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Abstract

Vibrational exciton models are widely used for the simulation of biomolecular
vibrational spectra, in particular of two-dimensional infrared (2D-IR) spectra. The
parameters entering such models, specifically local-mode frequencies and coupling
constants, are provided by vibrational maps, which have been parametrized agains
computational data for small molecules as well as experimental data. Here, we
put forward a novel approach for assessing the quality of these vibrational maps
against quantum-chemical reference data. For a test set comnsisting of molecular
dynamics snapshots of polypeptides and small proteins, covering different secondary
structure motifs, we we performed full quantum-chemical calculations of harmonic
vibrational frequencies and normal modes, and applied a localization of normal
modes to obtain localized-mode frequencies and coupling constants. These can be
directly compared to those predicted by vibrational maps. We find that while there
is a good correlation for the coupling constants and for local-mode frequencies of
isolated polypeptides, there is hardly any correlation for the local-mode frequencies
of solvated polypeptides. This striking finding calls into question the accuracy of
the electrostatic maps that are used to model the effect of the solvent molecules on

local-mode frequencies.
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1 Introduction

Unraveling the structure and dynamics of biomolecular systems requires spectroscopic
methods that are able to probe fast processes. Vibrational spectroscopy is an attractive
tool for such purposes, as — in contrast to X-ray diffraction or NMR spectroscopy — it
potentially offers femtosecond time resolution and is directly applicable to biomolecules in
aqueous solution [1H4]. In particular two-dimensional infrared (2D-IR) spectroscopy [5-8|
is a versatile spectroscopic method that can probe the secondary and tertiary structure
of biomolecules [9-{16] and that can be used to obtain a detailed picture of the ultrafast

dynamics in proteins [17-24].

However, vibrational spectroscopy does not provide direct structural information. There-
fore, the ability to extract structural and dynamical information from vibrational spectra,
in particular from 2D-IR spectra, crucially depends on the availability of computational
tools [25-27]. Only by predicting vibrational spectra for (models of) biomolecular struc-
tures and by carefully comparing predicted and experimental spectra it becomes possible
to establish relationships between the underlying molecular structure and spectral features
(for examples, see Refs. 28-32), and to extract structural and dynamical information from

experimental 2D-IR spectra [27],33,34].

While quantum-chemical calculations of vibrational spectra are well established [25], their
applicability for large molecular systems is limited by the required computational ef-
fort. This particularly holds for biomolecular systems, as the need to account for solvent
effects as well as conformational flexibility and dynamical effects further increases the
computational burden. Moreover, for 2D-IR spectroscopy a treatment within the har-
monic approximation is not sufficient, as 2D-IR spectra directly probe anharmonicities
as well as anharmonic couplings. Even though there has been considerable progress

in the development of efficient methods for anharmonic theoretical vibrational spec-
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troscopy [26},|35H38], quantum-chemical calculations of biomolecular 2D-IR spectra are

only just emerging [39./40].

Instead, the simulation of 2D-IR spectroscopy relies on vibrational exciton models [41],
which consider a simplified vibrational Hamiltonian of the form,

Ao = S (his, — A bb+ S gy (6 + 60 — 3 206]bb, 1

—Z(wz_ %)iz+2w i]+jl_z7iilzu (1)

i i>j i
to model a set of relevant vibrations. Here, 5j and b; are bosonic creation and annihilation
operators with respect to a basis of local oscillators (i.e., l;j creates a vibrational quantum
for the i-th local oscillator). The above vibrational exciton Hamiltonian contains as
parameters the harmonic frequencies of the local oscillators, @;, the anharmonic shifts A;
of these local oscillators, as well as the couplings J;; between local oscillators. For these
parameters, one applies an empirical model (vibrational frequency map), in which the
local harmonic frequencies as well as coupling constants are parametrized in terms of the
molecular structure and the electric field at the local oscillators. The anharmonic shift is

commonly modeled using a fixed value.

For the amide I vibrations in polypeptides and proteins, which have been extensively
studied in 2D-IR spectroscopy, such vibrational exciton models as well as the associated
vibrational maps for modeling the required parameters, are well established and widely
used for modeling 2D-IR spectra [42-47|. The vibrational maps used in such simulations
have been carefully constructed using quantum-chemical calculations for small model
systems, such as N-methylacetamide (NMA) as well as dipeptides [42,43] or by fitting to

experimental data [44L/45].

Vibrational frequency maps for the amide I region are commonly validated by compari-
son to experimental infrared and 2D-IR spectra, either for small model systems such as
NMA [45,48-50], or by applying them in the calculation of 2D-IR spectra of polypeptides

of proteins [44.46,/51-54]. While they generally do show a good accuracy in such a com-
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parison, such an approach is rather indirect and prone to error compensation. Spectra
simulated using vibrational exciton models depend on the interplay of all different parts of
the vibrational frequency map (such as the different contributions to the local frequencies
as well as the coupling constants) simultaneously, and it is not possible to trace back dif-
ferences between simulated and experimental spectra to specific components of the model.
Moreover, the simulation of vibrational spectra and their comparison with experiments
in solution additionally depends on molecular dynamics simulations, which require an
empirical force field, and errors due to these simulations as well as a mismatch between
the conditions in the simulation and in experiment might further mask (or amplify) errors

of the vibrational frequency map.

Quantum-chemical calculations for polypeptides and small proteins provide a way of ac-
cessing (harmonic) vibrational frequencies and normal modes for specific molecular struc-
tures. By performing a localization of the relevant normal modes (i.e., the amide I vibra-
tions) [55], one can reconstruct a picture in terms of the local oscillators that form the
basis of vibrational exciton models. This local-mode picture can be directly related to
vibrational exciton models [39,[56./57] and allows one to extract local-mode frequencies as
well as coupling constants. These, in turn, can be directly compared to those predicted

by vibrational frequency maps.

Here, we apply such a strategy to asses to accuracy of commonly used vibrational fre-
quency maps for the amide I vibrations by comparing their local-mode harmonic frequen-
cies as well as coupling constants to those extracted from quantum-chemical calculations

for a test set of polypeptides and small proteins.
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2 Theoretical Background

Starting point for the quantum-chemical calculation of vibrational spectra is usually the
harmonic approximation, in which the normal modes and vibrational frequencies can be

obtained by diagonalizing the mass-weighted molecular Hessian matrix,

H(m) o 1 0’F
T, JB N/ mrmyg aR[aaRJﬁ‘

(2)

Here, Ry, is the a = z,y,z Cartesian component of the position of the I-th nucleus
and my is its atomic mass. By diagonalizing the mass-weighted Hessian, one obtains
the eigenvalues wg, which correspond to the squared angular frequencies of the harmonic

vibrations, as well as the corresponding normal modes @Q,,.

In extended systems such as polypeptides, the normal modes are in general delocalized
over the whole system. For the amide I band, the normal modes consist of combinations
of the C=0 stretching vibrations of several peptide groups. To reconstruct a simpler
picture in terms of localized vibrations, one collects the subsets of modes that contribute
to the vibrational band of interest (e.g., the amide I band), @*"", and performs a unitary

transformation [55],

qub _ QSUbU, (3)

such that the resulting modes qub are “as localized as possible”. To measure the locality
of the resulting modes, we apply the atomic-contribution criterion introduced in Ref. 55|
Localized vibrational modes on the one hand provide a valuable tool for the analysis of
calculated vibrational spectra of polypeptides [29,30,32,[58-60] and polymers [61], and
can serve as a starting point for the efficient calculation of anharmonic vibrational spectra

[35,62-65], including the quantum-chemical calculation of 2D-IR spectra [39,/40%56].

In fact, vibrational exciton models are based on a similar picture: They assume that the

delocalized vibrations in extended systems emerge from coupled local oscillators. In the
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case of the harmonic approximation, the exciton Hamiltonian of Eq. reduces to,
frexciton _ - 77 AT
A =N b+ 3 iy (B1b; + B1bi) (4)
i i>j
and its eigenvalues are obtained by diagonalizing the matrix H®®" that contains the

local-mode energies hw,; on its diagonal and the coupling constants J;; as off-diagonal

elements.

The transformation matrix from normal modes to local modes, U can be used to construct

a coupling matrix,
Q=UTaU, ()

where (2 is a diagonal matrix with the normal-mode vibrational energies 7w, of the consid-
ered normal modes on its diagonal. By construction, the diagonalization of this coupling
matrix recovers the original normal modes as well as the corresponding vibrational ener-
gies and frequencies. Here, we postulate that the matrix H®**" underlying vibrational
exciton models and the coupling matrix Q that is accessible from quantum-chemical cal-

culations via a localization of normal modes, are identical, i.e.,
Hexciton — Q (6)

This opens up the possibility to obtain quantum-chemical reference values for the local-
mode frequencies as well as their coupling constants to those predicted by vibrational fre-
quency maps. For a more detailed discussion of the connection between a localized-mode
picture and vibrational exciton models that also goes beyond the harmonic approximation,

we refer to Ref. (7l

Vibrational frequency maps [41,/47] employ an empirical parametrization of the local-
mode frequencies w; and the coupling constants J;; that enter the vibrational exciton
Hamiltonian given in Eq. . For the local-mode frequencies, one commonly uses a

parametrization of the form

Wi = Wret + AwNN(@,i—l, %’,i—la ¢i,z’+1> ¢i,i+1) + Aweny (E;(T')a VE;(T))a (7)
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where the gas-phase frequency of NMA w, is used as reference point. The shift due to the
nearest neighbors Awyy is expressed as a function of the backbone dihedral angles ¢; and
; as derived from quantum-chemical calculations on N-acetyl-glycine- N'-methylamide
(glycine dipeptide, GLDP) [42]. All three vibrational frequency maps considered here use

the GLDP parametrization for the nearest-neighbor shifts, and express these as

AwNN(¢i,i—17 ¢i,i—17 ¢i,i+17 ¢i,i+1) = AwN(¢i,i—1a 77Z)i,i—1) + AwC(¢i,i+1a 77Z)i,i—|—1)7 (8)

where Awn(¢;i-1,%ii-1) and Awc(Piit1,¥iiv1) are obtained by interpolation between

the frequency shifts calculated in a two-dimensional scan of ¢ and ¢ for GLDP in Ref. 42.

The shift due to the electrostatic environment Awe,, is parametrized in terms of the
electric field (and possibly its gradient) at the atoms of the peptide group. Here, we
consider three widely used electrostatic maps, namely those by Jansen [43], Skinner [44],

and Tokmakoff [45].

The Jansen map employs a linear model in terms of the electric field E and the electric

field gradient VE at the positions of the C, O, N, and H atoms of the peptide group, i.e.,

AgJensen — Z Z caalo(ra) + Az VoE(Ta) + cany V.V Ey(ra)|, (9)
A=C,O,N,H La=zy

where the local coordinate system is chosen such that the z-axis is aligned with the C=0
bond and that the peptide group lies in the xy-plane. The coefficients are determined by

a fit to calculations for NMA, and and can be found in Ref. 43.

The Skinner and Tokmakoff maps have been determined by fitting to selected experimental
data, and include only the z-component of the electric field at the position of the carbon

and nitrogen atoms and at the oxygen atom, respectively, i.e.,

A Skinner _ %k)l(l;neI‘E ( )+ CIS\Ik)l(I)l(nerE ( ) (10)

env
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and

A GHE, (1), ()

For all three maps, the electric field of the environment is modeled via the charged WHAT?
of a classical force field (see also Section “Computational Details”). Finally, we note that

each of the three maps also uses a different reference frequency wye as its starting point.

For the coupling constants, the nearest-neighbor coupling constants are modeled explicitly
using the GLDP map as function of the backbone dihedral angles between the two peptide

groups, i.e.,

Ji,i+i = JGLDP((bi,iJrh wi,i+1>7 (12)

where JEPP is calculated by interpolating between the values calculated for GLDP in
Ref. |42. For the remaining couplings, one can can employ a transition dipole coupling
(TDC) model, in which these coupling constants are calculated as

Ji = pi by 3 i) (ry; - Nj)_ (13)

B ’%‘!3 N ’%‘!5

Here, we only consider the model by Torii and Tasumi [66], in which 7;; is a vector
pointing from one peptide unit to the other (using a suitable definition of the center of
each peptide group in terms of the atomic positions of the C, O, N, and H atoms), and
where p; and p; are local transition dipole moments, for which another parametrization

in terms of the geometry of the peptide group is used.

3 Results and Discussion

3.1 Test set and reference data

To assess the accuracy of vibrational exciton models, we constructed a test set of six

polypeptides that cover a range of different secondary structure elements (see Fig. .

9
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Alass a-helix Alays 349-helix

e)

.
Alass B-hairpin 1GPB 34g-helix Trpzip2

Figure 1: Molecular structures of the six considered polypeptides and proteins. (a) (Ala);s
a-helix, (b) (Ala);5 310-helix, (c¢) (Ala);5 S-strand, (d) (Ala);¢ S-hairpin, (e) 31o-helix from
1GPB, and (f) Trpzip2. Shown are the initial structures that were the starting point of
the MD simulations used to generate structural snapshots.

Our test set contains three polypeptides consisting of 15 alanine units, creating an a-
helix, a 3i9-helix, and a p-strand as typical secondary structural motifs. In addition, a
model of a S-hairpin consisting of 16 alanine units is considered. Finally, we included
a 31p-helix cut-out from glycogen phosphorylase B (1GPB) and the tryptophan zipper 2
(Trpzip2) protein, which forms a S-hairpin. The latter two test cases consist of 10 and
12 amino acids, respectively, and both contain two positively and one negatively charged
amino acid. With a larger variety of amino acid side chains and their positive total charge,
they make the test set significantly more diverse. All structures in our test set have been
capped at their C- and N-termini, where the N-terminus is bound to an acetyl group

(ACE) and a N-methyl amid group (NME) is added to the C-terminus.
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For each of these six structures, classical molecular dynamic (MD) simulations were per-
formed for the polypeptides solvated in water, and from each of these MD trajectories,
eleven snapshots were extracted. For both the isolated polypeptide structures extracted
from these snapshots as well as for the polypeptides solvated in water, partial geometry
optimizations were performed using density-functional theory (DFT). For the solvated
polypeptides, a simple QM /MM setup in which explicit water molecules contribute clas-
sically was employed. Details on the molecular dynamics and the subsequent quantum-
chemical calculations are given in the Section “Computational Details” at the end of this
article. This resulted in eleven structures per test case, except for the (Ala)s [-strand
and Trpzip2, where the geometry optimizations failed for one snapshot and thus only ten

structures could be optimized.

For each of these structures, the molecular Hessians were calculated, in which the relevant
amide I modes were identified and subjected to a localization, which provides local modes
(which can be assigned to the individual peptide groups), local mode frequencies, and
coupling constants between local modes (see Section [2| for details). Overall, the resulting
test set obtained from our quantum-chemical calculations consists of 822 amide I local
mode frequencies, 758 nearest-neighbor coupling constants, 694 second neighbor coupling
constants. The reference full data set containing all optimized molecular structures as well
as local-mode frequencies and coupling constants extracted from the quantum-chemical

calculations is available at Ref. 67.

For comparison, the local mode frequencies and coupling constants were calculated using
vibrational exciton models. In particular, we applied three different vibrational frequency
maps (Jansen [43], Skinner [44], and Tokmakoff [45]) in combination with the GLDP
map for nearest-neighbor shifts [42]. For the coupling constants, we employ Jansen’s
GLDP map [42] for the nearest-neighbor couplings and the TDC model of Torii and

Tasumi [66] for other couplings (see Section [2] for details). These vibrational maps were
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applied as implemented in the AIM program [47,68]. Further details are given in the

Section “Computational Details” at the end of this article.

3.2 Local mode frequencies for isolated polypeptides

First, we consider the isolated polypeptide structures and compare the local-mode fre-
quencies calculated using DFT with those predicted by vibrational frequency maps. Fig.
visualizes this comparison for each of the six test cases and for the three considered fre-
quency maps. Each panel plots the reference value for the local-mode frequencies cal-
culated using DFT on the horizontal axis, and the corresponding local-mode frequency
predicted by the vibrational map on the vertical axis. For each test case, all snapshots are
included, and the colors of the dots are used to indicate the position of the corresponding
peptide unit in the polypeptide chain. The local modes corresponding to the terminal
capping groups have been excluded in the plots. Some outliers, mainly found for Trpzip2,

might be outside of the plotted range.

Table I: Mean error ME#°bal [in cm™!] over all polypeptide structures in the test sets of
isolated and solvated polypeptides, respectively, and for the three considered vibrational
frequency maps. The mean values listed here are used to shift the local-mode vibrational
frequencies predicted by these maps.

Jansen Skinner Tokmakoff

isolated +32.9 +0.8 +34.4
solvated  +14.6 —19.4 +16.3

To aid the visual comparison of the local-mode frequencies and to remove systematic bias,
we have shifted the local-mode frequencies predicted by each vibrational maps by the mean
error calculated over all six structures (see Table , ie., mapshifted _ - map_ ) pglobal

where w"* is the local-mode frequency predicted by the vibrational map, and ME#g°! ig
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Figure 2: Comparison of the amide I local-mode frequencies [in ecm~!] predicted by the (a)
map,shifted

i (shown on the vertical

Jansen, (b) Skinner, and (c) Tokmakoff vibrational map, w
axis) and the reference values extracted from quantum-chemical calculations via a localization
of normal modes (shown on the horizontal axis) for isolated polypeptides. Each panel shows
the local-mode frequencies for all considered structural snapshots of one test case. The color

code indicates the position of the peptide group along the chain.
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the mean error calculated over the full test set. For a quantitative comparison, Table [[]

further lists the mean errors,
N

ME — l Z (wmap,shifted . wl.'ef)7 (14)

K3 3

and the root mean square deviation (RMSD),

2

N
1 :
RMSD = ¥ Z (w;map,shlfted . w;ef _ ME) (15)
i=1
for each of the considered structures separately. Here, the sums run over the N local
modes included in the test set for each structure, w™**""° are the (shifted) local-mode

ref
)

frequencies predicted by the vibrational frequency map, and w® are the corresponding
reference values obtained from the quantum-chemical calculation via the localization of
the normal modes. If the prediction of the vibrational map were perfect (except for a
systematic shift), all dots in the panels of Fig. |2l would lie on the diagonal. The ME is
visible as a shift of all dots parallel to the diagonal, whereas the RMSD is visible as the

spread of the dots around this shifted diagonal.

To put the size of the RMSD into perspective, Table. [[] also contains the RMSD of the

reference frequencies,

N
1
RMSDRef = N Z (erf _ (D;‘ef)Q (16)
i=1
with the average of the reference frequencies, w!*f = % vazl wi*f, Moreover, we have

calculated to coefficient of determination,

(RMSD)?

R=1-——22
(RMSDpe)?2

(17)

For the Jansen model (Fig. [2a), there is a very good correlation between predicted and
reference local-mode frequencies for the four polyalanine models. For the a-helix, there

is a systematic shift of ca. 9 ecm™!, while for the other three models, the ME is below

14
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Table II: Mean error (ME), root mean square deviation (RMSD), and coefficient of deter-
mination (R?) of the amide I local-mode frequencies of isolated polypeptides predicted
by the vibrational frequency maps of Jansen, Skinner, and Tokmakoff, in comparison to
reference values extracted from quantum-chemical calculations via a localization of the
amide I normal modes. For comparison, the RMSDges of the reference values is also

included. All values are given in cm™!.

Jansen Skinner Tokmakoff

RMSDRet ME RMSD R? ME RMSD R? ME RMSD R?
Alays a-helix 11.4 -9.1 58 0.96 —-6.1 6.1 0.96 —-23 7.3 0.94
Alajs 310-helix  11.5 —-32 38 0.98 —2.7 51 0.97 +8.7 83 0.93
Alays pB-strand  12.0 -0.7 6.1 0.96 —5.1 6.8 095 —144 9.9 0.89
Alajg B-hairpin = 14.1 -1.6 77 094 -30 7.3 0.94 —6.6 11.5 0.86
1GPB 319-helix 21.4 +11.7 10.6 0.88 +11.3 11.2 086 +18.9 13.6 0.80
Trpzip2 30.6 +10.0 18.1 0.65 +13.1 20.7 0.54 +2.3 17.0 0.69

3.2 cm™!. In all four cases, the RMSD is comparable and amounts to 3.8-7.7 cm ™!

, and
the coefficient of determination is larger than 0.9 in all four cases. We note that the
color coding in the figure nicely highlights that local modes in similar positions in the
polypeptide chain appear at similar frequencies. For instance, for the a-helix and the
310-helix, the local-mode frequencies for the peptide close to both ends of the chain are
shifted to higher wavenumbers, while those in the middle of the chain appear at lower

wavenumbers. For the S-hairpin, the local-modes that lie within the turn are shifted to

particularly high wavenumbers.

The remaining two test cases, the 1GPB 319-helix and Trpzip2, feature a large variety of
amino acids in their protein chains. For both polypeptides, the local-mode frequencies
are spread over a larger range compared to the polyalanine models. While the correlation

between predicted and reference local-mode frequencies becomes worse, it still remains
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reasonable. For both models, there is a systematic shift of ca. 10-12 cm™!, and the RMSD
amounts to 10.6 cm™! for 1IGPB and to 18.1 cm™! for Trpzip2. While for 1GPB, R? is

still as large as 0.88, it drops to only 0.65 for Trpzip2.

For the Skinner model (Fig. ), we find a similar picture. For the four polyalanine models,
there is a very good correlation between the predicted and the reference frequencies. The
MEs amount to between —2.7 and —6.1 cm ™!, and the RMSDs between 5.1 and 7.3 cm ™!
are very similar to those of the Jansen model. Again, the coefficient of determination is
larger than 0.9 for all four polypeptide models. Also for the 1GPB 3;p-helix and Trpzip2,
the results are rather similar to those of the Jansen model, with slightly larger RMSDs

and slightly lower R? of 0.86 and 0.54, respectively.

For the Tokmakoff model (Fig. [2c), the predictions of the vibrational map cover a smaller
range of wavenumbers. For the four polyalanine models, the agreement between predicted
and reference local-mode frequencies becomes significantly worse, and in the plots, they
appear to correlate with a slope different from one. The systematic shifts (MEs) now
vary between +8.7 and —14.4 cm~!, and the RMSDs increase to ca. 7.3-11.5 cm™!. Nev-
ertheless, for the 1GPB 319-helix and for Trpzip2, the overall correlation is comparable
to the other two models, with RMSDs of 13.6 and 17.0 cm™! and R? of 0.80 and 0.69,

respectively.

Overall, our results show that when considering isolated polypeptides, for the local-mode
frequencies all three vibrational maps are in reasonable agreement with the reference
values extracted from quantum-chemical calculations. For the Tokmakoff model, the
correlation between predicted frequencies and the reference values is slightly worse, in
particular for the polyalanine test cases. For all models, the performance is worse for
the more realistic test cases that feature different amino acids than for the polyalanine

models.
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3.3 Local mode frequencies for solvated polypeptides

Next, we turn to the models of polypeptides solvated in water, and again compare the
local-mode frequencies predicted by the Jansen, Skinner, and Tokmakoff maps to ref-
erence values extracted from quantum-chemical calculations. Note that because in the
quantum-chemical calculations, the solvent water molecules are described as point charges,
the electrostatics of the solvent are described consistently in both the quantum-chemical
calculations and when applying the vibrational maps.

Table III: Mean error (ME), root mean square deviation (RMSD), and coefficient of deter-
mination (R?) of the amide I local-mode frequencies of solvated polypeptides predicted
by the vibrational frequency maps of Jansen, Skinner, and Tokmakoff, in comparison to

reference values extracted from quantum-chemical calculations via a localization of the

amide I normal modes. For comparison, the RMSDgs of the reference values is also

included. All values are given in cm™1.

Jansen Skinner Tokmakoff

RMSDRet ME RMSD R? ME RMSD R? ME RMSD R?
Alajs a-helix 13.1 -3.2 11.7 041 =27 13.0 0.28 +5.3 179 <0
Alajs 310-helix 13.1 +2.8 109 049 +24 124 034 +16.3 188 <0
Alays -strand 14.7 —14.3 14.8 0.06 —14.1 175 <0 —227 228 <0
Alayg B-hairpin - 16.7 -5.6 170 <O -76 177 <0 —11.5 205 <O
1GPB 319-helix 15.5 +18.5 13.5 0.22 +18.1 155 <0 +24.0 199 <O
Trpzip2 15.3 +104 195 <0 +35 263 <0 —5.8 203 <O

Fig. |3 plots the correlation for the three vibrational maps and each of the considered test
cases. Again, all local-mode frequencies predicted by the maps have been shifted by the
mean errors over all structures, which are listed in Table . The MEs, RMSDs, and R?

for each of the test cases are given in Table [[TI]

For the Jansen model (see Fig. [3a), we immediately notice that the correlation is signifi-
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Figure 3: Comparison of the amide I local-mode frequencies [in cm™!] predicted by the

(a) Jansen, (b) Skinner, and (c¢) Tokmakoff vibrational map, w4 (shown on the
vertical axis) and the reference values extracted from quantum-chemical calculations via a
localization of normal modes (shown on the horizontal axis) for solvated polypeptides.
Each panel shows the local-mode frequencies for all considered structural snapshots of

one test case. The color code indicates the position of the peptide group along the chain.
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cantly worse compared to the case of the isolated polypeptides. Visually, the scatter of the
dots in the plots is drastically increased for the four polyalanine models. This is confirmed
by the RMSDs, which increase by at least a factor of two and amount to 10.9-17.0 cm™*.
At the same time, R? drops below 0.5 in all cases, and becomes as small as 0.06 for the
f-strand and even smaller than zero for the S-hairpin. While for the quantum-chemical
reference values, some dependence of the local-mode frequencies on the position in the
peptide chain is still present (e.g., for the polyalanine a-helix, the local modes close to the
C-terminus appear at higher wavenumbers), such a dependence is mostly lost in the pre-
dictions of the vibrational map. For the remaining two test cases, the 1GPB 3;p-helix and
Trpzip2, the RMSDs are only slightly increased compared to the case of isolated polypep-
tides. However, the local-mode frequencies now cover a smaller range, which makes the

overall correlation appear worse in the plots, and results in an R? of 0.22 and of below

zero, respectively.

For the Skinner model (see Fig. ), we obtain a rather similar picture. For the polyalanine
models, the RMSDs increase to ca. 13.0-17.7 cm™!, which is at least twice as large as
for the isolated polypeptide models. Again, when looking at the plots and at the values
obtained for R?, it appears that all correlation between the reference values and the
vibrational maps is lost. Also for the 1GPB 3i9-helix and for Trpzip2, there is now a
noticeable increase of the RMSD (from 11.2 to 15.5 cm™! and from 15.5 to 26.3 cm™?,
respectively) of the RMSDs compared to the isolated polypeptides, and R? drops below

zero for both test cases.

For the Tokmakoff model, the plots in Fig. |3 indicate hardly any remaining correlation
between the local-mode vibrational frequencies predicted by the map and the reference
values provided by quantum-chemical calculation. For all six considered structures, the
RMSD amounts to around 20 cm™!, which is larger to the RMSD of the reference local-

mode frequencies themselves. Consequently, R? is below zero for all test cases.
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While for the isolated polypeptide models, all three considered vibrational maps were in
reasonable agreement with the reference values obtained from quantum-chemical calcu-
lation, the picture changes dramatically when looking at solvated polypeptides. Here,
we find that for the solvated polypeptides, there is hardly any correlation between the
local-mode frequencies predicted by the vibrational maps and the reference values ex-
tracted from quantum-chemical calculations. This is particularly striking, as in both the
quantum-chemical calculations and when evaluating the vibrational maps, the solvent

molecules are consistently treated as classical point charges.

3.4 Coupling constants

Besides the local-mode frequencies, the coupling constants between local modes are an-
other essential ingredient of vibrational exciton models. Therefore, we also compare the
coupling constants predicted by vibrational maps commonly used in simulations of protein

2D-IR spectra to the reference values extracted from our quantum-chemical calculations.

This comparison is shown in Fig. [4] for both the isolated and the solvated polypeptides.
These plots are restricted to the comparison of the nearest-neighbor couplings and of
the second neighbor couplings. To avoid complications arising from a phase difference
between the local modes in both calculations, we only compare the absolute values of
the coupling constants. In contrast to the local-mode frequencies, we do not apply a
shift by the global mean error, and instead show the unshifted data. For a quantitative
comparison, Tables and [V| list the MEs, RMSDs, and R? for each of the considered

test cases for the isolated and the solvated polypeptide models, respectively.

Looking at the plots in Fig. |4, one can clearly see the different coupling patterns for differ-
ent secondary structure elements. For the polyalanine a-helix, the nearest-neighbor cou-

plings are generally larger than the second-neighbor couplings, while for the polyalanine
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Figure 4: Comparison of the absolute values of the amide I nearest neighbor (blue dots)
and second neighbor (orange dots) coupling constants [in cm™!] predicted by the GLDP
model for the nearest neighbors and by the TDC model of Torii and Tasumi for all other
couplings (shown on the vertical axis) to the reference values extracted from quantum-
chemical calculations via a localization of normal modes (shown on the horizontal axis) for
(a) isolated polypeptides and (b) solvated polypeptides. Each panel shows the local-mode
frequencies for all considered structural snapshots of one test case.
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Table IV: Mean error (ME), root mean square deviation (RMSD), and coefficient of
determination (R?) of the absolute values of the amide I local-mode couplings of isolated
polypeptides predicted with the GLDP model for nearest neighbors and the TDC model
of Torii and Tasumi for all other couplings, in comparison to reference values extracted
from quantum-chemical calculations via a localization of the amide I normal modes. For

comparison, the RMSDg,¢ of the reference values is also included. All values are given in
—1

cm
nearest neighbor second neighbor

RMSDgress ME RMSD  R? RMSDgps ME RMSD  R?
Alas a-helix 2.11 —1.11 074 0.92 0.87 —-0.92 0.67 0.96
Alais 319-helix  0.82 —0.08 0.75 0.91 0.74 +0.07 0.28 0.99
Alays pB-strand  1.79 +0.15 0.61 0.94 2.37 +0.02 0.80 0.94
Alajg B-hairpin = 1.89 +0.33 0.89 0.90 1.95 +0.12 0.55 0.97
1GPB 31¢-helix  1.01 —0.37 0.96 0.86 1.69 —0.08 0.59 0.97
Trpzip2 2.56 —0.28 1.50 0.65 3.29 +0.33 0.55 0.97

and 1GPB 3g-helices, this pattern is reversed. For the polyalanine §-strand, the polyala-
nine S-hairpin, and Trpzip2, the second neighbor couplings are significantly smaller than

for the helices.

Overall, for all considered test cases we find a good correlation between the coupling
constants predicted by the GLDP and TDC models and the quantum-chemical reference
values. For the isolated polypeptides (see Fig. 4 and Table , we notice that there are
some distinct systematic errors for the different test cases. For the a-helix, all couplings
are slightly underestimated by the vibrational maps, which is reflected by the MEs of
—1.11 and —0.92 for the nearest neighbor and second neighbor couplings, respectively. For
the polyalanine -hairpin, the nearest neighbor couplings between 2 and 5 cm™! appear

to be systematically overestimated, while for the polyalanine 3;(-helix, they feature a

bimodal distribution in which some couplings are systematically underestimated by the
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Table V: Mean error (ME), root mean square deviation (RMSD), and coefficient of de-
termination (R?) of the absolute values of the amide I local-mode couplings of solvated
polypeptides predicted with the GLDP model for nearest neighbors and the TDC model
of Torii and Tasumi for all other couplings, in comparison to reference values extracted
from quantum-chemical calculations via a localization of the amide I normal modes. For

comparison, the RMSDg,¢ of the reference values is also included. All values are given in
—1

cm
nearest neighbor second neighbor

RMSDgress ME RMSD  R? RMSDgps ME RMSD  R?
Alas a-helix 2.21 —-0.96 0.85 0.90 1.06 —1.47 082 0.94
Alais 3109-helix  1.01 —-0.26 0.77 0.91 1.30 —0.50 0.40 0.99
Alays pB-strand  2.15 —-0.12 1.01 0.85 2.44 —0.09 0.87 0.94
Alajg B-hairpin = 2.02 +0.12  1.11 0.82 2.06 —0.02 047 0.98
1GPB 319-helix  1.22 —0.45 0.77 0.91 1.40 —0.45 0.46 0.98
Trpzip2 2.64 —-0.47 135 0.74 3.45 +0.23 0.52 0.98

vibrational map, whereas others are systematically overestimated. Nevertheless, with the
exception of the polyalanine a-helix, the systematic shifts reflected by the MEs are below

0.4 cm™1!.

Except for Trpzip2, the RMSD of the nearest-neighbor and second-neighbor coupling
constants is smaller than 1 cm™! for all test cases, and the coefficient of determination R? is
larger than 0.86 and 0.94 for the first and second nearest-neighbor couplings, respectively.
For Trpzip2, the RMSD for the nearest-neighbor couplings is slightly larger and amounts
to 1.50 em ™!, which leads to a drop of R? to 0.65. However, for the second neighbors, the
accuracy of the vibrational map remains as good as for the other five test cases also for

Trpzip2.

When comparing to the results for the solvated polypeptides (see Fig. and Table |V)),
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we can find the same trends. The results are overall very similar, and the correlation
between the coupling constants predicted by the vibrational maps and the quantum-
chemical reference values remains very good. For the nearest-neighbor couplings, the
coefficient of determination R? is larger than 0.82 for all test cases, with the exception
of Trpzip2 for which it amounts to only 0.74. For the second-neighbor couplings, R? is

larger than 0.94 for all six test cases.

Overall, we find a good correlation between the coupling constants predicted by the con-
sidered maps, both for the nearest-neighbor and for the second-neighbor couplings, even
though we observe some systematic errors for specific secondary structure elements. Our
results are comparable for both isolated and solvated polypeptides, which demonstrates
that the influence of the electrostatic environment is rather small for the coupling con-

stants.

4 Conclusions and Outlook

We have applied a novel approach for the critical assessment of vibrational maps that are
used to parametrize the local-mode frequencies and coupling constants that enter vibra-
tional exciton models, which are in turn widely used for the simulation of biomolecular
2D-IR spectra. We have demonstrated that a localization of normal modes can be used
to extract local-mode frequencies and coupling constants from quantum-chemical calcula-
tions, which can be directly compared to those predicted by vibrational maps. This makes
it possible to assess the accuracy of the different ingredients of vibrational exciton mod-
els, which might be masked in a direct comparison of predicted spectra with experimental

data.

While quantum-chemical calculations for small model systems have previously been used

as an essential tool in the parametrization of vibrational maps, our approach is not re-
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stricted to specific models, and thus opens up the possibility of obtaining references for
realistic test cases, such as polypeptides and proteins. Here, we have a constructed a test
set consisting of MD snapshots of polypeptides and small proteins, and have obtained
quantum-chemical reference values for local-mode frequencies and coupling constants in

both the isolated and solvated systems.

The comparison of local-mode frequencies and coupling constants predicted by commonly
used vibrational maps to this quantum-chemical reference data allows us to draw a number

of conclusions concerning the quality of these maps.

First, we find a rather good correlation for the coupling constants, both in the isolated
and in the solvated polypeptides. Thus, it appears that these are well described by
the existing maps, which are able to predict the distinct coupling patterns of different
secondary structure elements. Second, we also find a good correlation for the local-mode
frequencies in isolated polypeptides. In this case, the vibrational frequency maps are
dominated by the nearest-neighbor shifts, for which all considered maps use the same

model.

However, both for the local-mode frequencies in the isolated polypeptide models and for
the nearest-neighbor couplings, we notice a that the correlation is worse for test cases
beyond polyalanine, i.e., for polypeptides featuring a larger variety of amino acids. This
might indicate that there is room for improvement by parametrizing amino-acid-specific

nearest-neighbor maps, both for the frequency shifts and for the couplings.

Third, we find that for solvated polypeptides, there is hardly any correlation between the
local-mode frequencies predicted by the considered vibrational maps and the quantum-
chemical reference data. Only for the Jansen map, there is some correlation for the
helical polyalanine test cases. This is in stark contrast to the situation for the isolated

polypeptides, and indicates that the electrostatic maps are not able to model the effect

25

https://doi.org/10.26434/chemrxiv-2024-s2jgl ORCID: https://orcid.org/0000-0002-6227-8476 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2024-s2jgl
https://orcid.org/0000-0002-6227-8476
https://creativecommons.org/licenses/by/4.0/

of the electrostatic environment of the solvent on the local-mode frequencies. Thus, we

believe there is a need to revisit these electrostatic maps.

The poor performance of the electrostatic maps in comparison to quantum-chemical ref-
erence data is particularly striking, as these maps are widely used for the simulation of
2D-IR spectra, and have shown good agreement with experimental spectra in many stud-
ies. This might indicate that the local-mode frequencies (and their change due to the
solvent environment) are actually less important for the prediction of 2D-IR spectra than

the coupling constants.

The quantum-chemical methodology employed here opens the door to a new approach for
the construction and validation of vibrational maps. Instead of relying on data for small
model systems, it now becomes possible to use reference data for realistic systems (i.e.,
solvated polypeptides and proteins). We plan to further explore this avenue in our future

work.

With respect to the electrostatic maps, our results suggest that a critical reassessment
of the existing approaches for the construction of electrostatic maps is necessary. To
this end, we suggest two complementary lines of research. First, it might be warranted
to reinvestigate the functional form underlying electrostatic maps, and possibly go be-
yond a linear dependence on the local electric field and field gradient, and to assess the

dependence of the electrostatic shifts on local mode parameters in more details.

Second, one can pursue a data-driven approach by employing the methodology put for-
ward in this work to generate larger reference data sets, which can then be used to
parametrize vibrational maps using machine learning [69-71]. Work along both of these

lines is currently in progress in our research group.

26

https://doi.org/10.26434/chemrxiv-2024-s2jgl ORCID: https://orcid.org/0000-0002-6227-8476 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2024-s2jgl
https://orcid.org/0000-0002-6227-8476
https://creativecommons.org/licenses/by/4.0/

Computational Details

The starting molecular structures for the four polyalanine test cases were constructed
using VMD [72] with the Molefacture plugin by using pre-defined backbone angles. For
the 319-helix cutout from glycogen phosphorylase B, we used residues 515 to 524 from
the PDB structure (PDB-Code: 1GPB), and for the tryptophan zipper 2, we also used
the PDB structure as starting point (PDB-Code: 1LE1) All structures were capped with

acetyl group (ACE) at the N-termini and an N-methyl group at the C-termini.

For each structure a multi-stage equilibration and optimization procedure was employed.
First, a molecular dynamic (MD) simulation was performed using Gromacs [73-75] and
the AMBER99SB-ILDN force field [76] and the TIP3P water model [77]. The padding of
the cuboid water box around the peptide was set to 1 nm, resulting in simulation boxes
containing 2000-4000 water molecules depending on the aspect ratio of the peptide. If
necessary, the net charge was equalized by replacing one of the water molecules with a
chloride anion. All structures were equilibrated at room temperature and standard pres-
sure. As no restraints were applied to the initial idealized structures, and the polypeptides
changed their conformations during the following MD runs. For the alanine a-helix only
the first 2.5 ns of the trajectory were used for extracting snapshots, while for all other
systems, snapshots were extracted from the whole 10 ns trajectories. For all extracted
snapshots, the peptides were re-centered in their water boxes before the quantum-chemical

calculations.

Subsequently, the molecular structures of all snapshots were optimized using DFT as
implemented in the TURBOMOLE program package [78-80] employing the BP86 exchange—
correlation functional [81,82] in combination with the Karlsruhe def2-TZVP basis-set [83],

following a pre-optimization with the def2-SVP basis set.

For the solvated polypeptides, we used a simple QM/MM setup with electrostatic em-
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bedding, in which the coordinates of the solvent molecules were kept fixed. All solvent
molecules were modeled classically as TIP3P point charges [77] with a Lennard-Jones
potential. We used atom-specific Lennard-Jones parameters by Freindorf and Gao, which
have been optimized for QM /MM geometry optimizations based on the TIP3P model [84].
For the isolated polypeptides, the water environment was deleted from the optimized snap-
shots of the solvated polypeptides, and the structures were re-optimized in vacuo with
constrained backbone dihedral angles. All optimized molecular structures are included in

the supplementary data set [67].

For the quantum-chemical calculations of the harmonic vibrational frequencies and normal
modes, we used MoViPac/SNF [85,86] in combination with TURBOMOLE, applying the
same setup as for the geometry optimizations (i.e., including the electrostatic potential
of the point charges, the corresponding interaction energy, and the interaction with the
Lennard-Jones potential. All frequency calculations were performed for the N-deuterated
peptides. For the localization of normal modes, we employed the LocVib package [55,87]

with the atomic-contribution localization measure.

For the calculation of the local-mode frequencies and coupling constants using vibrational
maps, we applied the AIM program [47,68], using the maps and parameters as described
above. To allow for the treatment of the ACE and NME caps in AIM, we used a locally
modified version [88]. For the 1GPB helix and for Trpzip2, the chloride ion was deleted
from the corresponding PDB file before the AIM calculation. Input scripts for AIM are

included in the supplementary data set [67].

Data Availability

A data set containing all optimized molecular structures of the isolated and solvated

polypeptides in our test set, all local-mode frequencies and coupling constants obtained
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quantum-chemically and with vibrational maps, input files for SNF and AIM, and Jupyter
notebooks for data analysis and for generating all plots and tables contained within this

article, are available in Zenodo at DOI: 10.5281 /zenodo.14181231 (Ref. 67).
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