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Abstract

We have combined infrared (IR) experiments with molecular dynamics (MD)
simulations in solution at finite temperature to analyse the vibrational signature
of the small floppy peptide Alanine-Leucine. IR spectra computed from first-
principles MD simulations exhibit no distinct differences between conformational
clusters of a-helix or [-sheet-like folds with different orientations of the bulky
leucine side chain. All computed spectra show two prominent bands, in good
agreement with the experiment, that are assigned to the stretch vibrations of the
carbonyl and carboxyl group, respectively. Variations in band widths and exact

maxima are likely due to small fluctuations in the backbone torsion angles.



Introduction

IR spectroscopy techniques are extensively used in the liquid and gas phase at finite
temperature to probe molecular vibrations. This provides information about the chem-
ical structure of a molecule and its interaction with the environment. Vibrational
spectroscopy has furthermore been successful in revealing the secondary structure of
peptides and proteins and allows to probe conformational dynamics via time-resolved
measurements’.

The dynamics of complex bio-molecules involves characteristics timescales ranging
from 1072 to 10° seconds i.e from structural vibrations to complex conformational
transitions. Peptides are frequently used model systems of proteins to study their
conformational dynamics because of their reduced complexity and the shorter time-
scales (up to milli- or micro-seconds).

Molecular simulations can assist to evaluate the dynamics at atomic level and to
find the conformations which are responsible for the vibrational fingerprints observed in
experimental IR spectra. Often, the assignment of the measured IR spectra is aided by
quantum chemical calculations (harmonic normal mode analysis) of one or few confor-
mations of the respective molecule in vacuum or by using implicit solvent models. The
spectra calculated for the different conformations are then matched with experimental
spectra to identify which conformation is responsible for the measured vibrational signa-
tures. This approach, albeit straightforward, lacks finite temperature, anharmonicites
and does not account for the explicit interaction with the solvent. These limitations
can be overcome by employing molecular-dynamics based approaches which are enjoy-
ing increasing popularity and have been used successfully to calculate IR spectra of
small peptides®™.

The computational expenses of such first-principles simulations, however, prevent
the exploration of dynamical processes on time scales beyond 10’s to 100's of picosec-

onds.



On the other hand, classical, force-field based MD simulations are a means to ex-
haustively sample the conformational space of a molecule. Such MD simulations com-
bined with Markov state models (MSMs) allow describing the conformational dynamics

of poly-peptides® .

The fixed point-charge model, typically used in force-field based
simulations, does not allow to take any change in electronic density into account and
therefore cannot accurately model the changes in dipole moment associated with the
vibrational motions.

Approaches such as frequency maps® ', instantaneous normal mode calculations !4,

15,16 " perturbed matrix methods!”, or polarisable force

quantum-classical descriptions
fields'? all attempt at combining the strengths of quantum chemical calculations (accu-
rate electron densities) with that of classical MD simulations (comprehensive sampling
of the conformational space).

In this work, we follow a combined approach by sampling the conformational dy-
namics of a small floppy peptide in water by classic MD simulations. From these data,
we constructed a MSM, identified the meta-stable sets and the time scales associated
with the slowest processes. For representative conformations of the meta-stable sets,
individual first-principles molecular dynamics simulations were performed. From these
simulations the vibrational signatures were then computed in the frequency range that is
most sensitive to the peptide conformation, so-called amide bands (1300-1800cm 1) 1819,
The experimental IR spectrum of Alanine-Leucine (Ala-Leu) in water was then assigned
by using the combined information from all the calculations.

We chose the peptide Ala-Leu because of its size: it is just large enough to exhibit
conformational dynamics and small enough to allow for long enough first-principles
simulations to compute IR spectra from. The uncapped zwitter-ionic form has the
further advantage of one charged carboxyl group and a carbonyl group, absorbing at
a different frequencies, compared to two carbonyl groups in a capped peptide which

absorb at similar frequencies. Furthermore, a transition that, in a longer peptide would



correspond to a a-helix/S-sheet transition via a torsion around one of the backbone
angles (¥.,), in the short peptide Ala-Leu rotates the carboxyl group. Because of
the chemical equivalence of the two carboxyl atoms, this rotation yields two chemically
equivalent conformations. The bulky side-chain of the Leucine amino acid furthermore

gives rise to richer conformational dynamics.

Methods

Theoretical background
Markov state models

A Markov state model of the long-time conformational dynamics is constructed from
discrete partitioning of the conformational space into micro-states' (Markov states) %20,
To this end, a transition matrix T is set up that estimates the underlying stochastic

process, here transitions between conformational micro-states of the system. The entries

of the matrix are

Tz’j (7') = P($t+r = j‘fﬁt = Z) (1)

The elements of the transition matrix represent the conditional probabilities of finding
the molecule in state j at time ¢t 4+ 7, given it was in state ¢ at time ¢. This matrix
defines a Markov process in which the propagation of the system is entirely determined
by knowing its present state x; and is independent of its past. The dynamic system
furthermore fulfils detailed balance, that is in equilibrium all processes are reversible

with the number of transitions ¢ — j equal to the number of transitions j — 1.

T

The eigenvalues \; (1) and eigenvectors r;, 1! (right and left) of the transition matrix

are important ingredients to understand the prominent features of the conformational

1Please not that a micro-state in the context of this work refers to a set of conformations and not
to a point in phase space.



dynamics

T (7)r; =1;)\ (7)

LT (1) =N (r)1]

The transition matrix is row-stochastic

N
> Ty(r)=1Vi (3)
j=1
and for ergodic dynamics its largest eigenvalue A\; (1) = 1 . The corresponding left
eigenvector is the stationary distribution.
The other eigenvalues |\;~1 (7)| < 1 define the implied time-scales which can be

understood as molecular relaxation timescales

T

T o () W

The corresponding eigenvectors represent the conformational transitions that occur on

those timescales®2%21,

Theory of Infrared (IR) spectra

According to Fermi’s Golden Rule, an infrared spectrum can be calculated through?? :
>, . 2
Iw) =3 > pl (f 1€ |0) [6(wps —w) (5)
i f

where € is the applied external field vector, i is the dipole vector of the molecular
system. [ (w) is the intensity as a function of the reciprocal wavenumber of the radia-
tion, w (in cm 1) and wy; is the reciprocal wavenumber associated with the transition
between the initial and final vibrational states of the system | i) and (f |, respectively.

p; is the density of the molecules in the initial vibrational state | ). Within Linear



Response Theory?3, the above equation can be rewritten as the Fourier transform of

the dipole moment autocorrelation:

1) = 222 [ a0 10)) explic) )
) = TR [ ) -7 0) exli) 7

where T is the temperature, kg the Boltzmann constant, c¢ is the speed of light in
vacuum, and V' is the volume. The angular brackets represent the statistical average,
as sampled by MD simulations, of the autocorrelation of the dipole moment i of the
absorbing molecule. Equation 6 yields the complete IR spectrum of the molecular sys-
tem. For the assignment to vibrations of molecular groups, power spectra are computed
from the Fourier transform of the autocorrelation of the velocities (equation 7) of indi-
vidual groups. See also review? on theoretical spectroscopy of floppy peptides at room

temperature.

Molecular simulations and analysis
Markov state model

Using the trajectory of partially deuterated Ala-Leu (see Figure 1) in deuterated water
obtained from classical MD simulations (see supplementary material for details), a
Markov state model was constructed on the conformational space spanned by the torsion
angles Y, Xreu s @rLew and e, (highlighted in Figure. 1). Such torsion coordinates
have proven useful to capture the essential dynamics of small peptides such as Ala-
Ley 20:24-27

The conformational space reduced to the four dimensions corresponding to torsion
angles was then discretised into micro-states (corresponding to conformational clusters),

based on the one-dimensional distribution of the torsion angles 1 4;, and xr., and the
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Figure 1: Scheme of the Ala-Leu peptide and the torsion angles ¥4, Xrew ;, @rew and
Yreuw used for discretisation of the conformational space. Note that ., is a pseudo-
backbone dihedral angle since there is no nitrogen atom of a subsequent amino acid, but
a second oxygen atom of the carboxyl terminus. “D” denotes a deuterium atom. Note
that Uy,., is a pseudo-backbone dihedral angle. That is, in the short peptide there is
no nitrogen atom of the next amino acid but an oxygen atom of the C-teminus instead.
A 180° torsion around V., thus does not mean an actual conformational change, but
rather an inter-conversion of two chemically equivalent structures.

two-dimensional joint distribution (the ramachandran plot) of the torsion angles ¢y,
and 1., (see Figure 2). Two states for the torsion angles 4, and X pey, respectively,
were found, while the ramachandran plot was divided into four conformational states.
Using all the possible combinations this defines 2 x 2 x 4 = 16 micro-states. The
MD trajectory was then projected onto these conformational states, resulting in 16
micro-states of conformations.

By counting the transitions between the clusters with lag time of 7 = 50 ps a tran-
sition matrix was set up. The lag time was chosen based on the onset of convergence
in implied time-scales (see equation 4) as calculated for varying lag-times (cf. the sec-
tion Markov state model in the supplementary material). Using then a robust Perron
Cluster Analysis (PCCA+)?® a coarse-grained transition matrix was constructed merg-
ing the micro-states into meta-stable sets. The number of meta-stable sets was chosen
according to the spectrum of the transition matrix (see section Markov state models

in the supplementary material) For the projection of the trajectory and the PCCA—+



analysis we used PyEMMA 2.

First-principles Molecular dynamics simulations

For one representative conformation of each micro-state, we performed first-principles
molecular dynamics simulations in explicit water. The same deuteration (ND3 and ND
in the peptide and D2O water) as for the classical force field simulations (see Molecular
mechanics simulations in supplementary material) was applied. The cubic simulation
boxes had a minimum distance of 0.4 nm minimum between the solute and boundaries
of the box. To keep the computational cost of the first principles simulations moderate,
this box size and therefore the number of water molecules is smaller than in the classical
simulations.. Periodic boundary conditions were applied in all three dimensions. Each
Ala-Leu representative conformation was further energy minimised using a conjugate
gradient algorithm?° by keeping the atom positions of the solute fixed and let the water
molecules relax around the solute.

We used the BLYP density functional with a Goedecker-Teter-Hutter double-zeta
basis set and corresponding pseudo-potentials as implemented in the CP2K 3! package.
Simulations were performed in an NVT ensemble. The temperature was controlled to be
at 300 K using a Nose-Hoover thermostat32. The time-step for the numerical integration
was 0.5 fs. Atom positions were saved every step and every 5" step Wannier localisation
was performed so as to monitor the changes in dipole moment33 38, For each of the
four representative conformations of Ala-Leu three to four individual first-principles
simulations were run for 20 — 80 ps (see Figure S5 for individual runs).

IR and power spectra were calculated from these trajectories using the TRAVIS3?
programme. Conformation and hydrogen-bonds analyses were carried out using MD-
traj?® and our own python and java scripts. All calculated spectra are scaled by 0.992

1

in frequency and then shifted by 85 cm™" shift so as to match best the most intense

band in the experimental spectrum.



Experimental setup

Infrared absorption spectra were taken with an Equinox 55 FTIR device (Bruker). Ala-
Leu (Sigma-Aldrich, CAS 3303-34-2) was dissolved in DO and placed between two
CaFy windows with a spacer thickness of 0.05 mm. Absorption of DO was subtracted
in Figure 4 to stress the absorption signals of Ala-Leu. Note, in D2O the exchangeable

protons will exchange to deuterons.
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Figure 2: Distribution of the torsion angles ¥ a4, Xrew ; @rew and ¥r., obtained from
the classical MD simulation of Ala-Leu in water.

Markov state model

Figure 3 shows the coarse-grained model as a transition graph between meta-stable
sets, together with representative conformations of the most probable micro-states in
the set. Meta-stable set I consists of micro-states with a left-handed helix conformation
and has the lowest probability. The transition into this set, corresponding to a torsion
around ®y.,, is the slowest process. The two other meta-stable sets, I and III, have
similar probability and are dominated by micro-states, labelled 0 and 4, and 2 and 6,
respectively (see Table S1 in section Markov-state-model in the supplementary material
for the complete list of micro-states in each meta-stable set and for further details).
The transition between the conformations in the two meta-stable sets II and III
corresponds mainly to a torsion around W,,.,. Transitions between micro-states within
the same set, i.e. between 0 and 4, and between 2 and 6, respectively, both correspond

to a torsion of the leucine side chain xrey-

11



Figure 3: Coarse-grained model of the conformational dynamics of Ala-Leu in water.
The three meta-stable sets, I-III, are represented as circles whose size corresponds to
the probability of the respective set. The thickness of the arrows between the circles
indicates the transition probability between a pair of meta-stable sets. The molecular
structures in the boxes next to the circles are representative conformations of the most
probable micro-states in the respective set. See Table S1 for the micro-states that
constitute each set. Arrows between the coloured boxes indicate the coordinate of
the conformational transition connecting two micro-states. The colour of the boxes
correspond to micro-state 0 (orange), 2 (green), 4 (blue), and 6 (magenta), respectively.
Carbon atoms are shown in cyan, oxygen atoms in red, nitrogen atoms in blue, hydrogen
atoms in white and deuterium atoms in pink. One of the two carboxyl oxygen atoms is
shown as sphere to illustrate the change in ¥, between meta-stable set II and II1. Note
that a WUp,-torsion of 180° inter-converts two chemically equivalent conformations.
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Infrared spectrum

In the course of the individual first-principles simulations initiated from conformations
representing micro-states 0, 2, 4, and 6, respectively, the system occasionally undergoes
changes in the torsion angles ¥ a4, Xrew s Prew and ¥, that correspond to transitions
between micro-states. Hence an individual simulation can be composed of parts that
belong to different micro-states, e.g., 0 and 2. In most simulations, there are only a
few jumps between micro-states. For the time series of torsion angles and the assigned
micro-state see supplementary Figure S5. In order to analyse the vibrational fingerprint
for individual micro-states, we have partitioned the first-principle trajectories by the
micro-states 0, 2, 4, and 6 and computed spectra from the respective parts of the
trajectories.

The experimental infrared spectrum of Ala-Leu in water is presented in Figure 4
together with the spectra computed from the first-principles MD simulations. The
assignment (given as labels in Figure 4) is based on the computed power spectra with
further aid from normal mode calculations (see supplementary material). The most
prominent band is the stretch vibration of the carboxyl group (¥vCOO) at ~1590 cm™1.
Note that the most intense band of the »COO vibration has been used to normalise
intensities and therefore it shows a relative intensity of one for all spectra. The other
band in the amide I region at ~1660cm~! contains components of the carbonyl group
(vC=0) and the peptide bond (vN-C). The intensity ratio of the two bands, vC=0
and vCOOQ , is well reproduced by the computed spectra. The vC=0 band is actually
composed of two contributions with varying intensity ratios as can be seen from the
spectra computed from the individual micro-states (Figure 4b)) and also indicated in
the considerable error in the composed, weighted spectrum. (Figure 4 a) middle).

The amide IT bands at ~1450 cm™! and ~1480 ¢cm™!, assigned to bend (§N-D and
dC-H) and stretch (vN—C) are slightly less well reproduced; the higher frequency band

is calculated at too high frequency (~1540cm™!) with too little intensity.
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The three smaller bands in the amid III region at ~1360cm™" , ~1390cm™}, and
~1410 cm ™! in the experimental spectrum are computed as one broad band at ~1380 cm™*
due to the averaging of several simulations, with also a significant variance in the in-
tensities. The spectra computed individually for the micro-states (Figure 4b)) give rise
to two shoulders, albeit with some error, which can be interpreted as corresponding to
the lower and higher frequency bands resolved in the experimental spectrum. The main
vibrational contribution stems from the terminal NDs-group but there are also COO
contributions in varying amounts, depending on the individual simulation. The C=0
group does not contribute to the bands in this frequency range. Although N-D and
N-C, according to the computed power spectra, move considerably with frequencies

around ~1380 cm ™!, these motions do not contribute to the IR intensity, corresponding

to only little change in the dipole moment along the movements.

Comparison of sampled conformations and resulting spectra

The distribution of the torsion angles within the partitions of trajectories belonging to
micro-state 0, 4, 2, or 6, respectively, are shown in supplementary Figure S7. Within
the range of the torsion angles Y ajq, Xrew » @Prew and Y., assigned to the respective
micro-states, there are different fluctuations within the individual runs, resulting in
wider, narrower, and occasionally almost bi-modal distributions.

The computed IR spectra show variations in the band assigned to the vC=0/vN-C
stretch vibration, both in intensity and the exact location of the maximum. In many of
the simulations, the computed vC=0/vN-C band has a shoulder, others show broaden-
ing, and in extreme cases (0-run4, 2-run2 in supplementary Figure S7), a second band
can be observed. Comparison with the distributions of ¢, shows that these corre-
spond to the shape of the vC=0/vN-C band in the IR spectrum in as much as narrow
bands are only observed for narrow distributions, and broad distributions, with shoul-

ders, correspond to a broadening or splitting in the vC=0/vN-C peak. This effect is
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Figure 4: a) Experimental (top) and computed (middle) Infrared spectrum of Ala-Leu in
water combined from the Boltzmann-weighted average of spectra computed for different
micro-states (bottom). b) Individual computed spectra of micro-states 0 (orange), 2
(green), 4 (blue), and 6 (magenta). The shaded areas indicate the error as computed
from the standard deviation from the mean.
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generally more pronounced in the power spectra than in the IR spectra, indicating that
the dipole moments are less affected by the variance in torsion angle than the velocities
of the C=0 and N-C groups.

A similar observation can be made for the distributions of 1., and the shapes of
the »COO bands. Narrow distributions correspond to narrow bands, shoulders in the
Wrey distribution correspond to shoulders or broadening in the ¥COO band.

The two bands in the amide II region are present in almost all computed spectra,
albeit with some fluctuation in their intensities. The §C-H contribution, mainly of the
Leu side chain varies in exact frequency, not always matching the computed IR-band
at ~1540 cm™!, suggesting only a minor contribution of 6C-H to the IR intensity.

The amide ITT region exhibits considerable variation of the band intensities. Neither
of the two regions shows any relation to the torsion angle distributions, likely because
the bands in this region are composed of motions by several groups, N-C, ND, and NDjy
with contributions of the COO group.

Analysis of the distribution of number of hydrogen bonds from the same parts of
the first-principles trajectories (Figure S6 in the supplementary material) shows that
all polar groups are almost always engaged in at least one hydrogen-bond with a water
molecule. In a few cases, (2-runl, 4-run3, and 6-runl) a second hydrogen bond between
C=0 and water is counted with > 30% probability. These are the runs of the respective
micro-state with the red-most ¥C=0O band, indicating a slightly higher probability of
further weakening of the C=0 bond by an additional hydrogen-bond in these cases.
For the simulation of micro-state 0 with the highest probability of a second hydrogen-
bond to C=0, the vC=0 band is on the low frequency side, too. This is, however,
also the case for other simulations of micro-state 0 with no particular relation to the

hydrogen-bond probabilities.
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Discussion

The probability distribution of peptide conformations obtained from the classical molec-
ular dynamics simulations suggest a left-handed helix to be very improbable in the
Ala-Leu peptide whereas conformations that correspond to a right-handed a-helix or
[-sheet dominate. PolyProline (pPII) conformations, which have been suggested to
coexist with (- conformers for the dialanine peptide?!, are observed in the classical
simulations of Ala-Leu only transiently. Accordingly, such conformations have not been
taken into account explicitly in the conformation-specifc first-principles simulations. In
one first-principle simulation, backbone angles that correspond to pPII-conformations
have been observed as transition states between two conformational states (4 and 6)
and thus only for short life-times (see Figure S5 4- runl).

All transitions between meta-stable sets as well as those between the two most
probable micro-states in the same meta-stable set ( 0 +— 4 and 2 «— 6, respectively),
equilibrate on time scales that are not accessible in the first-principles dynamics. Still, a
few conformational transitions between different micro-states are observed in the course
of some of the first-principles simulations. We have therefore dissected the first-principle
trajectories into parts that sample only the same micro-state and used these parts for
the computation of spectra.

The computed IR spectra show a considerable variance in the band intensities for
simulations of the same micro-state. In contrast, there are no (further) differences
between spectra computed for the different micro-states. This is to be anticipated for
spectra of micro-states 0 and 2, and 4 and 6, respectively, since these correspond to
chemically equivalent conformations. The conformational difference between micro-
states 0 and 4, and between 2 and 6, is the orientation of the leucine side chain as
defined by torsion angle xr.,. The effect on the amide region, if any, is smaller than
or comparable to the variances between spectra from different runs initiated from the

same conformation.
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The experimental and the computed spectra are dominated by the bands assigned
to the carbonyl (vC=0) and carboxyl (¥COO) stretch vibration, respectively. IR
spectra of several other small peptides (N-acetyl-Gly-N-methylamide, N-acetyl-Ala-N-
methylamide) with capped termini all show only a broad band assigned to the vC=0

stretch vibration??.

Computations of the spectra reveal that the vC=0O of Alanine-
dipeptide absorbs at almost the same frequency in either the a-helix or polyproline/ -
sheet conformation but with a width that corresponds to the experimentally observed

11,43~ Slightly longer peptides, that can form intramolecular hydrogen bonds

spectrum
and thereby stabilise folds such as turns, Ac-Ph-Pro or trialanine, are reported with
vC=0 frequencies that differ by ~ 20—30 cm %46, giving rise to a shoulder or a double
peak. Two-dimensional IR-experiments have furthermore revealed that the two peaks
are due to coupled C=0 dipoles rather than two conformations*’. Spectra of (Ala)s,
unlabelled and isotope-labelled with *C=0 and ¥C='®0 at individual C=0 groups to
shift their vibrational frequencies, show dual bands, separated by ~ 20 em~!, for both,
the isotope-shifted and the unshifted groups*®. Conformational analysis of classical MD
simulations, combined with models for transition dipole coupling, reveals the coupling
strength, and hence the detailed band shape, to depend on the conformation®®.

In the short peptide Ala-Leu studied in this work, there is only one C=0O group.
Any coupling would therefore have to be with the COO group. The »COO band is
observed at 1590cm™!, at the same position reported for IR spectra of tripeptides
((Ala)s,(Ser)s, (Val)z)*2. In Ala-Leu, the two groups, C=0 and COQO, exhibit two well-
separated (~50cm™!) vibrational signals of rather different intensity, suggesting no or
only very weak coupling. The vC—=0 band maximum differs by~ 20 — 30 cm™! between
simulations, some of which indicate a dual peak also within the same simulation. The
width of the frequency fluctuations for the computed vC=0O band indicates a relation
with the width of the distribution in torsion angle ¢r., sampled in that particular

simulation. The small differences in this torsion, and similarly of the ¥, torsion, give
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rise to fluctuations in the relative orientation of the C=0 and the COO groups (and
their corresponding dipoles). Likely, this also leads to fluctuations in the mutual impact
of the two groups. Whether and how much the two groups are indeed coupled has to

be revealed by future 2D-IR experiments.

Conclusions

The slow conformational dynamics of Ala-Leu in water is dominated by torsions around
backbone angles ¢, and ¥r.,. The slowest process can be attributed to changes in the
¢req torsion angles that lead to transitions to the least probable conformation, a left-
handed helix. The most probable part of the conformational space can be formally
assigned to the a-helix and fS-sheet regions (as assigned by a discretisation of the
relevant torsion angles). The inter-conversion of these two regions along ., is the
second slowest process. In the uncapped peptide, these two conformations are, however,
actually chemically equivalent and correspondingly exhibit the same spectral signature.
Another subdivision of conformations can be made by the orientation of the leucine
side chain, corresponding to a torsion around Y re,.

The IR spectra computed from the first-principles MD simulations reproduce the
experimental spectrum of Ala-Leu in reasonable agreement. In accordance with the
chemical equivalence of the conformers with the same absolute 1., value, their spectra
are very similar. And the orientation of the leucine side chain is not reflected in the
amide region of the vibrational spectrum of Ala-Leu as can be seen from comparison of
the spectra computed for individual conformations.

The amide I region is very well reproduced by the simulations. The two prominent
bands are assigned to the stretch vibrations of the carboxyl group, COO, and the
carbonyl group, C=0, respectively. Fluctuations in the backbone torsion angle ¥,

result in a broadening of the vCOO band. The simulations furthermore reveal the
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vC=0 band to be composed of (at least) two frequency components. The variance in
the exact frequency of this band can be attributed to mainly variations in the backbone
torsion angle ¢r., within the same area of the peptide fold. These small fluctuations
occur on short time-scales and are therefore averaged out in the experimental spectrum,

explaining the observation of only one broad ¥C=0O band.
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