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Abstract

Time-resolved Fourier transformed infrared (FTIR) spectroscopy of chemical reactions is highly
sensitive to minimal spatiotemporal changes. Structural features are decoded and represented
in a comprehensible manner by combining FTIR spectroscopy with biomolecular simulations.
Local mode analysis (LMA\) is a tool to connect molecular motion based on a quantum mechanics
simulation with infrared (IR) spectral features and vice versa. Here, we present the python-based
software tool of LMA and demonstrate the novel feature of LMA to extract transient structural
details and identify the related IR spectra at the case example of malonaldehyde (MA). Deuter-
ated MA exists in two almost equally populated tautomeric states separated by a low barrier for
proton transfer so IR spectra represent a mixture of both states. By state-dependent LMA, we
obtain pure spectra for each tautomeric state occurring within the quantum mechanics trajec-
tory. By time-resolved LMA, we obtain a clear view of the transition between states in the spec-
trum. Through local mode decomposition and the band-pass filter, marker bands for each state

are identified. Thus, LMA is beneficial to analyze the experimental spectra based on a mixture of
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1 | INTRODUCTION

Structural insights on the sub-Angstrom level are essential for under-
standing molecular reaction mechanisms in great detail.! Vibrational
spectroscopy explores molecular structures with highest spatiotempo-
ral resolution. Smallest changes even in the sub-Angstrom regime in
bond length are revealed by shifts in vibrational frequency.? However,
the complexity of geometrical changes and the coupling of vibrations
prevent the direct determination of the structure from the spectrum.
To analyze such small changes unambiguously, a thorough analysis
using theoretical approaches is needed. A combination of theoretical
guantum mechanics (QM) (or quantum mechanics/molecular mechan-
ics [QM/MM] for larger systems) and experimental approaches in

vibrational spectroscopy is well suited to connect atomic structural

states by determining the individual contributions to the spectrum and motion of each state.

computational chemistry, LMA, malonaldehyde, molecular dynamics simulations, proton

transfer, QM, QM/MM, software tool, theoretical IR spectroscopy, time-resolved, vibrational

properties with spectral features. This combination is well-established
and has been demonstrated in many applications.>*?

Using time-resolved Fourier transformed infrared (FTIR) differ-
ence spectroscopy, it is possible to study the structural transitions and
reaction steps in proteins in short time periods. This already enabled a
deeper understanding of various reaction mechanisms, such as the
light-driven proton pump bacteriorhodopsin'® or the GTPase mecha-
nism of the Ras protein.'* To eliminate the irrelevant absorptions,
FTIR difference spectroscopy is utilized. As a result, the variable parts
caused by protein function are obtained.

Recently, we introduced local mode analysis (LMA).*> LMA vyields
the theoretical FTIR spectrum from a single QM or QM/MM trajec-
tory. However, both the contributions of selected atoms to the com-

plete IR spectrum (local mode decomposition [LMD]) and the
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contributions of atom motion to a selected spectral band (band-pass
filter [BPF]) are identified and represented by LMA.

LMA is now publicly accessible as a python-based software tool,
which can be downloaded at https://github.com/MatthiasMa/Local-
Mode-Analysis and up-to-date information are available at http://
www.bph.rub.de/link_software_en.htm. In this publication, we give an
overview of the LMA features including their theoretical background.
We provide the required workflow and give details how to access all
capabilities of the method. In addition, we introduce state-dependent
LMA: During molecular dynamics simulations, different states of the
molecule are sampled including conformational changes or even
molecular reactions. The different states are identified and differenti-
ated either by structural parameters or by selected features of the
spectrum acquired from a time-resolved LMA analysis. As a result,
separate IR-spectra of each of the pure states are obtained. We show-
case the capabilities of LMA by applying it to the popular model sys-
tem for studying proton transfer; malonaldehyde (MA) and a

deuterated analogue.6-3°

2 | MATERIALS AND METHODS

Theoretical spectroscopy is based on the electric dipole moment cal-
culated from a pure QM simulation of the QM region from a QM/MM
simulations. The simulation generates classical trajectories of all nuclei
using energy gradients of the QM region and force-field gradients of
the environment. For protons, this approximation does not describe
proton transfer kinetics with sufficient accuracy but yields acceptable
vibrational spectra as will be shown the following. Dipole moments
result from the total density distribution of nuclei and electrons. This
impedes spatial localization of molecular movements by assignment to
bands in the spectrum, which is necessary to understand the origin of
IR spectra.

Here, LMA makes use of a partial charge (PC) model that approxi-
mates the total dipole moment pqm(t) from the QM part of the simu-
lation by mpc(t),which is a sum of atomic moments s,(t) calculated at

each time step from coordinates r,(t) and partial charges q,(t) as

sk (t) = aw (t)-rk(t) 1)

For all further steps, we refer to the former publication.?®> The
model allows the assignment of local motions to the spectrum by
LMD and of spectral features to the molecular dynamics by band-pass

filtering. The agreement between the IR spectra

Aqm(@) o @?F, [(1(0)-n(t))] )

derived from pqm(t) and

Apc ((U) o< (Uz F(uKm(O)m(t))]

x o’m(w)-m* ()

= ;wzsk(a))sf(w).

Su

derived from mpc(t) is a prerequisite for the decomposition of the
spectra. This agreement should always be checked for the system of
interest. Note that Equation (2) applies to the complete spectrum

including high frequencies because, in the simulation, the nuclei follow

classical trajectories with a statistics that obeys the equipartition

theorem.”

2.1 | Time-dependent LMA

Time-dependent LMA aims at analyzing spectra of systems that
undergo transitions. It decomposes the trajectory based on the given
number of time windows into subsequent segments of the same
length L, which are separately evaluated. Therefore, the distance
between segments is homogenous and segments can overlap. The
segments have to be long enough to gain a stable IR spectrum and
short enough to capture configurational states separated by transition
events. Stable IR spectrum means a smooth change between time seg-

ments without transition.

2.2 | State-dependent LMA

The state-dependent LMA analyses the trajectory for selected geo-
metric features and decides whether the given feature meets the cri-

teria for the desired state. One defines a function d(t) by

1 if criterion is met
d(t)= { “4)

0 else
for selecting state-dependent contributions. It is smoothed by a

Gaussian filter to become El(t). This smoothed function is applied to

si(t) as multiplier to get atomic moments

$(t) =d(t)-s(t) (5)

for the selected state. Application of LMA to $,(t) provides the IR
spectrum and the decomposition of the isolated state. Once the IR
spectra of different states are obtained, differential IR-spectra can be
generated by subtracting the IR spectrum of one state from

another one.

2.3 | Simulation setup

The QM simulations were carried out for 3-hydroxy-2-propanal MA
and the singular deuterated MA in vacuum. We used TeraChem?®! at
the level of camB3LYP (6-31G*) for the simulations. Both simulation
systems have no boundaries. To equilibrate the two systems a 5 ps,
QM simulation with 0.5 fs step size was performed followed by a QM
production run of 100 ps with 0.5 fs step size leading to 200 000
frames that were analyzed by LMA. The simulations were carried out
using Langevin dynamics®2 and NpT conditions with 273.15 K and
0.0 bar using thermal coupling to the Langevin thermostat with a colli-
sion frequency of 5 ps~2. The point charges, which were used to cal-
culate the atomic moments are Mulliken charges,33 which are

calculated for every step of the simulation.

2.4 | Normal mode analysis

The normal mode spectra were obtained by the QM program suite
TeraChem®! with QM-optimized structures. For both processes, the

camB3LYP functional and the 6-31G* basis set were used.
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2.5 | Data processing

LMA uses the fast Fourier transformation (FFT) algorithm for FT.3% In
the default mode used in this work, all spectra were calculated using a
window function prior to the FT. The time-resolved spectra are com-
posed of 100 5 ps long time segments.

All trajectories were fitted by superimposing the center of mass
of all atoms to fit the translation but not the rotation.

All wavenumbers in spectra generated by LMA were scaled by
0.96 to correct the error of the camB3LYP (6-31G*) functional.3>3¢

The Gaussian filter used in the figures had a full width at half
maximum of four wavenumbers for LMA and 10 wavenumbers

for normal mode analysis (NMA).

2.6 | Used software packages

The LMA python (Python Software Foundation, https://www.python.
org/) package makes extensive use of the numpy®” package for pro-
cessing. For file input and output, LMA uses mdtraj®® allowing to use
a variety of different trajectory file formats. All plots are created with
the Python package matplotlib.>* The used color palette was opti-
mized by Brewer for color-blind readers with deuteranopia.®® All

structure figures are created using PyMOL.%!

3 | RESULTS AND DISCUSSION

In the following, we introduce the capabilities and usage of our here
developed python-based software tool for LMA. We give a general
workflow how to use LMA to connect molecular motion based on a
molecular dynamics simulation with IR spectral features and vice
versa. Finally, we showcase the benefits of the novel state-dependent
and time-resolved LMA features by identifying and separating the
time-dependent relationship between spectrum and atomic motion

for two distinct proton transfer-dependent states of MA.

3.1 | Capabilities

LMA contains four main modules: LMD, band-pass filter (BPS), time-
resolved LMA, and state-dependent LMA. These modules including
their key functionalities described in the following are made available
in a user-friendly way through a command line based python tool. The
key input is a three-dimensional trajectory file, which can be weighted
by a one-dimensional time series file. These files are processed within
LMA by the autocorrelation function to obtain different types of

vibrational spectra depending on the weighting.

3.2 | Local mode decomposition

The local mode decomposition uses an approximation of the total
dipole moment from the QM part of the simulation by a sum of atomic
dipole moments calculated at each time step from coordinates and
partial charges (Equation (3)). This approach allows breaking down IR
spectra into individual fractions directly attributable to their local ori-
gin. Thus, LMD calculates spectra directly derived from single atom

motion (atomic spectra) or from vibrational modes (mode spectra) so

that a direct connection between spectrum and local motion is
possible.

Atomic spectra reveal the contribution of each individual atom
within the IR spectrum. The interpretation of spectra is usually based
on NMA. To make our approach more comparable to NAM, we intro-
duced the mode spectra. When it comes to assigning certain vibra-
tional types within the spectrum, the contributions of atoms are
translated into vibrational modes. Each of this vibrational modes has a
corresponding bond and one of three possible orthogonal directions.
Thus, each bond has one stretching and two bending directions. The
bending directions orientate on the neighboring atoms to separate
into an out-of-plane and an in-plane direction. This partition enables a
generalized translation into the intuitive and common stretching,
bending, and torsional vibration modes of molecules as described in
detail in our former publication.*®

To obtain all atomic and mode spectra of the QM region at least
the trajectory of coordinates, the time-series of the corresponding
partial charges to weight the coordinates and a topology file need to
be passed to LMA. A spectrum based on time-independent constant
partial charges is obtained by weighting the coordinate trajectory file
with the averaged partial charges. A mass weighted mechanical vibra-
tional spectrum where the charge influence is completely removed is
obtained if no weighting file is hand over to LMA, which means a
weighting of all entries with one. The Aqum(w) spectrum that is derived
from the total wave function dipole moment uqm(t) is obtained by
passing solely the trajectory of the QM dipole moment of the total
QM region as input file to the LMA.

3.3 | Band-pass filter

The BPF goes in the reverse direction as the LMD by deriving molecu-
lar motion within the simulation trajectory just for a specific part of
the spectrum. BPF provides immediate access to structural informa-
tion encrypted in the IR spectrum by visualizing the oscillation of
molecular structures within a selected spectral band. The BPF uses
the atomic coordinates of the simulation trajectory, which are reduced
in Fourier space for the desired frequency band followed by Fourier-
back-transformation. The BPF is similar to the visualization of normal
mode vibrations, but it is derived from the data out of an MD simula-
tion so the resulting trajectory consists of all translations, rotations,
and conformational changes in addition to the desired vibrations.
Thus, molecular vibrations and their changes are visualized over the
course of time in correspondence to chemical reactions or other tran-
sition processes occurring as shown in the Supporting Information
SM1 [https://youtu.be/ombxxCvtUAw].

To obtain a coordinate trajectory reflecting the atomic oscillations
for a selected spectral region, the trajectory of coordinates and a
topology file needs to be hand over to LMA as well as the BPS mode
needs to be enabled and the spectral region that should be analyzed

needs to be specified.

3.4 | Time-resolved LMA

The time-resolved LMA monitors different states of the molecule that

are sampled because of conformational changes or reactions like
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proton transfer during the simulation and marker bands for these
states can be identified. Here, the trajectory is divided into time seg-
ments that are continuously evaluated by LMD. From the spectra of
the individual time segments, a temporal course of the spectrum is
obtained, which makes it possible to investigate molecular events in
the spectrum and compare them with the experiment. Time-resolved
LMA is beneficial for interpreting different states in experimental FTIR
spectra and also enables us to analyze kinetics of reactions.

To obtain a three-dimensional time-resolved IR spectra, the time
resolved mode needs to be enabled and the number of time windows

must be specified.

3.5 | State-dependent LMA

State-dependent LMA allows extracting one distinct IR spectrum cor-
responding to each of the different identified states. Individual states
are identified and isolated within the trajectory by defining thresholds
for specific molecular properties such as geometry. Subsequently, the-
oretical spectra are calculated from the respective states.

To obtain a pure spectrum of just one distinct state defined by
the existence of an individual bond, the switch bond option needs to
be enabled. The argument for the switch bond option is the bond
number, which is also displayed in the bond.info file that is written

out by default for any kind of LMA run containing a topology file.

3.6 | Workflow

The general workflow for employing LMA to connect spectral features
with structural motion to identify and to characterize the transient
events starts with the validation to use LMA with a certain method
for the determination of partial charges for the system of interest. The
basic prerequisite for employing LMA is that the calculated total spec-
trum Apc(w) based on the partial charges mpc(t) agrees with experi-
mental data or if no experimental data are available at least with the
calculated spectrum Aqm(w) based on the total QM dipole moment.
The accordance of Apclw) and Aqulw) also justifies the spectral
decomposition for the used partial charge model for the QM part of
the simulation. If these requirements are fulfilled, the spectra can be
decomposed into individual atom or mode spectra with LMD or the
atomic motions corresponding to specific spectral bands can be
extracted by the BPF. To identify different states, the simulation tra-
jectory is first investigated regarding possible different states. Key
geometrical changes, for example, the existence of certain bonds, are
used to define different states. In the case of proton transfer, the geo-
metrical feature is defined by which atom forms the bond to the pro-
ton. Each section of the trajectory is assigned to one of the states by
state-dependent LMA and separate spectra for each state are
obtained based on the defined geometry feature. Next, marker bands
that are only present in one state are identified by comparing the dif-
ferent spectra. These marker bands are assigned to specific vibrational
modes through the BPF or LMD. Finally, the shifts of the assigned
marker bands within IR spectra can be correlated with the change of

the geometrical features over time by time-resolved LMA.

3.7 | Case study: Malonaldehyde

We showcase the capabilities of LMA in the case example of Z-

A17,18,20—30 is a

3-hydroxy-prop-2-en-al, usually referred to as MA. M
small enol tautomer, which is already well understood and a popular
model system. Already 35 years ago, MA was studied with theoretical
and experimental IR spectrocopy'? with a later improved band assign-
ment.® Furthermore, it is perfectly suited to demonstrate the benefits
of LMA to extract transient structural details as MA exists in two
equally populated tautomeric states separated by a low barrier for
proton transfer. This low proton transfer barrier allows observing both
states within only a few ps QM simulation trajectory. A structural dis-
tinguishability of the otherwise degenerated states is achieved by spe-

cific isotopic labelling.

3.8 | Validation

First, we compare the calculated total spectrum Apc(w) of MA with
the experimental IR spectra of gaseous MA.2! Figure 1 reveals that
the calculated spectrum reproduces the experimental one very well,

indicating that the derived Mulliken partial charges are sufficient

(A)

—— theoretical IR spectrum
™ — experimental IR spectrum
£ y
=
: b= !
© NS
E H3 H1
[
©
~ H2
<<

1800 1600 1400 1200 1000 800 600 400
wavenumber / cm™t

—— theoretical IR spectrum
—— experimental IR spectrum
rest
OA - C3 stretching
mmm OB - C1 stretching

A (arbitrary units)

1800 1600 1400 1200 1000 800 600 400
wavenumber / cm™

FIGURE 1 IR spectrum of malonaldehyde. A, The theoretical IR
spectrum Apc(w) (pink) of MA derived by LMA from a 100 ps QM
simulation in comparison with the experimental IR spectrum?* (black)
of MA. B, Shown are exemplary vibrational modes obtained by LMD.
Like in experiments, frequent proton transfer leads to an equal
population of the tautomer with the proton bound to OA and OB,
respectively. The shares of the OA—C3 (blue) and the OB—C1
stretching vibrations (purple) on the total spectrum are the same,
because both bonds frequently interchange from single bond to
double bond [Color figure can be viewed at wileyonlinelibrary.com]
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for the description of MA. All Peaks are present, with only minor
deviations in positions and intensities. Comparing Apc(w) of MA
derived from more sophisticated charge schemes, namely electro-
static potential (ESP) and natural bond orbital (NBO) charges with
Aqmlw) reveals that employing the 6-31G* basis set Mulliken and
ESP charges result in similar spectra, whereas the spectrum based
on NBO charges has the highest deviation (Supporting Information
Figure S1). As Mulliken charges are the cheapest, fastest, and most
easy accessible charges, we used only Mulliken charges for the rest
of the calculations.

In Figure 1B, we show the dominant role of the carbonyl and
the hydroxyl group. According to the literature,*® the carbonyl
stretching mode is observed at 1 655, 1 593, and 1 358 cm~t and
the C—O(H) stretching mode participated to the bands at 1 655,
1346, 1 260, and 1 092 cm~L. In accordance, LMD assigns large
percentages of these peaks to CO stretching modes. As in the
experiments, frequent proton transfer within the trajectory leads to
an equal population of the tautomer with the proton bound to OA
and OB, respectively. As a result, the contributions of the OA—C3
and the OB—C1 stretching vibrations to the total spectrum are the
same, because both bonds frequently interchange from single bond
to double bond.

The two tautomers of MA are indistinguishable. Therefore, we
introduce a single deuteration at the hydroxyl carbon of MA (Figure 2)
to obtain two distinguishable states connected by the proton transfer
reaction. To validate our Mulliken partial charge model, we demon-
strate the similarity of the calculated IR spectrum Apc(w) with Aqm(w)
(Supporting Information Figure S2). There is no experimental spectrum
for MA with a single deuteration at the hydroxyl carbon reported in
the literature for further validation.

3.9 | Identifying transient states by LMA

By introducing the deuteration of the hydroxyl carbon, the two tauto-
meric states of MA become distinguishable (Figure 2A). State A (Z-
3-deutero-3-hydroxy-prop-2-en-al) is defined by the transient proton
being bound to the deuterons proximal oxygen atom (OA). State B (Z-
1-deutero-3-hydroxy-prop-2-en-al) is defined by the transient proton
being bound to the deuterons distal oxygen atom (OB). Tracking the
distance of the hydrogen atom H to each of these oxygen atoms
within the QM simulation trajectory allows for state assignment of dif-
ferent geometries of the trajectory as shown in Figure 2A. Through
state-dependent LMA, two separate IR-spectra (Figure 2B) are
extracted that correspond to the two different states. The spectra
shown in Figure 2B reflect the differences between the two states
and enables to assign marker bands that are only present in one of the
states. The key IR band of our focus is present in state A at
2290 cm~! and in state B at 2150 cm™'. Next, this identified marker
band needs to be assigned to structural vibrational modes. The spec-
tral band assignment is performed by both, BPF (Supporting Informa-
tion SM1 [https://youtu.be/ombxxCvtUAw]) and LMD (inset of
Figure 2B). The CD-D vibrational stretching mode v(CD-D) shifts by
—140 cm™! from states A to B. This band shift is in accordance with
the one observed by NMA of —130 cm™! for y(CD-D). The band

assignment of Y(CD-D) is already extensively discussed in the
literature, 161819

State-dependent LMA also identifies the proton transfer in the
none-deuterated MA and now enables a clear-cut assignment of the
contribution of the aldehyde (C=0) and the alcohol group (C—H), as
shown in the Supporting Information Figure S3.

To represent the through LMA obtained correlation between
structural changes in the trajectory and their spectral impact within
the different states, we overlay the time-resolved spectrum with the
average bond length between oxygen and proton of state B (Figure 3).
Each time, windows reveal a very good correlation between the aver-
age bond length and the position of the marker bands. All in all, the
correlation between state and band is clearly demonstrated by LMA.
This allows also for the reverse approach, the assignment of states
within a trajectory based on the presence of a marker band in the
time-resolved LMA. The correlation of structural and spectral features
can be an essential contribution for understanding experimental spec-

tra and molecular mechanisms.

(A) w7 state A state B Ry,

N
[3)

distance / A
N
o

1.5
1.0
—distance( OB - H ) — distance( OA-H )
0 20 40 60 80 100
t/ps
(B) theoretical IR spectrum (state A) theoretical IR spectrum (state B)

w2 CD-D stretching in state A
BN CD-D stretching in state B
=% NMA state A
= NMA state B

2300 2200 2100

1Y e

3500 3000 2500 2000 1500 1000 500
wavenumber / cm™

A (arbitrary units)

FIGURE 2 State assignment of proton transfer of C3-deuterated MA
out of a QM trajectory. A, We identified two different states within a
100 ps QM simulation of C3-deuterated MA based on the distance
over time plot of the proton-oxygen distance. In state A (cyan) the
distance between the hydrogen atom H and the oxygen atom OA is
below 1.2 A and in state B (red) the distance between the hydrogen
atom H and the oxygen atom OB is below 1.2 A. B, Using state-
dependent LMA, we obtained two state dependent IR spectra. The
bands (2 290 cm™? state A and 2 150 cm™? state B) that only

appear in one of the states are used as marker bands. The
decomposition of these marker bands through LMD reveals that the
bands are mainly evoked by the v(CD-D) stretching vibrational mode
as shown in the inset. The 1(CD-D) marker band differs by —140 cm™*
between states A and B, which is in accordance with the shift of
—130 cm™? calculated by NMA [Color figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 3 Correlation of marker band and the distance between the
proton and the respective oxygen atom. A, 3D representation of the
IR-spectrum over the time course zoomed to the in Figure 2B
identified marker bands with its assignment shown in the structure
below. B, 2D heat map representation of the 3D spectrum in A
combined with the mean distance of the proton from OB in each time
window (purple path). A very strong correlation of this distance with
the shift of the marker band in time is observed

4 | CONCLUSIONS

We have developed and successfully applied a python-based software
tool for LMA to correlate molecular details with spectral features and
vice versa. LMD calculates IR spectra for atom groups or a single
atom, which implies a decomposition and visualization of the contribu-
tions of the structural motions to the total IR spectrum. Band-pass fil-
tering visualizes vibrational modes belonging to observed IR-bands.
The visualization of spectral information through intuitive dynamic
structural models makes the otherwise difficult to interpret IR spec-
troscopic results readily available to structural chemistry and biology.

The new features of time-resolved and state-dependent LMA
enables to analyze also spectra of mixtures of different states or
experimental time-resolved FTIR spectra of chemical reactions. Thus,
LMA is suited to answer the questions about protein function that
arise when measuring IR spectra of molecular systems.

The application to the simple but commonly used case of proton
transfer in MA serves as prove of principle for time-resolved and
state-dependent LMA. More complex systems than MA likely need
longer QM trajectories to allow for sampling of the less frequently
populated conformations. Through the continuous raise of computer
power, larger molecular systems become available to be studied by
molecular simulations.*? The associated progress in hybrid method
development combining QM with MM simulation allows studying
active sites in small enzymes and large macromolecular complexes.*®
Thus, LMA is well suited as an IR spectroscopy tool applicable for

almost all kinds of molecular systems. We anticipate LMA to be

beneficial to evaluate spectra and to initiate further experiments to

test hypotheses about underlying protein function.

Software Availability

The LMA code is available under an MIT license and a user can flexibly
adapt the code according to the individual needs by importing the
LMA python package. The most recent version is available for down-
load at https://github.com/MatthiasMa/Local-Mode-Analysis. Up-to-
date information are provided at http://www.bph.rub.de/link_

software_en.htm.
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