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ABSTRACT: Highly ordered assemblies of β-sheet-forming peptide and protein ﬁbrils have been
the focus of much attention because of their multiple and partially unknown biological functions, in
particular as related to degenerative neuronal disorders. Recently, vibrational circular dichroism
(VCD) spectra have been shown to provide a unique means of detection for such extended
structures utilizing modes of the peptide main chain backbone. In the case of poly-glutamic acid,
surprising VCD responses were also found for side chain modes. In this study, in an attempt to
explain this latter observation and obtain a link between ﬁbrillar structure and its optical spectral
properties, molecular dynamics (MD) methods are used to model the geometry and dynamics of
assemblies containing repeating β-strands of Glun. A crystal-like model was adopted for the MD structure simulations. Infrared
and VCD spectra for segments of MD modeled ﬁbrillar geometries were ﬁrst calculated using density functional theory (DFT),
and then, those parameters were applied to larger structures by means of Cartesian coordinate transfer (CCT) of atomic tensors
from the segments. The computations suggest the side chains exhibit residual conformational constraints, resulting in local
coupling giving rise to non-negligible VCD intensity, albeit with an overall broad distribution. Calculated spectral distributions
are qualitatively consistent with the experimental results but do diﬀer in magnitude. The possibility of realistic modeling of
vibrational spectra signiﬁcantly broadens the potential for application of optical spectroscopies in structural studies of these
aggregated biopolymers.

■

some degree of ﬁbrillar assembly (and even morphology, e.g.,
thin ribbons vs helical aggregates), as conﬁrmed by
complementary atomic force microscopy (AFM) studies.10−18
Such vibrational spectra can be computationally modeled, even
for relatively large structures, permitting development of
structure−spectra correlations on a fundamental level.19−23
In principle, the structural basis of such spectral responses
can be obtained via quantum chemical simulations. However,
large size molecules and molecular aggregates pose a challenge
due to the nonlinear scaling of more reliable calculations that
use, for example, density functional theory (DFT) methods. If
the structures are regular, it is possible to compute spectral
properties of a limited number of fragments and transfer those
onto a larger structure. We have shown this method to work
well for computations of vibrational spectra, particularly IR and
VCD by use of a Cartesian coordinate transfer method
(CCT).24−26 The complexity of an aggregated peptide
structure makes complete understanding and simulations of
all spectral features rather diﬃcult. The resultant spectral
bandshapes and frequency distributions are dependent on both
local conformation of the peptide chains (secondary
structure)27 and longer-range coupling through periodic

INTRODUCTION
Structure and interactions of ﬁbrils and similar protein
aggregates are intensively studied because of the appearance
of that morphology for many proteins and peptides associated
with the symptoms of several neurodegenerative diseases
(Alzheimer’s, Parkinson’s, Huntington’s, etc.).1 More fundamentally, such structures are of interest due to the general need
to understand alternate aspects of peptide and protein folding
(or mis-folding) and the associated molecular interactions that
drive such structure formation.2 However, insight into the
structure and other physical properties of ﬁbrils remains rather
limited. For example, structural irregularities in solid phase
samples can make conventional X-ray studies and thus spatial
resolution at the atomic level impossible.3 At the same time,
diﬃculties in solubilizing such ﬁbrils to a uniform distribution
can cause diﬃculties for some spectroscopic studies, preventing
reliable analyses.4−8
In spite of these problems, electronic9 and vibrational
spectra,10 in particular coupled with circular dichroism (CD),
have revealed unique properties of ﬁbrillar structures. Traditional tests of ﬁbril formation have involved ﬂuorescence
changes of adsorbed dyes, such as thioﬂavin T, and detection of
induced CD in the ultraviolet (UV). More recently, vibrational
circular dichroism (VCD, the diﬀerential absorption of left- and
right-circularly polarized light in the infrared, IR) has been
shown to detect the sense of supermolecular ﬁbrillar twist and
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structures enabling vibrational mode delocalization.28 With
formation of supermolecular structure, these polymeric
interactions gain another dimension, becoming coherent
(ordered) in a relatively large particle, which can alter the
intensities of various underlying spectral components. Vibrational spectra, including IR and VCD intensities, can be reliably
calculated with relatively eﬃcient DFT computations for
peptides of moderate size.29,30 These computations can be
extended to larger molecular assemblies with the CCT method,
provided reasonable structures can be determined.24−26 In this
way, spectra of structures containing extended single or
multiple sheets (each with many strands) can be simulated
and related to experimental data.31−33
Poly-L-glutamic acid at low pH has low solubility and upon
heating forms an aggregate with an underlying β-sheet
secondary structure that has unusual characteristics, which are
evidenced as a higher density structure correlated to a decrease
in intersheet separation and an IR spectrum having an amide I
(primarily CO stretch) band with a maximum below 1600
cm−1, which is much lower than normal for β-sheets. This has
been termed a β2 structure, whose unique low-frequency amide
I character (<1600 cm−1) and prominent (∼1730 cm−1)
COOD stretching band has been attributed to bifurcated Hbonding of the amide CO both intrasheet, i.e., cross-strand
to other amide NH groups, and intersheet to side-chain
carboxylic acid, COOH, groups associated with a neighboring (stacked) sheet.4,34,35 The VCD spectrum correlates to this
IR pattern with an intense couplet shape centered on the most
intense, lower frequency amide I IR component and a weaker
couplet (or sometimes three-band pattern) associated with the
COOH side chain band.4,36
Simulating spectra for such poly-glutamic acid4 structures
poses new challenges. While spectra of both the side chain and
backbone indicate ordering, the degree of order is probably not
the same. Normally, side-chain modes result in zero or very
weak VCD, in that the VCD spectrum of an otherwise achiral
side-chain chromophore (e.g., −COOH) must arise primarily
from through-space coupling or a systematic geometry
perturbation coming from at least partially ordered repeating
structures. Because of the signiﬁcant conformational freedom of
such side chains, modeling the ﬁbril structure based on a
complete conformer search is not reasonable.
Therefore, as a ﬁrst approximation to the ﬁbrillar structure,
we used molecular dynamics (MD) techniques to simulate the
dense ﬁbril-like structure with highly ordered strands, and
explored initial eﬀects of backbone and side chain ﬂexibility
using pseudocrystal-like periodic boundary conditions. Once a
stable assembly was established, snapshots of structures along
the trajectory were used as a basis for DFT computations of IR
and VCD spectral parameters for fragments of the sheet
structures that contain several interacting amide and carboxylic
acid groups. The CCT method was then adopted to transfer
these DFT spectral parameters from fragment computations to
eﬀectively model spectra of quite large segments of ﬁbril
structures. The variations in structures obtained were then
encompassed in our spectral simulations by obtaining an
average for a suﬃcient number of structures derived from MD
trajectory snapshots. The results show that, even for largely
disordered ﬁbril side chains, a net −COOH (or −COOD)
VCD can develop, qualitatively reﬂecting some underlying
order in the side chains leading to their coupling. While these
results do not ﬁt all the experimental details, they do suggest an
origin for observed Glun IR and VCD results and demonstrate

that a combined quantum chemical/MD simulation can
provide a link between formation of supermolecular structure
and its spectroscopic response.

■

METHODS
Molecular Dynamics. For two 15-amide protonated polyglutamic acid (PLGA) strands, [Ac-Glu14-NH2]2, with acetyl on
the N-terminus and −NH2 on the C-terminus as in Figure 1,

Figure 1. Two peptide strands ([Ac-(Glu)15-CONH2]2) placed in
antiparallel arrangement into the periodic box; hydrogen atoms and 15
water molecules terminating the box in the x-direction are not shown.
This snapshot structure results after annealing the initial more twisted
structure taken from experiment (see Figure S1, Supporting
Information) under constraint of periodic boundary conditions.

the initial geometry (see Figure S1 in the Supporting
Information) structure was placed in a monoclinic periodic
box (66.00 Å × 9.77 Å × 8.07 Å, α = 105°). The remaining
space in the x-direction was ﬁlled with 15 water molecules, with
no waters coming between strands or sheets (i.e., unit cells in yand z-direction). The initial geometry was based on an analysis
of a previously published X-ray pattern of poly-L-glutamic acid
(PLGA) powder (Figure S1, Supporting Information).34,35
Using the Gromacs program37 and Amber03 force ﬁeld,38 the
system was equilibrated as an NVT ensemble by simulated
annealing, from 1000 to 300 K. For the NVT ensemble, 19
independent annealing cycles were performed, with times
ranging from 0.7 to 1.6 ns, to achieve the randomization. Each
annealing was followed by a 10 ns equilibration and 100 ns
production stage, at this stage with both with NpT and NVT
conditions, using T = 300 K and p = 1 atm. For the NpT
dynamics, the ﬁnal box dimensions stabilized at geometries
close to the X-ray geometry, with an average dimension (with
RMS deviations) of 66.15 (0.19) Å × 9.79 (0.03) Å × 8.09
(0.02) Å.
Spectral Generation. To better represent important
vibrational interactions within and between the β-sheet planes
and to minimize end-eﬀects, aggregate sheet structures were
created for spectral modeling from multiple representations of
the periodic box or unit cell (Figure 1). The assembly was
expanded in the sheet stacking interaction direction, or zdirection, creating stacks of two or four two-stranded
antiparallel sheets (e.g., systems “z2” and “z4”), and also in
the y-direction (interstrand H-bonded direction) to allow
consideration of larger, four-stranded sheets (providing systems
as “y2z2” and “y2z3”). The largest y2z3 assembly is composed
of three four-stranded antiparallel sheets, stacked with the same
(in-phase) relative alignment, and was used for the ﬁnal spectral
generation, while smaller structures were used for various tests.
Absorption and VCD spectra of these model systems were
obtained by computing harmonic force ﬁeld and atomic polar
and axial tensor parameters for smaller fragments. The
fragments comprised 8- and 12-amide-containing molecules
(illustrated as the F8 and F12 structures in Figure 2). By
default, the more extended F12 model was used to provide a
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conducted in D2O, all spectra were computed to represent
deuteration (H/D exchange) of the NH and COOH groups.
As an alternative to the ab initio, tensor transfer approach, the
transition dipole coupling (TDC) model47,48 was used to
generate the absorption and VCD spectra of y2z2 as a test. The
transition electric dipole moments and frequencies of the
CO stretching vibration were calculated for the CH3CO
NDCH3 and CH3COOD (separate computations for the cisand trans-OD conformation) molecules at the BPW91/631G**/COSMO(H2O) level and transferred to the ﬁbrillar
geometry. For amide I simulations, dipoles were placed in the
middle of the CO bonds, and the TDC Hamiltonian
comprised only of the dipole−dipole interactions was
diagonalized. This procedure does not include the frequency
dispersion due to the DFT force ﬁeld, since all the amide or
COOD oscillators are initially degenerate and the resultant
dispersion is only from their dipolar coupling. From the
obtained coupled frequencies and intensities, the spectra were
generated as described above.

Figure 2. (left) Fragments [Ac-Glu-CONH-CH(CH2CH2CO2H)-Me·
NH 2 -Glu 2 -CONHMe] 2 (F8) and [Ac-Glu 2 -CONH-CH(CH2CH2CO2H)-Me·NH2-Glu3-CONHMe]2 (F12) used in the
DFT computations and (right) principle torsion angles in the Glu
residue.

comparison to experiment, whereas the smaller F8 system
enabled us to shorten the computational time and perform
additional convergence and other theoretical tests, which are
discussed at the end of the following section. To represent the
variety of side chain conformations present in the MD runs,
16/24 (for F8/F12, respectively) fragment conformations were
derived from four randomly chosen MD snapshots captured
along one trajectory, separated by about 15 ns, both for the
NpT and NVT conditions. Then, fragments had a variety of
side-chain conformations and came from both the middle of the
sequence and segments adjacent to but not on the termini.
The fragments were then partially geometry optimized in
normal mode coordinates.39−41 By constraining motion along
normal coordinates whose modes had frequencies below 300
cm−1, the MD geometry distribution could be largely
conserved, while the higher energy coordinates important for
the spectra (e.g., CO stretching) could be completely
relaxed. The Gaussian program42 and the BPW9143/6-31G**
level of approximation were used. The crystal/ﬁbril environment was simulated using the COSMO dielectric solvent
model44 with a water dielectric constant (εr = 78), presumably
close to that of the aggregated peptide. Although it is known
that the BPW91 functional slightly underestimates harmonic
vibrational frequencies,45 it provides a reasonable and eﬃcient
basis for simulation of vibrational properties of the amide and
carboxyl groups including their VCD spectra.33
The force ﬁeld and tensors were calculated with the Gaussian
programs and transferred24−26 to the target sheet assemblies
(z2, z4, y2z2, y2z3) selected for spectral modeling. To
complete the transfer, parameters for each atom pair in the
three target structures were selected on the basis of determining
the best overlap obtained with the corresponding atoms in each
of the 16 or 24 fragments (depending on the model, F8 or F12,
used). The RMS distance between the closest covalently bound
atoms was taken as the criterion for overlap quality. For the
assemblies, absorption and VCD spectral frequencies and
intensities were generated by usual procedures.46 Lorentzian
proﬁles (10 cm−1 full width at half-maximum) were assigned to
each mode, scaled to its intensity, and summed to obtain
overall IR (ε) and VCD (Δε) band shapes. The calculated
intensities are given in the usual units of L mol−1 cm−1,
normalized to one amino acid residue.
The spectra were simulated for structural snapshots obtained
10 ns apart for trajectories starting from each of the 19
annealed structures. These were then averaged to provide
representations of the ﬁnal computed spectra for both the NVT
and NpT trajectories. Since experiments are predominantly

■

RESULTS AND DISCUSSION
Molecular Dynamics. The NpT conditions could not be
maintained during the annealing because at computed high
temperatures the strands would not remain H-bonded and
would eﬀectively “evaporate”. Consequently, we computed the
19 NVT annealed structures and then ran both NVT and NpT
trajectories starting from those initial structures. The ﬁnal NpT
elementary cell size (periodic box) dimensions were very close
to the original postulated NVT structure of 66.00 × 9.77 × 8.07
Å3 based on the powder X-ray studies.35 This indicates that the
model geometry used as well as the Amber03 force ﬁeld might
be realistic for PLGA ﬁbrils.
Our postulated conformation corresponds to the β2 form of
PLGA which forms ﬁbrillar structures at low pH and higher
temperatures.4,35,49 This compact form with an intersheet
spacing of 8.07 Å was initially designated as β2 by Itoh and
Fasman35 to contrast with the more typical β1 form. For PLGA,
the β1 form diﬀraction data indicates a larger intersheet spacing
of 9.35 Å, and it condenses as a less dense gel from the soluble
pH ∼ 4 (α-helical) PLGA solution immediately upon heating.
By contrast, the β2 form requires extended incubation at higher
temperatures, and can be further aﬀected in yield by lower pH.
These forms are also possible to obtain with Glu oligopeptides,
under somewhat diﬀerent aggregation conditions, and have
both been shown to have antiparallel sheet secondary structures
with possibly diﬀerent interstrand registries.36 The registry was
determined by isotopic labeling with Val and is likely to be a
function of the substitution sequence used.
In Figure 3, equilibrium distributions for various torsional
angles are plotted as averages of 19 annealing cycles (black
traces), which are almost identical to those obtained using only
9 annealing cycles (red traces), indicating convergence.
Additionally, the NVT and NpT trajectories result in very
similar angular distributions (Figure 3, left and right) with only
minor diﬀerences. The ω-torsion angle oscillates around the
usual value of 180°, and the relatively large amplitude suggests
unusual ﬂexibility of the otherwise planar and conjugated πelectron amide system.50,51 Only the terminal amides had any
propensity for the cis conformation, resulting in the small
population at ω ∼ 0°. Average φ and ψ angles (about −160 and
150°, respectively) correspond reasonably well to canonical
antiparallel β-sheet values (−139 and 135°).52 The side chain
angles χ1 and χ2 also exhibit surprisingly narrow distributions,
6939
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Figure 4. Simulated spectra (NVT ensemble) for the y2z3 ﬁbrillar
structure (transfer from F12) and experimental spectra for E10 ﬁbrils
formed at pH 1 in DCl/D2O solvent and room temperature. (For the
experimental data, the expanded COOD part of the VCD spectrum
is added as the blue dashed line; the residual experimental absorbance
at ∼1557 cm−1 is probably due to unexchanged amides, i.e., amide II
mode; because of diﬃculties in determining the concentration,
absorbance units are used, which suggests comparison is best done
on the basis of ΔA/A values referenced to peak absorbance
intensities.) Directions of the Cartesian axis are indicated; y and z
approximately align with the b and c monoclinic periodic box axes (α =
∠bc = 105°).

Figure 3. Equilibrium angular distributions calculated for the NVT and
NpT ensembles. The average obtained from 19 annealing cycles is
plotted in black, and an intermediate average from 9 cycles is in red.

calculated at 1735 cm −1 and observed at 1729 cm −1
corresponds to the CO stretching vibration of the COOD
group (as obtained in D2O solution). In the experimental
spectrum, this peak is slightly split for all Glu sequences but is
one band with a lower frequency shoulder for mixed sequences.
The splitting is less apparent in the averaged simulated
spectrum with the 10 cm−1 bandwidth, where only a shoulder
is seen. A more detailed analysis (dynamic normal mode
displacement) of the simulations suggests that two types of
modes contribute to this band, correlated to the cis and trans
orientations of the OD group with respect to the vibrating
carbonyl group. The cis orientation provides slightly lower
frequencies for this vibration, i.e., closer to the amide I region.
The absorption maxima calculated at 1681, 1636 (with a
weak feature at ∼1670 cm−1), and 1610 cm−1 are primarily
composed of CO stretching of the amide groups (“amide I”
bands) and may be associated with the experimental maxima
evident at 1642 and 1600 cm−1. The computed amide I bands
are all higher in frequency than the corresponding experimental
values and have a greater apparent dispersion. The COOD
vibrations show closer agreement with experiment; nevertheless, both spectral regions can be considered well-simulated
within expectations for the DFT method, which normally
overestimates frequencies of CO stretching motions.
Anharmonicity of the CO stretching potential and
solvent−solute interactions not completely encompassed in
the continuum solvent model53,54 both provide sources for part
of the error. The predicted CO stretching absorption
maximum intensity is larger for the COOD than for the
amide, whereas the opposite relative dipole strength is observed
experimentally. This is probably due to the dispersion
distributing intensity diﬀerently in the experiment (dominant

not much broader than those for φ and ψ, with maxima at
about −70 and 180°, respectively, and minor populations for
other rotamers (particularly χ1 at ∼70 and ∼170°). By contrast,
χ3 apparently can adopt many values but favors an extended
conformation (χ3 = 180°), as indicated by the probability plots.
Angle χOH is again rather constrained, either 0 or 180°, lying in
the COO plane, as expected. Although all of the angles strongly
prefer one or two positions, the simulations do not indicate that
the side chain geometries would adopt a regular crystal-like
pattern. At the high temperatures of the annealing (under the
NVT conditions), the side chains move freely but stay lined up
within the gaps provided by the side chains on the opposing
sheets, eventually becoming disordered due to χ3 at the
−COOH ends. However, the peptide backbone remains
aligned and stacked at T = 300 K for the NVT and NpT
runs, and this common aspect of the structure is maintained in
the trajectories.
Comparison of Modeled Spectra to Experiment. The
averaged simulated absorption and VCD spectra for the y2z3
(deuterated) system are plotted in Figure 4, and compared
there with the recently published experimental spectra for the
Glu10 oligopeptide ﬁbrils (E10).36 The E10 ﬁbril data is given
as a typical example; longer poly-glutamic acid chains as well as
models with Val or Leu substitutions provide somewhat
diﬀerent experimental VCD spectra that are dependent on
conditions of ﬁbril preparation and methods of sampling.4,36
The IR experimental pattern of PLGA ﬁbrils in various systems
is less aﬀected by chain length.4,49
In Figure 4, we can see a reasonable correspondence between
the observed and simulated IR patterns. The absorption peak
6940

dx.doi.org/10.1021/jp502178d | J. Phys. Chem. B 2014, 118, 6937−6945

The Journal of Physical Chemistry B

Article

amide I band, split COOD) and simulation (split amide I,
both intense, and single COOD) but also may be aﬀected by
the limited size of the ﬁbril for which we could simulate spectra,
since the experimental ﬁbrils are very long.4,36
Overall, however, the simulations seem to provide a
reasonable basis for interpreting the experimental spectra,
especially for the splitting of the amide I signal into the three
components and for the mode assignments. The modes
calculated around the 1682 cm−1 band provide transition
dipole moments predominantly polarized along the x-axis,
while the 1636 and 1610 cm−1 bands are y-polarized (see also
the decomposition of the spectra into the x, y, and z
components for a randomly selected snapshot in Figure S2
(Supporting Information)). This reﬂects the orientation of the
amide groups, more or less following the β-sheet plane.
Simulation of individual polarization components would be
particularly important for oriented samples. In some experiments, the y-direction would correspond to the ﬁbril growth
direction, as the ﬁbrils will predominantly lie in the plane of the
sample cell window. However, without some mechanical
orientation of the ﬁbrils, it is not practical to take advantage
of this internal alignment, since the x and z polarized modes
would be randomly oriented. Consequently, in this study, we
concentrate on the more general case of randomly oriented
ﬁbril precipitates.
The intense low frequency mode in β-sheets is y-polarized,
and these two bands, 1636 and 1610 cm−1, correspond to what
is normally an intense single band, but are split here, perhaps
due to our smaller structure or to edge eﬀects in the simulated
structure. The COOD modes are also predominantly polarized
in the y- and x-directions, although comparatively large zcomponents occur as well, and the vibrations do not appear to
be split according to the polarization.
The spectra in Figure 4 are averages of predictions for ∼190
structures obtained as snapshots from the MD runs. It is useful
to ask how the spectra for the 19 annealed structures vary.
There is a substantial intensity variation between them, but the
basic spectral pattern and the frequencies are in fair agreement.
In all, the −COOD feature at ∼1740 cm−1 is much more
intense than other bands, but the modes associated with it all lie
within a narrow range, having much less dispersion than the
amide I, since it arises from only TDC coupling of the
−COODs which occurs over larger distances. This lower
dispersion leads to the overall high band intensity, while
individual modes have similar intensities to those modes
contributing to the amide I bands. The simulated amide I
intensity for the snapshots is spread over four to ﬁve
components, with the most intense being that at ∼1640
cm−1. Most spectra have substantial bands at ∼1615 and ∼1655
cm−1, although frequencies and intensities vary. Weaker bands
occur at ∼1675−1685 and ∼1580−1590 cm−1 in some spectra.
Diﬀerent trajectories are qualitatively similar, but amide I
intensities vary as do diﬀerent snapshots in a trajectory.
The main simulated VCD features (Figure 4) are also
qualitatively consistent with the experimental results for PLGA
and oligomeric variants, as well as for some other ﬁbril
structures,4 in terms of peak positions, spectral shapes, and the
VCD/IR intensity ratios (ΔA/A = Δε/ε) if they are correlated
to the computed IR absorbance spectra (thus accounting for
diﬀerences in dispersion). Note that accurate determination of
the ﬁbril concentration is diﬃcult, and thus, the experimental
absorption/VCD spectra are given as dimensionless values of
absorbance or diﬀerential absorbance.

The most intense experimental amide I peak in the IR
corresponds to a positive “−,+” couplet. Each of the intense
computed amide I features (although split) is associated with a
couplet contribution of the same sign,31 often within the
broadened band shape used for comparison with experiment.
As in the IR, the computed positive VCD at ∼1609 cm−1 does
not have an experimental counterpart, perhaps due to an
imperfect averaging or edge eﬀects in the simulation. Despite
the split amide I band, the overall couplet pattern in simulated
VCD is qualitatively suggestive of the experimental results, with
the splitting of the more intense amide I modes resulting in a
more complex oscillating pattern that is exacerbated by our
extensive conformational averaging.
The simulated VCD/IR ratio for the amide signal (e.g.,
Δε1633/ε1636 ∼ 3 × 10−5) is much smaller than that for the
PLGA experiment (e.g., ΔA1588/A1600 ∼ 2 × 10−3). Such a low
simulated VCD intensity is consistent with our previous DFTbased results for models of idealized structures that have no
twisting in or between sheets.19,20 Part of this diﬀerence can be
explained by the ﬂattening that modiﬁed the initial slightly
twisted structure (Figure S1, Supporting Information) during
the annealing in order to make the model structure better ﬁt
the periodic boundary conditions of the monoclinic box.
Indeed, when we simulated the VCD spectra of the twisted
alanine analogue, the Δε/ε ratio increased by about 10 times
(see Figure S3, Supporting Information). The relative rigidity
of the periodic structure is a drawback of the present model,
which is otherwise well-suited to capture the compact geometry
in the β2 form of the PGA ﬁbril, including the side chain
dynamics and interactions.
As expected, VCD changes more dramatically than the
absorption spectra for the diﬀerent annealing cycles. In general,
the net couplet nature, positive to low frequency, of the amide I
VCD seen in the average VCD is detectable for each snapshot,
but the shapes and positions of the bands encompass a wide
variety of combinations. There is not a dominant interaction
coming through in the computed spectra but rather an
underlying consistent pattern that persists on the summing of
many structures.
For the −COOD signal, the simulated VCD/IR intensity
ratio (e.g., Δε1730/ε1735 ∼ 10−5) is again smaller than that for
the PLGA experiment (e.g., ΔA1732/A1729 ∼ 2 × 10−4) but has
better agreement than that for the amide I. Its simulated VCD
is thus relatively more intense than for experiment when
compared to the amide I but is actually much weaker in
absolute terms, and is composed of several overlapping
alternating sign features, also as seen experimentally. This
sort of pattern reﬂects coupling of the −COOD groups, but the
detailed shape is diﬃcult to compare to experiment due to the
multiple underlying bands. The overall +/− (1752/1739 cm−1)
simulated couplet is negatively biased, centered around 1740
cm−1, which would only approximately correspond to the
dominant negative 1732 cm−1 PLGA experimental VCD. Note,
however, that the experimental shape does vary signiﬁcantly
according to experimental conditions, substitution patterns in
hetero-oligomers, and even the length of the poly-glutamic acid
main chains. In many of these variants, this band exhibits a −/+
couplet (going to low frequency) which corresponds to the two
lower components of the three-peak pattern for the
experimental VCD of Glu10 shown in the bottom panel of
Figure 4.4,36 For our crystal model, reproducing the complete
sign pattern for the solution phase ﬁbrils might be a high goal.
6941
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Figure 5. Absorption (top) and VCD (bottom) spectral convergence with the number of independent annealing cycles, for y2z2. On the left-hand
side, relative integral errors (Δ = ∫ |S − Sf| dv/(∫ |S| dv∫ |Sf| dv)1/2, where Sf is the reference spectrum) are plotted for the carboxyl (1800−1700
cm−1) and amide I (1700−1550 cm−1) regions. On the right, spectra obtained by averaging of 9, 15, and 19 annealing cycles are plotted.

Figure 6. Absorption (top) and VCD (bottom) spectral convergence with the number of snapshots taken from a trajectory corresponding to one
annealing cycle and the y2z2 structure (as in Figure 5).

suggests that, as expected, the spectral shapes are mostly
determined by short-range interactions between neighboring
(in-strand) and direct cross-strand amide groups via covalent
and dipolar interactions.
Indeed, if we compute only the spectral contributions of the
inner, H-bonded amides and carboxyl groups, i.e., eliminate
those from the surface groups in y2z3 (by deleting the atomic
polar and atomic axial tensors, see Figure S5, Supporting
Information), this results in ∼30% loss of intensity in both the
IR and VCD due to fewer oscillators contributing to the
simulated spectra, but only relatively small changes occur in the
correlated amide I IR and VCD patterns. However, the
−COOD VCD signal changes more with respect to its
absorbance. The intensity is reduced by ∼50%, and the original
overall couplet is distorted to a diﬀerent pattern, W-shaped
(+/−/+, 1747/1735/1725 cm−1). The latter shape might oﬀer
an improved agreement with experiment, but the sign is a
problem and shape changes associated with this elimination of
surface residues suggest that getting better agreement will
require computing spectra for much larger structures, which
currently is not possible for us. The loss of IR intensity is less
dramatic and presumably corresponds to loss of those −COOH
groups on the outside of the sheet which have no explicit
acceptors for potential H-bonded interactions and are
eliminated in the surface deleted computations. The variation
in the VCD pattern for this mode is consistent with the
experimental variations in its VCD,. as seen for glutamic acid
ﬁbrils prepared in diﬀerent ways.4,31
The CO vibrations in the −COOD groups most likely
interact by dipolar coupling.33 Changing the model ﬁbril

Nonetheless, the relative intensities suggest we are getting some
residual local ordering of the COOD groups.
Probably the most important observation is that, in both the
experiment and these MD structure-DFT computations, the
−COOD band develops signiﬁcant VCD even though the
structures do not show an obvious systematic side-chain
ordering beyond the preferred angles (Figure 3). Normally,
such modes would have very little VCD due to their locally
achiral structures and the low level (due to longer distance) and
disordered coupling to other like modes. Certainly these
oligomers and PLGA itself at higher pH have no VCD from the
carboxylate, COO−, bands (shifted below the amide I).
However, the stacking of sheets constrains the side chains so
that they sample a reduced conﬁgurational space, as seen in the
distributions shown in Figure 3. Beyond this average
distribution, the local structures presumably favor a distribution
of near neighbor orientations so that the local dipolar coupling
is not random. Indeed, our snapshot structures often have
pairwise chiral coupling of multiple −COOD groups, which
presumably do not cancel on averaging and result in a
signiﬁcant residual VCD.
Spectra for Fibrils of Diﬀerent Sizes. The restricted size
of the models used for both the fragment and extended ﬁbril
can possibly cause errors in the simulated spectral patterns. To
estimate the eﬀects of terminating the ﬁbril in either direction
(extension of H-bonds or stacking), we simulated the IR and
VCD spectra for the smaller z2, z4, and y2z2 models (as shown
in Figure S4, Supporting Information) using the smaller F8
fragment. All three structures provide similar spectral patterns,
not much diﬀerent from the larger y2z3 model (Figure 4). This
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structure to add potential interactions, i.e., between aligned
sheet planes (the z2 → z4 elongation), and increasing the
extent of cross-strand coupling in single β-sheet layers (z2 →
y2z2) result in relatively minor spectral changes for these sidechain modes (Figure S4, Supporting Information). That the
increasing size does not increase VCD intensities or the VCD/
absorption ratio (i.e., ΔA/A, the g-factor) suggests that this
model does not encompass the underlying interaction that
leads to enhanced VCD intensity28,55 which has been reported
for some ﬁbril structures, and is primarily seen in the amide I
modes.13 Similarly, the simulated spectra are stable with respect
to the type of the dynamics: The NpT and NVT ensembles lead
to very similar spectra for y2z2 (see Figure S6, Supporting
Information). In the amide I and COOD regions, the VCD
has the same overall proﬁle after averaging over simulations for
structures from both sets of trajectories, with only minor
variation in detailed shapes.
Convergence of the MD Averaging. Given the partial
stochastical character of the side chain conformations, stability
of the simulated spectra with respect to MD parameters is of
primary interest. As can be seen from Figure 5 for y2z2
(simulated with F8), the absorption and VCD patterns
converge with increasing number of independent annealing
cycles that we sample to get initial structures for the
trajectories, but VCD shows more variation, primarily in
terms of spectral shapes. As expected, the −COOD IR and
VCD converge more slowly than the amide I, since the side
chains are more ﬂexible. Similar convergence behavior is seen
(Figure 6) with an increase in the number of snapshots
averaged along a trajectory for a randomly selected annealing
y2z2 geometry, except that the amide I IR showed more
variance than the −COOD IR for fewer snapshots. These MD
simulations suggest that the residual VCD of the glutamic acid
side chains originates in a net chiral relative orientation of the
COOD groups.
Atomic Contributions to the Spectra and the TDC
Model. To understand the ﬁbrillar spectra and the relative
contribution of other modes to the side-chain COOD
spectra in more detail, absorption and VCD spectra for a y2z2
snapshot are simulated with and without contribution of the
atomic intensity tensors localized on the amide (HNCO)
atoms (Figure 7). These results show that the CO stretching
modes from both the amide and COOD contribute almost
independently to the spectra. There is only a minor
contribution of the amide to the split VCD signal of
COOD at ∼1740 cm−1, which is apparent as an intensity
change. This suggests that interaction of the CO transition
dipoles, such as within the TDC mechanism,50,51 is the primary
source of observable VCD. For the COOD VCD, the
positive components of the “W”-like shape (the small and large
maxima at 1760 and 1725 cm−1) are related to predominantly
y-polarized modes, whereas modes contributing to the negative
lobe at 1740 cm−1 are x-polarized, which is consistent with the
patterns seen in our larger, y2z3 system simulation (Figure 4).
As a test of the applicability of the simpler dipole coupling
(TDC) model for simulating these spectra, comparison
calculations speciﬁcally for the amide and COOD CO
stretching modes were made for the same z2y2 structure using
transition dipoles computed using N-methylacetamide and
acetic acid as sources of the transition dipole moments, as
described in the Methods section. Addition of transition dipoles
corresponding to other modes, such as amide II (ND
bending and CN stretching) and amide A (ND

Figure 7. Absorption and VCD spectra of one y2z2 snapshot
simulated with atomic intensity tensors from just the −COOD and
from both −COOD and amide groups.

stretching), changed the resultant TDC spectral pattern by
less than 10%.
One can immediately see that the TDC spectra (Figure 8)
are simpler than the DFT ones (Figure 7), presumably due to

Figure 8. Absorption and VCD spectra of y2z2 (same snapshot
structure as in Figure 7) simulated using the TDC approximation, for
transition dipoles on the carboxyl, the amide, and on both
chromophores.

the reduced set of interactions considered with the TDC
method. The amide I IR is predicted as only an intense single
band, while the −COOD yields a split band. Due to this change
in mode dispersion, the VCD pattern that results is at least
quantitatively diﬀerent with the two models. The intense IR
single band amide I results in an intense positive VCD couplet,
which does reﬂect the E10 experimental results36 and provides
only a qualitative match to the DFT results in terms of the
VCD sign pattern and intensity.
As an inherent property of the TDC mechanism, the VCD
intensity is conservative (both the −COOD and amide groups
give positive and negative bands of nearly the same areas). The
TDC model potentially includes longer-range interactions, not
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present in the DFT computations due to the transfer of
parameters from limited size fragments, but these long-range
couplings do not have a large eﬀect, although they might
explain the −COOD IR band splitting, reproduced only
partially by DFT (cf. the discussion of Figure 4). The Δε/ε
ratio obtained by TDC is about the same as that for DFT,
probably because of the neglect of the ﬁbril twist in both
models. The −COOD VCD intensity in Figures 7 and 8 is
enhanced, since these are single snapshots without averaging.
Averaging over many snapshots causes more cancellation in the
side-chain modes due their increased variation in conformation.
We can summarize what was learned from the modeling of
poly-glutamic acid side chain VCD: It originates in a partial
chiral orientation of the −COOD groups on the side chains
and their dipole−dipole interaction. It is fairly uncoupled to the
amide and other peptide vibrational modes, and is polarized
within the side chain layer sandwiched between the β-sheet
planes. Using these insights, the VCD of this or other side
chains can possibly be used to probe the geometry of the
intersheet space as well as to complement the information
about ﬁbril structure obtained from the amide I modes.
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