×αi;

Ai;αβγ COMð Þ ¼ Ai;αβγ LOCð Þ þ 3
2
αiaγriβ þ αiαβriγ
� �

þ δβγ ∑
3

ε
αiαεriε:

The local parts of G′ and A were neglected.
Model systems included one‐dimensional arrays of

dipoles, and arrays assembled into a plane and a “twisted”
plane (A‐C, Figures 2 and 3). In the array, the dipoles
were perpendicular to the propagation axis z, regularly
FIGURE 2 The dipole array characterized by mutual rotation (φ)
and distance (rj,j‐1)
spaced and rotated. A tilt toward the axis had no effect
on the enhancement and was then not considered. In
the planes, the dipole helical arrays were separated by
3.5 Å. B3LYP/6‐31G** vibrational parameters calculated
for carbon monoxide were used.

In addition to the mono‐dipole carbon monoxide‐like
systems, B3LYP/6‐31G** amide I and II mode parameters
of N‐methylacetaldehyde were used to model planar
systems of amide groups 1 to 4 (Figure 3, lower part).
Their local geometries (distances) were inspired by typical
x‐ray protein fibril structures from the protein data bank
(http://www.rcsb.org/), in particular by the human islet
amyloid polypeptide.42 The two basic (regular, F, and
perturbed,T) units were propagated regularly, using trans-
lations and rotations only. The B3LYP/6‐31G**amide I
frequency was scaled to 1650 cm−1 to better correspond
to experimental spectra.

In the middle, “fibril‐like” amide (HNCO) group
planes 1 to 4 are displayed. They were constructed either
from flat (F) or perturbed (T) 7‐amide units and mimic
a parallel β‐sheet. An example of overlap of the flat model,
HNCO atoms in red, with x‐ray fibril geometry42 is given
at the bottom.
3 | RESULTS AND DISCUSSION

3.1 | The TDC model

Before discussing larger systems, we document basic
properties of the TDCmodel on a model pair of formamide
molecules in Figure 4. We also want to document the
ability of TDC to model ROA intensities, which has been
discussed rather rarely.43 The input spectral parameters
for monomer (transition frequencies, dipoles μi and
polarizabilities αi) were calculated for optimized monomer
geometry at the BPW/6‐31G** level of theory; the
molecules were co‐planar, rotated by 45°, and separated
by 5 Å. Three monomer transitions (at 2861, 1784, and
1574 cm−1) were included. One can see that the TDC
results closely reproduce the DFT ones. As follows from
the theory,39 the chiral spectra (VCD and ROA) are conser-
vative for TDC, i.e., integral of the spectral intensities is
zero. Note that the TDC approximation is justified for this
case when the interaction potential between vibrations
localized on the chromophores is well described by
formula 1. Also, local quadrupole and magnetic terms are
negligible compared to the global ones obtained from
Equations 2 and 4. For shorter distances, electron transfer
may occur and the TDC results may significantly deviate
from the “exact” (in this case DFT) results as discussed
elsewhere.44 In the work of Measey and Schweitzer‐
Stenner,36 for example, a more advanced variety of the
TDC model is used, replacing the electrostatic potential

http://www.rcsb.org/
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FIGURE 4 Absorption, VCD, Raman,

and ROA spectra of a formamide dimer

obtained by the DFT and TDC models

FIGURE 3 Example geometries of (A)
one‐dimensional dipole array, and (B)
planar and (C, a plane seen from a side)

“twisted plane” arrangement. B is

composed of one‐dimensional arrays in a

plane, while in C the arrays are

incrementally twisted by 0.4 °. The dipoles

are spaced 3.5 Å the arrays separated by

4 Å. In the middle, “fibril‐like” amide

(HNCO) group planes 1‐4 are displayed.

They were constructed either from flat (F)
or perturbed (T) 7‐amide units and mimic

a parallel b‐sheet. An example of overlap

of the flat model, HNCO atoms in red,

with x‐ray fibril geometry42 is given at the

bottom
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between neighboring amides by a constant term. For our
case, the TDC approximation seems reasonable to
reproduce the main spectral features and inter‐chromo-
phore interactions.
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3.2 | One‐dimensional array

For the one‐dimensional array of identical dipoles
(Figures 2 and 3A), the dipole magnitude and the twist
angle were varied. The mutual dipole distance (3.5 Å)
was fixed. Other input parameters (polarizability and
transition frequency) corresponded to values calculated
for carbon oxide (CO) at the B3LYP/6‐31G** level of
theory. Dependencies of VCD dissymmetry factor g and
circular intensity difference (CID, ratio of ROA and
Raman intensities) on the dipole magnitude and the twist
were obtained for 40 dipoles. The working formulae for g
and CID (caption of Figure 5) are slightly different from
the usual ones,39 to describe observable intensities for
non‐resolved transitions.45

As expected, larger values of the transition dipole
cause larger coupling and consequently larger g values,
except for non‐chiral geometries (φ = 0° and 180°) and
angles implying zero dipole‐dipole interaction (φ = 90°
and 270°) (Figure 5). We can also note the 2π (360°)
periodicity of CID, while the g values repeat already with
π periodicity, which is related to a symmetry “breaking”
by the transition dipole moment generating the VCD
intensities: Unlike the dipole moment, polarizability
components (eg, αxx) important for ROA do not change
sign under rotation by 180°.
FIGURE 5 TDC simulation of VCD and ROA intensities for one‐dime

obtained by integration of the VCD (Δε) and absorption (ε) intensities (g
couplet. Similarly, the circular intensity difference (CID) was obtained f

CID=∫(ω−ω0)ΔIdω/∫ωIdω. At the bottom two panels enhancements

plotted
At the lower two graphs in Figure 5, relative enhance-
ments are plotted, defined as ratios of g or CID obtained
for the 40‐mer to values calculated for a dimer. Clearly,
for small dipole moments (μ < ~0.2) the vibrational
coupling is small and the relative enhancement is close
to one (no enhancement, indistinguishable from zero at
the adopted scale). For larger dipoles, the enhancement
rises up to ~30 but only for nearly parallel geometries
(φ close to 0° or 180°). This is consistent with previous
VCD studies where the signal enhancement has been
observed exclusively for semi‐planar β‐sheet geome-
tries.18-21 For ROA, analogous enhancement experiments
are not known to us, although some data suggest that
similar phenomenon can occur here, too (cf. Supporting
Information in Yamamoto and Watarai24). We can also
see that largest enhancements (g/g2 = CID/CID2 = 30)
occur for ROA in a narrower angular intervals (φ = 0° …
15°, etc) than for VCD (φ ~ 0° … 30°), which makes exper-
imental observations of ROA enhancement less likely.
3.3 | Planar array arrangement

Arrangement of the one‐dimensional dipole arrays
(helices) into the plane or slightly twisted plane (structures
B‐C) did not bring significant signal enhancement.
nsional array of 40 identical dipoles. The dissymmetry factor (g) was

= ∫(ω−ω0) Δεdω/∫ωεdω), ω0 is the central position of the VCD

rom ROA (ΔI = IR – IL) and Raman (I = IR + IL) intensities as

obtained by division of g and CID by values obtained for dimer are
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However, the spectra became more structured. This is
shown in Figure 6 for φ = 10° and μ = 0.4 D. For the one‐
dimensional structure (A) both the absorption and VCD
intensity accumulates around 2570 cm−1. As pointed out
previously,33 this corresponds to the longest wavelength
phonon‐like mode within the array where the dipoles
vibrate in phase. Mutual interaction of the arrays in the
planes perturbs this mechanism; while the absorption
is still concentrated around 2400 cm−1, VCD intensity
becomes spread more evenly across all vibrational modes.
The flat and twisted planes (B and C) give virtually the
same spectra. The ROA and Raman spectra behaved in
the same way as VCD and absorption and are not shown.
For this combination of φ and μ the g‐factor (Δε/ε = 10−3)
is rather high; as follows from Figure 4 even larger values
can be achieved for larger dipoles providing a stronger
coupling.

g‐factors and CIDs of model planes (B and C) as
dependent on the twist and dipole magnitudes are plotted
2000
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in Figure 7. Qualitatively, there is a little difference
between the flat B and distorted C planes. For both cases
the g‐factors rises for φ → 0 and φ → 180°. Unlike for the
array, significant g enhancements occur only for a very
limited areas of the (μ, φ) plane, in particular for φ → 0
and φ → 180°. This is qualitatively similar for CID (lower
part of Figure 7), where, however, the largest values occur
around φ = 120°.
3.4 | “Amide” planes

The systems of amide group atoms was designed to mimic
more realistic protein systems. The planes 1 to 4, using the
regular or perturbed units (F or T, Figure 3) provided
spectra plotted in Figure 8. The dissymmetry factor for
the regular “flat” unit (~5 × 10−5) is smaller than for the
system built with the T fragments (g = 1.3 × 10−4), which
are about the values seen in the previous planar models
outside the “enhancement” regions (B‐C, Figure 7). The
2200 2400

(C)

FIGURE 6 VCD (Δε) and absorption (ε)
spectra of the one‐ (A) and two (B and C)
dimensional model dipole systems from

Figure 3

FIGURE 7 Dependence of the g (top)

and CID (bottom) factors of the model

planes B and C on the twist angle within

the linear threads and magnitude of the

dipole moment. Here, the g and CID

factors were determined from spectral

maxima (Δεmax/εmax, etc)



FIGURE 8 VCD, absorption, ROA, and

Raman spectra of the amide planar

structures (1‐4 plane types, F and T
propagated unit, cf Figure 3)
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F‐model provides a larger amide II VCD (at ~1570 cm−1),
the T structure has a larger maximal amide I VCD signal
(~1650 cm−1) and gives an opposite sense of the couplet.
Detailed spectra thus depend both on the “macroscopic”
plane shape (cf. types 1 to 4) and local chromophore
structure (F or T). This is consistent with previous VCD
fibril measurements revealing a remarkable variability of
spectral shapes with respect to studied systems.19,20,22

However, the theoretical g‐factors seem to be quite small
compared to maximal values observed experimentally
(~10−2‐10−3, e.g., Figure 1). In Figure 8, systems composed
from 32 units are simulated; nevertheless, the g‐factor is
nearly independent of their number (not shown).

The ROA and Raman spectra (bottom of Figure 8) to a
large degree behave as the VCD and absorption ones.
Only relative peak intensities are different. While the
main absorption amide I band is centered at 1645 cm−1,
maximal Raman intensity is shifted left, to ~1636 cm−1.
In both Raman and ROA spectra, the amide II signal is
also more pronounced than for amide I; in particular,
for the T‐system, amide I ROA is quite small.

In experimental Raman spectra of β‐sheet proteins (e.g.,
Baumruk and Keiderling46 and Kessler et al47), the intense
amide I component is higher in frequency than for ROA,
which is not correctly predicted by the TDC model. This
can be attributed to incomplete description of the in‐strand
CO stretching mode coupling by the electrostatic poten-
tial.37 Similarly, the predicted relatively strong amide II sig-
nal is nearly invisible in Raman experiment.
The simulation thus does cannot reproduce detailed
spectral features, but confirms that the planar arrange-
ment of the chromophores provides an additional splitting
of the amide bands compared to the one‐dimensional
chain, and that VCD and ROA shapes are able to reflect a
longer‐distance order of the chromophores, in our case
the differently deformed planes 1 to 4. On the other hand,
building planar systems alone (without plane stacking)
from the one‐dimensional chromophore arrays does not
seem to lead to significant chirality enhancements.
3.5 | Multi‐layer amide systems

As found before, VCD intensity of twisted parallel β‐sheet
planes may be sometimes nearly independent of their
distance d.35,36 This may sound surprising; within the
TDC model the dipole‐dipole potential (1) and thus the
energy‐splitting quickly diminishes, being proportional
to d−3. On the other hand, each dipole in one plane can
interact with “infinite” number of dipoles in the other
one (in a large‐plane limit). In addition, the magnetic
dipole (Equation 2) responsible for VCD and the G′ and
A tensors (Equation 4) responsible for ROA are roughly
proportional to the inter‐chromophore distance, which
can also counter‐balance the fainting energy splitting.

This phenomenon is confirmed by the present simula-
tions where we varied the planar distances, twists, and
sizes. In the upper panels of Figure 9, we can see that both
the g and CID factors do not dramatically fall off when the
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distance between the planes increases. For the larger
planes (16 × 24 amides) maxima are achieved at
d = 32 Å. For the smaller plane (8 × 8 amides) the depen-
dence of g on d is exceptional in having a minimum
instead of maximum, at d = 5 Å.

For two planes, the results are thus qualitatively same
as in previous works, where only a modest decrease35 or
increase36 of the g‐factor with the distance was found.

g and CID are also relatively insensitive to the
twist angle (middle panels of Figure 9). This somewhat
contrasts with the dependencies on the twist angle in
the one‐dimensional structures (cf Figures 5 and 7), but
one has to realize that the amide planes are already chiral
themselves; the inter‐plane twist introduces just another
perturbation.
The most interesting with respect to the long‐order
chirality enhancement is the dependence of g and CID
on the number of stacked planes (bottom panels in
Figure 9). Very large enhancements, of the order of 10
and more, can be achieved if measured against a 1‐2
planar system. This is a trivial consequence of the relative
independence of the chiral signal on the distance between
two planes: for N stacked planes there are N×(N‐1)/2
inter‐plane interactions. If these cause the optical activity,
the signal thus can grow even as ~N2. The simulated
dependencies are more complicated; the maximum of g
at N = 10 (dashed line) even indicates that the planar
stacking can even result to a signal cancelation. Neverthe-
less, the enhancements due to the plane stacking are quite
impressive and may help to explain many events observ-
able experiments involving molecular optical activity.
3.6 | Relation to experimental spectra

Clearly, the TDC modeling presented above is neither
tailored to particular protein structure nor it can be used
for a band‐by‐band analysis of an experiment, such as that
shown in Figure 1. Nevertheless, it allows us to better
understand the observations. The coupling of chromo-
phores and consequent long‐range synchronization of
their vibrations clearly appear as important enhancement
factors of optical activity. Two‐dimensional planar struc-
tures (e.g., in Figures 6 and 8) provided a richer band
splitting than the couplet typical for one‐dimensional
chains; such splitting is frequently visible in the amide I
region of enhanced VCD of protein fibrils.21 The predicted
enhancement potential of the plane stacking explains
many observations, such as sensitivity of measured signal
to fibril size and their macroscopic twist.18,48 Finally, the
predicted enhancement in ROA of protein aggregates
remains to be verified; so far, experimental data are
scarce24 and measurements very complicated.49,50
4 | CONCLUSION

We performed relatively simple TDC computations
allowing us to systematically investigate the dependence
of VCD and ROA spectra of model dipolar systems on the
geometry. Although the simulations are not directly com-
parable to experiment in terms of band to band assign-
ment, they provide a realistic basis for understanding the
link between optical activity and structure of larger protein
aggregates. The linear dipole arrays exhibited significant
chirality enhancements, perhaps surprisingly most occur-
ring for very small twist angles. The planar systems pro-
vided more complex dependencies and also more realistic
band splitting with respect to previously observed spectra
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of protein fibrils but did not addmuch to the overall chiral-
ity. Finally, the planar stacking of the chromophores has
been identified as the most significant factor responsible
for the observable enhancements. At the same time, we
realize the limits of the current computational approach
and further simulations are needed in the future to fully
understand optical activity of aggregated proteins.
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