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GRAPHICAL ABSTRACT

ABSTRACT

Cluster and continuum solvation computational models are employed to model the effect of hydrogen
bonding interactions on the vibrational modes of lumiflavin. Calculated spectra were compared to exper-
imental Fourier-transform infrared (FTIR) spectra in the diagnostic 1450-1800 cm™! range, where intense
Ve—c, Ve, Ve,—0, and ve,_o stretching modes of flavin’s isoalloxazine ring are found. Local mode analysis is
used to describe the strength of hydrogen-bonding in cluster models. The computations indicate that vc_¢
and vc_y mode frequencies are relatively insensitive to intermolecular interactions while the v¢,_o and
Ve,_omodes are sensitive to direct (and also indirect for vc,_o) hydrogen-bonding interactions.
Although flavin is neutral, basis sets without the diffuse functions provide incorrect relative frequencies
and intensities. The 6-31+G* basis set is found to be adequate for this system, and there is limited benefit
to considering larger basis sets. Calculated vibrational mode frequencies agree with experimentally
determined frequencies in solution when cluster models with multiple water molecules are used.
Accurate simulation of relative FTIR band intensities, on the other hand, requires a continuum (or possi-
bly quantum mechanical/molecular mechanical) model that accounts for long-range electrostatic effects.
Finally, an experimental peak at ca. 1624 cm™! that is typically assigned to the Ve,—o vibrational stretch-
ing mode has a complicated shape that suggests multiple underlying contributions. Our calculations
show that this band has contributions from both the C¢-C; and C, = O stretching vibrations.
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1. Introduction

Flavin-dependent proteins are found in all kingdoms of life,
where they are responsible for a wide range of biological processes
[1-4]. Flavoproteins typically bind either flavin mononucleotide
(FMN) or flavin adenine dinucleotide (FAD), both of which are
derivatives of riboflavin (vitamin B,). Flavin acts as a redox agent
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in many enzymatic reactions [5,6], although there are also multiple
instances where flavin catalyzes reactions with no redox change
[7,8]. Flavin has also been implicated as the active chromophore
in a number of photoreceptors and light-responsive enzymes [9-
13].

The physical and chemical changes accompanying catalytic and
photochemical processes in flavoproteins and the resulting
changes to the microenvironment such as H-bonding interactions
could be probed using Fourier-transform infrared (FTIR) spec-
troscopy. However, since proteins are macromolecules with multi-
ple functional groups, their congested FTIR spectra make it difficult
to isolate specific interactions. Flavins are multi-redox, photoactive
compounds that have multiple protonation states, making it possi-
ble to probe changes in their FTIR spectra as a result of some chem-
ical or physical change using FTIR difference spectroscopy (DS)
[14,15]. FTIR DS techniques [16,17] are sensitive to small changes
in intra- and inter-molecular interactions that may occur during
any process and are therefore excellent tools to probe flavin redox
chemistry or photochemistry [18].

The interpretation of experimental FTIR DS in proteins is not
always straightforward, in part because vibrational frequencies
and intensities are affected by electrostatic and H-bonding interac-
tions within the protein. On the other hand, it is precisely these
changes that make redox molecules like flavin useful probes of
their protein microenvironment. Interpretation of experimental
FTIR DS requires knowledge of how electrostatics and H-bonding
modify flavin’s FTIR spectrum. This knowledge can be obtained
from computational modeling.

One approach to interpreting how specific interactions modu-
late the FTIR spectra of a protein-bound molecule (e.g., flavin) is
with hybrid quantum mechanical /| molecular mechanical
(QM/MM) methods [19-22]. Several QM/MM methods and tools
have been developed to simulate FTIR DS of protein-bound mole-
cules more efficiently and to help assign peaks in experimental
spectra to specific molecular modes [23-26]. There are also some
recent instances where such QM/MM methods were employed to
simulate the FTIR spectra of flavins in different proteins [26-30].
However, while such calculations are specific to the protein being
modeled, it is also desirable to look at a straightforward model sys-
tem to try to understand how nearby interactions at different posi-
tions influence flavin’s vibrational spectra.

The goal of this study is to answer the following two questions:

1. Can explicit solvent or continuum solvation models reproduce
the relative frequencies and intensities of prominent peaks in
flavin’s IR spectrum in an aqueous solution?

2. How do specific non-bonding interactions with nearby polar
molecules affect the vibrational frequencies and intensities of
flavin’s isoalloxazine ring?
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We will focus on the four most prominent vibrational modes of
flavin’s isoalloxazine ring, which all appear in the 1450-1800 cm ™!
region for flavin in solution. Several experimental FTIR spectra for
FMN or FAD in solution are shown in Fig. S1 in the supplementary
information (SI) [31-37]. The four bands are observed near
1548 cm™! (veoc), 1580 ecm ™! (ven), 1640 cm™! (v¢,_0), and
1700 cm™! (v¢,—0) for samples in D,0. All experimental spectra
in Fig. S1 display bands within 5 cm™! of these indicated values
[31-34], with the exact frequency depending on whether experi-
ments employ FMN or FAD or whether the samples are in D,0 or
H,0 (the v¢,—o and v¢,—o bands are upshifted in H,0). The corre-
sponding normal mode atomic motions are shown in Fig. S2 of
the SI (the suggested assignments refer to the dominant vibrational
mode). Since we focus on vibrational modes of the isoalloxazine
ring of flavin, we employ lumiflavin as a model system (see
Scheme 1 for structures).

2. Methodology

The main goal of this study is to determine how intermolecular
interactions between flavin and other polar molecules influence
flavin’s vibrational mode frequencies. As a starting point to disen-
tangle the effect of such interactions, we modeled the FTIR spec-
trum of lumiflavin interacting with one water molecule placed at
different positions around the isoalloxazine ring. To find such
potential interactions, we used the approach outlined in Fig. 1.

The approach in Fig. 1 is related to previously reported Electro-
static Spectral Tuning Maps (ESTM) [38,39], and employs the open-
source python library pyvdwsurface [40]. In this work, the
approach is used to search for local geometry minima that repre-
sent different interactions between lumiflavin and water mole-
cules. While 92 structures were optimized, many of these
structures were similar, indicating there are only a few local min-
ima for isoalloxazine-water interactions. Specifically, eight posi-
tions were identified where water had a tendency to go. Waters
placed in the hydrophilic side of lumiflavin ended up in one of
the five positions shown in orange in Fig. 2, while waters placed
near the hydrophobic side of lumiflavin ended up in one of the
three positions shown in blue in Fig. 2.

In addition to those eight structures that each included a single
water molecule, we optimized several cluster models with multi-
ple water molecules. Specifically, we chose a structure with two
water molecules both H-bonded to one carbonyl (green structures
in Fig. 2) and three cluster models with more than two water mole-
cules (magenta structures in Fig. 2). The cluster models include a
model with all waters near the hydrophilic side (6W; a sixth water
was added near N5 to stabilize the two nearby water molecules) as
well as two models with waters both near the hydrophilic and
hydrophobic sides of lumiflavin (8W and 9W).

Lumiflavin: R = —CHs
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Scheme 1. The tricyclic structure common to FMN, FAD, riboflavin, and lumiflavin.
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Fig. 1. Approach used to find potential lumiflavin-water interactions. We first optimized lumiflavin in the gas phase (panel 1). We then used a surface that is 3.4 A from all
atoms of the molecule (panel 2) and located points on the surface at a density of 1 point per 5 A% (panel 3). Note that 3.4 A is slightly longer than the length of a typical H-bond
distance between heavy atoms. We placed an oxygen atom at each point and added two hydrogen atoms to each oxygen to get a total of 106 water positions (panel 4). For
lumiflavin in the presence of each one of these waters, we ran an unconstrained geometry optimization and frequency calculation (a total of 106 geometry optimization and
frequency calculations were performed, each with lumiflavin and one single water molecule). Of the 106 calculations, 92 converged to a structure where the water is

H-bonded or non-covalently bound to the lumiflavin.
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Fig. 2. Lumiflavin + water structures employed in this study. Structures in orange and blue regions were found using the approach outlined in Fig. 1. Structures in the green
region include two water molecules, while structures in the magenta region include six to nine water molecules. The labels, which will be used throughout this work, are
indicated next to each structure. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

All geometry optimizations and frequency calculations
employed the B3LYP density functional and 6-31+G* basis set,
unless indicated otherwise. B3LYP remains one of the most widely
used functionals for the calculation of ground-state frequencies
and has been found to be consistently reliable in many molecules
when used with a constant scaling factor [41-45]. Water molecules
were treated at the QM level in all cases. In addition to the models
shown in Fig. 2, lumiflavin’s geometry and frequencies were com-
puted using a polarizable continuum model (PCM) using the inte-
gral equation formalism (IEF) accounting for a water solvent [46].
Gas-phase models serve as a reference for the effect of solvation
or specific H-bonding interactions. For all models, only positive fre-
quencies were calculated.

FTIR experiments are normally conducted for samples in D,0
(Fig. S1) to avoid bands from intense water bending vibrations that
can overwhelm flavin bands of interest. Therefore, our frequency
calculations included an isotope effect by replacing all hydrogen
atoms likely to undergo isotope exchange with deuterium atoms.
Specifically, the flavin N3 hydrogen and all water hydrogens were
replaced with deuterium for the frequency calculations. All calcu-
lations were undertaken using Gaussian 16 software [47]. A com-
parison between frequency calculations with and without

deuteration are reported in Fig. S3 of the SI, and reproduce the
experimentally observed differences between flavin spectra in
H20 and D20

To quantify the strength of H-bonding interactions in the mod-
els shown in Fig. 2, local mode force constants [48,49] (k,) were
computed using LMODEA [50,51]. k, is a powerful metric for repre-
senting bond strength [52,53]| between two atoms described by an
internal bond length coordinate (q). Local mode theory has also
been widely used to determine the strength of non-covalent inter-
actions such as H-bonding [51,54-57].

Using LMODEA, k, was computed for hydrogen---acceptor (H---
A) non-covalent interactions. k, can be related to a more chemi-
cally intuitive parameter, the bond order (n), through a power rela-
tionship [58,59], as long as the bond order is defined with respect
to some reference. We employ equation (1) derived by Freindorf
et al. [56] to compute the H---A “bond orders” for flavin-water
interactions for each of the models in Fig. 2.

n = (0.532)k%*”® (1)

Freindorf et al. [56] determined this power relationship
between n and k, through a comprehensive computational study
of many H-bonding pairs. Specifically, for H---A non-covalent
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interactions, the bond order was calibrated using O for no
H-bonding interaction and 0.5 for the strongest ([F---H---F]7)
H-bond, where the hydrogen is equally shared between two fluo-
rine centers. For bonded interactions, n is 1 for the F—H monomer
(full single covalent bond). Using these reference values, the weak-
est H-bond reported by Freindorf et al. was between ammonia and
difluorine (n = 0.134) [56]. These values will serve as calibration
points for the discussion of H-bonding interactions in this
manuscript.

3. Results and discussion

Table 1 displays k, and n values for all of the H-bonding inter-
actions in the 9W model. n is computed from k, using Eq. (1). As
expected, the strongest interactions (largest k, and n) are between
water molecules and carbonyl oxygens. The values reported in
Table 1 are consistent with typical H-bond interaction strengths
reported in Ref. [56]. The N3—H---OH, interaction is also relatively
strong, likely due to the strong polarity of the N3-H bond caused by
aromaticity of Ns3. As similar strength has been observed in
H-bonding interactions involving imidazole [56].

The weakest non-covalent interactions in Table 1, as expected,
are C—H---water interactions, which do not constitute H-bonds.
The bond orders of these interactions, however, are of similar mag-
nitude (or even stronger) than interactions between ammonia and
non-polar difluorine reported by Freindorf et al. (n = 0.134) [56].
This is likely due to the small dipole in C—H bonds, which creates
a sufficiently strong dipole interaction with the water to keep itn-
earby during geometry optimizations.

To determine whether H-bonding interaction strengths are con-
sistent in the other models shown in Fig. 2, n was computed for
each H-bonding interaction in all the models. The results are
included in Table S3 in the SI. The calculations show that n is con-
sistent for each type of interaction in the different models, with the
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Table 1
Computed bond distance (q), local mode force constant (k,), and bond order (n) for
various H-bonding interactions in 9W.

Interaction Bond q(A) k. (mdyn/A) n

N;—HOH N;—H 2.093 0.122 0.30
N3—H—OH, H-0 1.853 0.231 0.35
C, = O—HOH O—H 1.874 0.199 0.34
C, = O—HOH’ O—H 1.713 0.334 0.39
C4 = O—HOH O—H 1.868 0.209 0.34
Ns—HOH Ns—H 2.069 0.134 0.30
Co—H—OH, H-O0 2.388 0.048 0.23
C;—Methyl—H—OH, H-0 2.649 0.023 0.19
Cg—Methyl—H—OH, H-0 2.705 0.033 0.21
C;—Methyl—H—OH, H-0 2.584 0.018 0.17
Cs—Methyl—H—OH, H-0 2.594 0.006 0.13

exception of H-bonding interactions near Ny; Since 6W, 8W, and
9W models include two water molecules in the vicinity of N;
and C, = O, the waters are well oriented in those systems to form
a strong H-bond with each of Ny and C; = O. However, in the case
of the N; and C, = O models with one water molecule (shown in
orange in Fig. 2), there is no water network to support two individ-
ual H-bonds and the single water interacts less strongly with both
the N; and C, = O of flavin, yielding smaller bond orders for those
interactions (Table S3).

Fig. 3 shows experimental (bottom panel, for FMN) and calcu-
lated (all other panels, for lumiflavin) IR spectra in the 1750-
1450 cm ™! region. The PCM model in Fig. 3 includes only the lumi-
flavin and PCM solvent, while all other models include explicit QM
water molecules without continuum solvation. All computed fre-
quencies were broadened using gaussians with an 8 cm™! full-
width at half-maximum (FWHM) to simulate the broadening
observed experimentally for the intense vc_ band near
1548 cm". Initially, a constant scaling factor of 0.964 was applied
to all computed frequencies (Fig. 3A) [45]. While those calculations
reproduce the main features observed experimentally, the calcu-
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Fig. 3. Experimental [32] (bottom panel) and computed (all other panels, each panel representing a different model) IR spectra in the 1750-1450 cm ™! region. Four bands
dominate the spectra and are assigned to vc_c (blue), vc_y (green), v¢,_o (grey), and v¢,_o (yellow). Colored dashed lines are used to help compare calculated and experimental
spectra. The background is colored in a way that corresponds to the color scheme in Fig. 2 to indicate the model used. In part A, calculated frequencies were scaled by 0.964,
while in part B the frequencies were scaled so that the vc_¢ calculated frequency is equal to 1548 cm™"'. The scale factors are indicated on the right side of panel B. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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lated bands in most models are consistently downshifted relative
to the experimental bands. Therefore, the calculations were
rescaled such that the calculated vc_¢ peak frequency is found at
1548 cm~', matching the experimentally determined frequency
(Fig. 3B).

In all models using explicit QM water molecules, a scaling factor
between 0.972 and 0.977 is needed to match the vc_c peak fre-
quency. However, the PCM model required a scaling factor of
0.987, considerably larger than the recommended 0.964 scaling
factor [45]. Of greater concern is that the PCM spectrum displays
an extra, relatively intense peak near 1520 cm~' (Fig. 3B) that is
not present in the experimental spectrum (or any of the other cal-
culated spectra). This additional PCM calculated peak is predomi-
nantly due to a coupled Cg = C;/Cy0. = Ny stretching vibration
(see Scheme 1 for atom number scheme, and see Fig. S4 left for
the normal mode atomic motions).

In the 6W-9W cluster models, there is a second vibration with a
relatively strong intensity that is only slightly offset from the
C, = O peak at around 1624 cm~!. This mode is due to a combina-
tion of C¢-C7 and C; = O stretching modes and is not easily resolved
as an identifiable peak in our broadened spectra. This may explain
why, in the experimental spectra, the vc,_o peak near 1640 cm™!
appears broader than the vc,_o peak near 1700 cm™'. A shoulder
is resolved at around 1640 cm™! in some experiments, especially
for FAD spectra but also in the FMN spectra of Iuliano et al. [32]
and El-Khoury et al. [33] (in D,0, see Fig. S1). The contribution of
such a mode to this peak has also been discussed in another com-
putational study [60].

In principle, the main internal coordinates that contribute to the
mode that displays a peak at 1624 cm™!can be determined using a
decomposition of normal modes into local modes [61,62]. How-
ever, in larger polycyclic molecules such as lumiflavin, the choice
of a set non-redundant set of internal coordinates required to per-
form such a decomposition is not obvious.

To more easily compare calculated and experimental frequen-
cies for the different molecular models, Fig. 4A shows a plot of
the calculated frequencies of each of the four modes (Vc_c, Veon,
Ve,—0, and v¢,_o) for the different models, using a constant scaling
factor of 0.964. With this scaling factor, none of the models give
calculated frequencies that agree well with experiments. However,
all models show a similar calculated frequency for the vc_c mode
(which is underestimated relative to the experiment based on
the chosen scale factor). This indicates that the vc_c modes are
not sensitive to any of the flavin-water intermolecular interactions.
Fig. 4B plots the data using a tailored scaling factor (the same scal-
ing factors shown in Fig. 3B). Using this frequency scaling, the PCM
calculated spectrum is more in line with the experimental data
(except the additional peak discussed above). An important obser-
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Wavenumber (cm-1)

vation, which may be useful in calculations for flavin in proteins, is
that the calculated frequency differences between the vc_cand vc_y
modes are similar for all the molecular models (Fig. 4B). That is, the
computed vc_¢ and vc_ymode frequencies are insensitive to the
molecular model, and hence are independent of H-bonding
interactions.

On the other hand, the v¢,_o and v¢,_o mode frequencies are
very sensitive to the interactions with water molecules (Fig. 4).
In the calculations, the v¢,_o and v¢,_o mode frequencies down-
shifts 69 cm~! and 57 cm™!, respectively, relative to the gas phase
when H-bonded to two water molecules (see data with green back-
ground in Fig. 4B compared to the gas phase). Additional waters
(i.e., in the 6W, 8W, and 9W cluster models; magenta background
in Fig. 4B) downshift the v¢,_o frequency further but upshift the
ve,—o frequency relative to the model where it is the only H-
bonded group. Overall, it appears that the v¢,_ofrequency is more
sensitive to H-bonding (even if that H-bonding is to other nearby
atoms) than the v¢,_o frequency, which is only downshifted by
direct H-bonding. When only the C4 = O is H-bonded but not
C, = O, the v¢,_o frequency is lower than that of vc,_o (see C4 = O
and 2(C4 = O) in Fig. 4B).

In summary, the calculations shown in Fig. 4B indicate that the
ve—c and ve_y frequencies are not sensitive to H-bonding interac-
tions, while the v¢,_o frequency displays the highest sensitivity
to any H-bonding near flavin’s hydrophilic ring. The v¢,—o fre-
quency is only shifted by direct H-bonding. These observations
are consistent with the flavin spectra in H,O and D,O (see
Fig. S4); using a deuterated solvent has the largest effect on the
Ve,—o peak, the next largest effect on the v¢,_o, and no detectable
effect on the vc_¢ and vc_y frequencies.

In addition to calculating the vibrational frequencies, we also
consider whether the calculations can reproduce the experimen-
tally observed relative intensities of the IR bands. Experimental rel-
ative intensities were established by considering the relative areas
under the FTIR absorption bands (using the relative heights is mis-
leading since the peaks are not broadened to the same extent). This
relative area is established by fitting each absorption band to a
gaussian function and then integrating to obtain the area under
each fit. The calculated relative intensities are obtained by dividing
the computed mode intensities for two peaks. The computed and
experimental relative intensities are compared in Fig. 5.

Experimentally, the vc_c band is more than 4.15 times more
intense than the vc_y band. Only the PCM model reproduces this
experimental relative intensity ratio, while the gas-phase and ato-
mistic models all indicate vc_¢ and vc_y bands of nearly equal
intensity (blue data points in Fig. 5). Since the vc_¢ and vc_y rela-
tive intensities can only be reproduced using a dielectric contin-
uum, this suggests that long-range electrostatic interactions

1800

® v(C=C) ® v(C=N) @ V(C2=0) = V(C4=0)

1750
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Fig. 4. A. The frequencies of the vc_c (blue), ve_y (green), vc,_o (grey), and ve,_o (yellow) modes computed with different models. The experimental reference®? is indicated
with a dashed line, and the corresponding frequency on the right vertical axis. A single scaling factor of 0.964 is used. The background is colored coded as in Figs. 2 and 3 to
indicate the model used. B. The same data but with the frequencies scaled so that the calculated vc_c frequency matches the experiment. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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FTIR spectrum in Refs. [34,32]). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

contribute to the relative intensities. This hypothesis is supported
by QM/MM calculations [60] that reproduced the large difference
in intensities of the vc_¢ and vc_y modes only when using a solvent
QM/MM model but not in the gas phase. Therefore, it is likely that
the different intensities of the vc_c and vc_y modes of flavin are not
due to a single specific flavin-water interaction, but rather are due
to a dielectric effect of the collective solvent molecules.

While the vc_¢/vcy relative intensity calculated using the PCM
approach is in line with the experiment, the PCM calculated
Ve,—0/Ve,—0 Trelative intensity is not (Fig. 5). Many of the other
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molecular models, however, do give calculated v¢,_o/vc,-o relative
intensities that align well with the experiment (Fig. 5).

Finally, we studied the effect of changing the basis set on the
results of the calculations. We pick three representative models
that reproduce aspects of the experimental data well; PCM, 6W,
and 9W. A comparison of how the calculated mode frequencies
depend on the basis set is outlined in Fig. 6A. The frequencies were
scaled such that the computed v frequency matches the exper-
iment (as in Fig. 3B) for each basis set. How the relative mode
intensity ratios vary as a function of basis set is outlined in Fig. 6B.

In the absence of diffuse functions (i.e., with the 6-31G* basis
set), the v¢,_o and v¢,_o frequencies in the PCM and 6W models
agree poorly with the experiment (Fig. 6A). The calculations con-
verge with the 6-31+G* basis set, and there appears to be limited
benefit of considering calculations (of the type performed here)
with a larger basis set, especially for the 6W and 9W models. Dif-
fuse functions are likely necessary to correctly describe the nonco-
valent interactions between the flavin and water. We note that
several previous studies have used either the 6-31G or 6-31G*
basis set to model the FTIR spectrum of flavin, which may explain
why these models could not reproduce well the relative frequen-
cies of those prominent vibrational modes.

To better understand the origin of the basis-set dependence
observed in Fig. 6, we computed bond orders from k,s computed
using different basis sets (Table 2). We find that computed bond
orders are consistent across all the basis sets (within 0.01-0.05),
with a notable exception; The N;---HOH interaction is weaker in
the case of the 6-31G and 6-31G* basis sets relative to larger basis
set calculations. Due to missing diffuse functions, this interaction is
weaker in the small basis calculations, which may be the origin of
the error observed for those basis sets in Fig. 6. For larger basis sets,
on the other hand, it appears that having diffuse and polarization

® PCM, I(C=C/C=N)
PCM, I(C2=0/C4=0)

 6W, I(C=C/C=N)
6W, [(C2=0/C4=0)

= 9W, I(C=C/C=N)
9W, I(C2=0/C4=0)

6-31+G"

6-3144G™
Basis set

6-3114G" 6-311+G™ 6-3114+G™

Fig. 6. A. The frequencies of the vc_¢ (blue), ve_y (green), ve,—o (grey), and v¢,—o (yellow) modes computed with different basis sets with the PCM (circles), 6W atomistic
(triangles), and 9W atomistic (squares) models. The experimental reference is indicated with a dashed line and the corresponding frequency on the right. Frequencies were
scaled such that the C = C computed frequency matches the experiment. B. The relative intensities of the vc.c and vcoy peaks (blue) and vcy-o and ves-o peaks (green)
computed with different basis sets with the PCM (circles), 6W atomistic (triangles), and 9W atomistic (squares) models. The experimental reference, indicated with a dashed
line and the corresponding relative intensity on the right, is obtained by integrating to find the relative areas under the peaks from the experimental FTIR spectrum from Ref.
[32]. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 2

Computed bond orders (n) for all H-bonding interactions in 9W computed with different basis sets.
Interaction 6-31G 6-31G* 6-31+G* 6-311+G* 6-311+G** 6-311++G**
N;—HOH 0.16 0.18 0.30 0.30 0.29 0.29
N3;=H—-OH, 0.36 0.34 0.35 0.35 0.34 0.34
C, = O—HOH 0.35 0.34 0.34 0.34 033 0.33
C, = O—HOH’ 0.41 0.40 0.39 0.40 0.38 0.38
C4 = O—HOH 0.36 0.35 0.34 0.34 033 033
Ns—HOH 0.31 0.30 0.30 0.30 0.30 0.30
Co—H—OH, 0.28 0.27 0.23 0.26 0.23 023
C;—Methyl—H—OH, 0.21 0.21 0.19 0.21 0.19 0.19
Cg—Methyl—H—OH, 0.19 0.19 0.21 0.21 0.19 0.19
C;—Methyl—H—OH;, 0.21 0.22 0.17 0.21 0.19 0.19
Cs—Methyl—H—OH, 0.21 0.20 0.13 0.21 0.20 0.19
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functions on hydrogen atoms does not considerably change the
description of H-bonding interactions, since 6-31+G* bond orders
in Table 2 are largely consistent with results obtained with larger
basis sets.

The relative peak intensities for the different models (and PCM
in particular) show a much larger variation with the change in
basis set (Fig. 6B). Specifically, the excellent agreement of the rel-
ative intensities in the case of the PCM model with 6-31+G*
appears fortuitous, since a further increase in basis set size leads
to an increase of the relative intensities relative to the experiment.
Increasing the basis set size gradually increases the ve_¢/vc-y rel-
ative intensities in the explicit water QM models, but not enough
to get close to the experimental relative intensities. The
Ve,—0/Ve,—o relative intensities are captured very well by the expli-
cit water QM models, on the other hand. This suggests that while
the long-range electrostatic effect of the solvent has an effect on
the vc_c/vc_n relative intensities, the ve,_o/vc,—o relative intensi-
ties are less sensitive to these long-range electrostatics.

4. Conclusions

The reaction mechanisms of many flavoproteins are still poorly
understood, and FTIR DS is an important tool for obtaining detailed
mechanistic information such as changes in the flavin’s inter-
molecular interactions with nearby amino acids. However, inter-
preting FTIR DS experiments would require some understanding
of how H-bonding, electrostatics, and other intermolecular interac-
tions affect normal mode vibrational frequencies and intensities of
molecular groups of the flavin isoalloxazine ring. To start to
address this issue, we have modeled the effect of H-bonding inter-
actions on four prominent vibrational modes of a flavin model sys-
tem. We find that the vc_c and vc_y mode frequencies are not
sensitive to any H-bonding interactions, but their relative intensi-
ties are affected by the dielectric environment of the solvent. On
the other hand, while the v¢,_o and v¢,_o mode frequencies are
strongly downshifted by direct (both v¢,_¢ and v¢,_o) and indirect
(only v¢,—0) H-bonding interactions, their relative intensities are
less sensitive to the dielectric environment.

To reproduce the relative frequencies of the four modes in fla-
vin, a continuum solvation model or a cluster model with multiple
water molecules is needed (requiring a basis set with diffuse func-
tions), although the continuum solvation model predicts an addi-
tional relatively intense peak that that does not appear in the
experiments. To reproduce the relative intensities of the FTIR
bands, on the other hand, it is necessary to use either a continuum
model (which is not quantitative) or QM/MM model that includes
many water molecules [60].

Finally, we note the utility of the simple approach in Fig. 1,
which is related to the ESTM approach [38,39], used in this context
for the first time to explore possible flavin-water interaction
geometries in an unbiased way. This automated approach may
prove useful instead of the manual addition of water molecules
at a few selected positions.
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