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ABSTRACT: Protein motions and enzyme catalysis are often linked. It is hypothesized that
ultrafast vibrations (femtosecond−picosecond) enhance the rate of hydride transfer catalyzed
by members of the old yellow enzyme (OYE) family of ene-reductases. Here, we use time-
resolved infrared (TRIR) spectroscopy in combination with stable “heavy” isotopic labeling
(2H, 13C, 15N) of protein and/or cofactor to probe the vibrational energy transfer (VET)
between pentaerythritol tetranitrate reductase (a member of the OYE family) and its
noncovalently bound flavin mononucleotide (FMN) cofactor. We show that when the FMN
cofactor is photoexcited with visible light, vibrational energy is transferred from the flavin to
the surrounding protein environment on the picosecond timescale. This finding expands the
scope of VET investigation in proteins, which are limited by suitable intrinsic probes, and may
have implications in the understanding of the mechanism of recently discovered photoactive
flavoenzymes.

How protein motions influence enzyme catalysis is a
contemporary issue in enzymology. Protein dynamics

occur over a broad range of temporal (femtoseconds−seconds)
and spatial (0.1−100 Å) scales and can be probed using a
variety of structural, spectroscopic, and computational
approaches. The role of “slow” long-range protein conforma-
tional changes, typically taking place on micro- to millisecond
timescales, in substrate binding and allosteric regulation is well
documented in the literature.1,2 However, the role of “fast”
femto- to nanosecond protein motions in enzymatic catalysis is
more contentious.3−5 It is hypothesized that fast bond
vibrations support hydride transfer from the nicotinamide
(NAD(P)H) coenzyme to the flavin mononucleotide (FMN,
Figure 1A) cofactor in the old yellow enzyme (OYE) family of
ene-reductases.6 The reductive hydride transfer step, and the
role of motions in catalysis, has been extensively studied in a

range of OYE homologues, which have been used as model
systems to study enzymatic H-transfer,7−10 but direct
experimental evidence that supports the role of protein
vibrations in H-transfer in these enzymes is currently lacking.
It has previously been shown that incorporation of different

stable “heavy” isotopes (2H, 13C, 15N) in both the protein
scaffold and/or the FMN cofactor of the OYE pentaerythritol
tetranitrate reductase (PETNR) influences the kinetics of
reductive hydride transfer.11 A potentially powerful technique
to further probe the role of fast protein vibrations during this
reaction is time-resolved infrared (TRIR) spectroscopy, which
has been widely used to follow the photoreactions of numerous
flavin-containing blue-light-utilizing (BLUF) and light, oxygen,
or voltage sensing (LOV) photoreceptors.12−14 Specific
isotope substitution subtly changes the frequency of bond
vibrations, allowing assignment of spectral changes in the mid-
infrared (IR) region. Changes in bond frequencies may also
perturb any vibrational energy transfer (VET) within the
system, and isotope labeling may affect the electrostatics.15

Herein, we have used TRIR to further investigate a
hypothesized vibronic coupling between the FMN and the
protein scaffold in PETNR.11 TRIR measurements, collected
after photoexcitation of the FMN at 450 nm, were performed
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Figure 1. (A) FMN; (B) X-ray crystal structure of the PETNR:FMN·
NADH4 complex (PDB: 3KFT) showing NADH4 and FMN in
green.7
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on four isotopologues of PETNR (Figure 1B): 15N-
PETNR:15N-FMN; 15N-PETNR:2H13C15N-FMN; 2H15N-
PETNR:2H15N-FMN; and 2H13C15N-PETNR: 2H13C15N-
FMN. All samples contained the 15N isotope (which allows
sample quality control by NMR), so the notation has been
abbreviated as: PETNR:FMN, PETNR:2H13C-FMN, 2H-
PETNR:2H-FMN, and 2H13C-PETNR: 2H13C-FMN, respec-
tively. All measurements were performed in D2O, so the
majority of solvent-exchangeable protons will be 2H and the
sample specified as 2H labeled also includes labeling of
nonexchangeable hydrogens.16 TRIR data are shown in Figure
2 (static IR spectra are shown in Figure S1, and the TRIR data

are shown in more detail in Figures S2−S6). Negative spectral
features represent absorption features (bond vibrations) that
have been depopulated after photoexcitation, while positive
spectral features represent newly populated states, bond
vibrations of either electronically excited states or reaction
intermediates.
To study the structural changes that occur after photo-

excitation, the TRIR data were globally analyzed using a
sequentially evolving model of four components. Three

lifetime components were variable, and one that represents
any long-lived (>12 ns) species was fixed. The fitted lifetimes
are shown in Table S1. The evolution associated difference
spectra (EADS), which represent the spectral evolution over
time are shown normalized to the most intense feature in
Figure 3 (and as relative intensities for each sample in Figure

S7). The final, nondecaying, component, EADS4 (formed with
a lifetime of ∼100 ps) has a very low intensity (2−3% of initial
signal), and no positive features, and is most likely to arise
from sample degradation.
EADS1 and EADS2 for each isotopologue are virtually

identical in shape, but differ in intensity (Figure S7), meaning
that the first transition (τ1 ≈ 4.4 ps) does not result in any
structural change and thus can be assigned to FMN excited
state relaxation. The TRIR features for unlabeled FMN and
FAD in the solution have been very well characterized17,18 and
correlate well with the major spectral features observed here
(Figure 3A,B). The major negative feature observed at ∼1542
cm−1 is assigned to the C10a = N1 stretch, and the smaller
feature at ∼1588 cm−1 is assigned to the C4a = N5 stretch.
The carbonyl groups on the flavin also have distinct features at
∼1660 (C2O) and 1709 cm−1 (C4O). Between these two
major sets of features are a number of low-intensity peaks,
which are assigned to the CC and C−N bonds in the
isoalloxazine moiety (FMN rings). In a previous study of
isotopically labeled FAD in an unlabeled flavoprotein, it was

Figure 2. TRIR spectra of PETNR:FMN isotopologues, recorded at
selected times after photoexcitation at 450 nm. (A) PETNR:FMN;
(B) PETNR:2H13C-FMN; (C) 2H-PETNR:2H-FMN; and (D)
2H13C-PETNR:2H13C-FMN.

Figure 3. EADS, normalized to the most intense negative feature,
resulting from a global analysis of TRIR data using a sequential model
of four interconverting components. Data is plotted as relative
intensities of each sample in Figure S7. EADS1 (A) converts to
EADS2 (B) with τ1, which converts to EADS3 (C) with τ2, which
converts to EADS4 (D) with τ3. EADS4 then persists for the duration
of the data collection window (12 ns).
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found that 15N substitutions shift the CN peaks to slightly
lower wavenumbers (by ∼10 cm−1), but do not significantly
affect the CO modes. 13C substitutions in contrast shift both
the CN and CO vibrational modes more substantially (up
to 45 cm−1).13 A study of unlabeled FAD in isotopically
labeled flavoprotein observed that the CO modes of the
flavin appear to be largely insensitive to 13C-labeling of the
protein.19 In agreement with those previous studies, when
comparing varying FMN isotopologues within the same
protein environment, it does not appear that 15N labeling
alone has any significant effect on the spectra (see the
Supporting Information for PETNR: unlabeled-FMN data),
whereas 2H13C15N labeling does shift the major CN feature
by 60 cm−1 to lower frequencies. When comparing the same
FMN isotopologue with varying protein isotopologues, it is
clear that while the CN features are unaffected, the modes
assigned to the CC and C−N ring features and the CO
bonds are shifted to lower wavenumbers in “heavier” protein
environments. The effect is also visible in the 2H labeled
sample.
In all data sets, EADS3 contains significantly different

features to those in EADS1 and EADS2, indicating a significant
structural change associated with the ∼20 ps transition from
EADS2 to EADS3. These changes may be in either the FMN
or the protein. Only the FMN absorbs in the visible spectral
region, so we can be confident that any changes observed in
the visible spectrum after photoexcitation correspond to
changes in the FMN. Time-resolved visible spectroscopy,
collected over 3 ns on a PETNR: unlabeled-FMN sample,
globally analyzed with three variable components gave fitted
lifetimes of 5.0, 18.9, and 86.3 ps (Figure S8). These values
correlate well with those of changes in the IR region (4.6, 19.6,
and 92.3 ps for the same isotopologue), implying that in both
cases it is the changes in the FMN that dominate the spectra.
Because of the simple sequential model used for the global
analysis of the TRIR data and the spectral dominance of the
FMN features, it is likely that there will be some contributions
from the excited state of FMN throughout. Thus, to extract the
signature of the structural change that occurs between EADS2
and EADS3, each EADS3 (potentially a mixture of protein and
FMN signals) had the corresponding EADS1 (primarily FMN
signal) subtracted after normalization to the intensity of the
major FMN bleach feature to yield the spectra shown in Figure
4.

The obvious similarities in the profile shown in Figure 4
above 1550 cm−1 between the same protein isotopologues with
different cofactors clearly imply that these features originate
from the protein itself. 2H and 13C-labeling of the protein
causes major spectral features to shift to lower frequencies by
∼14 and ∼42 cm−1, respectively. Similar shifts have been
observed after the 13C-labeling of a BLUF domain protein.20

There are 11 amino acid residues located <4 Å from the main
isoalloxazine ring of the FMN (Figure S9). The IR absorption
spectra of these residues overlap to such a large extent21,22 that
even without considering the effects of the local environment
(surrounding amino acids, solvent, etc.), it is virtually
impossible to deconvolute them. More generally, protein
amide I bands (ca. 1600−1700 cm−1, primarily assigned to
CO vibrations with some contributions from the C−N
stretch and N−H deformation) have been shown to shift 42−
45 cm−1 with 13C-labeling, but only a few wavenumbers with
15N and/or 2H labeling,23−25 which correlates well the
observations recorded here. In the EADS3 spectra, in addition
to the bleach features assigned to the protein, there are positive
features not present in EADS1/2. For all of the samples, the
most intense FMN bleach (∼1540 cm−1 for all but 2H13C-
FMN at ∼1482 cm−1) has a positive transient band on the
lower energy side (at ca. 1502 and 1454 cm,−1 respectively).
Such a pattern is typical for the “hot” (vibrationally excited)
electronic ground-state signal, where the bleach of the “cold”
ground state is accompanied by transient bands corresponding
to the vibrationally hot ground state, appearing just slightly
shifted to lower energy due to vibrational anharmonicity.26

Similar low-energy positive features are also observed for the
protein bleaches: the most intense PETNR bleach (at 1647
cm−1 for PETNR, 1633 cm−1 for 2H-PETNR, and 1593 cm−1

for 2H13C-PETNR) is accompanied with the positive transient
band on the low-energy side (at 1628, 1619, and 1578 cm,−1

respectively), which we assign to vibrationally excited protein.
One can clearly see that on the two-dimensional (2D) plots of
TRIR data (at ca. 1628 cm−1 in Figures S2−S4, at ca. 1619
cm−1 in Figure S5, and at ca. 1578 cm−1 in Figure S6), the
positive transient signal, which was not there at time zero,
gradually appears at around 10 ps, and then gradually decays
after 100 ps. This strongly indicates that there is VET from the
FMN cofactor to the PETNR protein during the transition
from EADS2 to EADS3.
To refine the kinetic fit parameters, single wavenumber

kinetic traces were selected for each sample at significant
features originating from, primarily, the FMN and the protein
(Figure S7 and Table S2). These traces were fitted with a triple
exponential function using shared lifetime parameters for each
sample (Figures S10 and S11). A common trend across all data
sets (data for PETNR:FMN is shown in Figure 5) is that for
features that primarily derive from FMN a large initial signal
relaxes with the three lifetime components. In contrast, the
features with a more significant contribution from the PETNR
do not have large amplitudes for the fastest kinetic component.
However, the second and third lifetimes correspond to a
growth and recovery of the protein signals and suggest that
there are vibrational excitation and subsequent relaxation on
these timescales. This is in agreement with the results of the
global analysis, indicating that after electronic excitation of the
FMN, vibrational energy is transferred to the protein on a ∼25
ps timescale. This lifetime is very similar to that of the
electronic relaxation of the FMN (∼20 ps as derived from the
TR-vis measurements), which initiates the VET to the protein.

Figure 4. EADS3−EADS1 (both normalized to major FMN bleach)
difference spectra for PETNR: FMN (blue), PETNR:2H13C-FMN
(violet), 2H-PETNR:2H-FMN (green), and 2H13C-PETNR:2H13C-
FMN (red).
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Therefore, it is difficult to obtain the “pure” rate of VET as
such, and the rate we observe is the convolution of the two.
The kinetic fitting also reveals noticeable differences in

lifetimes between protein and FMN isotopologues, resulting in
the calculated kinetic isotope effects (KIEs) shown in Table 1.
While the uncertainty in the kinetic fit parameters means that
many of the apparent KIEs may not be significant, there are
some noticeable trends. The KIEs appear to largely arise from
13C rather than 2H, which suggests that the KIEs may arise
from a perturbation in mid-IR bond frequencies (much larger
for 13C than 2H). The largest KIEs are on the first lifetime, τ1
(the major FMN excited state relaxation component). The
second two lifetime components, τ2 and τ3, which are assigned,
at least partially, to transfer vibrational energy to the protein
and subsequent relaxation, show smaller KIEs, and the only
KIE that may be significant is the protein 13C KIE on τ2. We
also observe an apparent increase in VET between the FMN
and the protein as the mass of either species increases (Figure
S12). Previous work has suggested that there is a mass-
dependent vibronic coupling of protein and FMN motions to
FMN electronically excited state(s), which manifests as KIEs
on the nanosecond FMN fluorescence lifetime components.11

The KIEs measured here help to rationalize this finding as
fluorescence competes with nonradiative relaxation, which is
expected to be dependent on the vibrational coupling of the
FMN to protein and/or solvent.
Collectively, the data presented in this study provides direct

evidence of VET between the FMN cofactor and the protein
and can be interpreted as follows. After photoexcitation, the
electronically excited states of FMN relax to vibrationally hot

electronic ground states; the most significant lifetimes for this
process are around 4.4 and 20 ps. Over half of the excited state
signal is lost within 10−20 ps. From this vibrationally hot
FMN, there is then VET to the surrounding protein
environment, which we do not resolve as a separate kinetic
component because such VET process is on a similar timescale
to, and thus convoluted with, the second, dominant, FMN
electronic decay. Vibrational cooling to the solvent often
occurs on similar 10−20 ps timescales as we observe here.27

Studies of VET in proteins with natural heme or unnatural
azulene-based probes observed faster sub-10 ps processes; the
rates of which were linked to the strength of H-bonding and
van der Waals interactions rather than covalent linkages.28,29

These studies are facilitated by the very short heme excited
state lifetimes (typically 2−6 ps),30 whereas here we have been
unable to clearly resolve the VET rate in PETNR. However, it
does appear that VET in PETNR occurs on slower timescales
than in those other proteins, suggesting that the flavin behaves
differently to these other cofactors and/or VET occurs over
longer distances and/or through weaker H-bond and/or van
der Walls interactions in PETNR. Although it is likely that the
FMN is more strongly vibrationally coupled to the protein
than the solvent, the energy transfer may occur directly and/or
indirectly through the protein solvation shell. The final
relaxation step, occurring over several hundred ps, follow the
remaining vibrationally hot states (and a small amount of
remaining electronically excited FMN) returning to ground-
state equilibrium with energy dissipation through the protein,
FMN, and/or solvent.
In conclusion, we suggest that photoexcitation of the FMN

in PETNR leads to VET to the surrounding protein and
solvent environment on a timescale of around 20 ps. While
previous TRIR studies of flavin photoreceptors have detected
changes in the protein structure, the signaling response, on μs
timescales,12,31 and in one case instantaneous perturbation of
the binding site after photoexcitation,19 this is, to our
knowledge, the first observation of VET from the flavin to
the surrounding protein environment on ps timescales. This
finding opens new avenues of investigation in studies of VET
in proteins, which are typically hampered by a lack of suitable
intrinsic probes. Further, examples of both natural and
engineered/artificial photoactivated flavoenzymes have re-
cently been documented.32−34 It seems likely that visible
photoexcitation of the flavin in these enzymes will also lead to
VET to surrounding protein residues and water molecules in
the active site. How this impacts (photo)catalysis remains to
be seen, but the VET will lead to local heating, which has the
potential to be catalytic.35 Ultrafast TRIR experiments provide
a means of probing such VET and have the potential to aid in
future enzyme engineering efforts.

Figure 5. Kinetic traces (points) with lines showing fit to
multiexponential function for the PETNR:FMN data set; fitted
shared lifetimes are τ1 = 3.4 ± 0.4, τ2 = 25.1 ± 3.4, and τ3 = 97.0 ±
11.9 ps. (A) Kinetics originating primarily from FMN and (B)
kinetics originating primarily from protein.

Table 1. Apparent KIEs Determined from the Data in Figure S11 of the Supporting Information

samplea isotope effect KIE(τ1) KIE(τ2) KIE(τ3)

PETNR:FMN vs PETNR:2H13C-FMN 2H13C KIE on FMN 1.26 ± 0.31 1.02 ± 0.22 1.05 ± 0.15

PETNR:FMN vs 2H-PETNR:2H-FMN 2H KIE on PETNR + FMN 0.95 ± 0.18 1.05 ± 0.18 1.09 ± 0.16

PETNR:FMN vs 2H13C-PETNR:2H13C-FMN 2H13C KIE on PETNR + FMN 1.49 ± 0.41 1.19 ± 0.32 1.08 ± 0.20

PETNR:2H13C-FMN vs 2H13C-PETNR:2H13C-FMN 2H13C-KIE on PETNR 1.19 ± 0.32 1.17 ± 0.31 1.02 ± 0.19

aAll samples contain 15N.
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