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Abstract: The photophysics of flavins is highly dependent on
their environment. For example, 4a-hydroxy flavins display
weak fluorescence in solution, but exhibit strong fluorescence
when bound to a protein. To understand this behavior, we
performed temperature-dependent fluorescent studies on an
N(5)-alkylated 4a-hydroxy flavin: the putative bacterial luci-
ferase fluorophore. We find an increase in fluorescence
quantum yield upon reaching the glass transition temperature
of the solvent. We then employ multiconfigurational quantum
chemical methods to map the excited-state deactivation path of
the system. The result reveals a shallow but barrierless excited
state deactivation path that leads to a conical intersection
displaying an orthogonal out-of-plane distortion of the termi-
nal pyrimidine ring. The intersection structure readily explains
the observed spectroscopic behavior in terms of an excited-
state barrier imposed by the rigid glass cavity.

Oxidized flavin cofactors like flavin mononucleotide
(FMN) contain a planar, stiff flavin moiety that displays
intense fluorescence in solutions (with a lifetime of ca. 5 ns).[1]

Such a fluorescence is quenched when the cofactor is protein-
bound due to fast excited-state electron transfer from the
flavin to neighboring aromatic amino acid residues (such as
tyrosine or tryptophan). This behavior of oxidized flavins has
been exploited to follow the conformational changes of
flavoproteins over the course of enzymatic reactions.[2–5] In
contrast, the 1,5 and 4a,5 flavin adducts (see Scheme 1a) such
as those found in reduced (FMNH2)

[6] and 4a-hydroxylated

(FMNHOH) cofactors, respectively,[7] display a weak fluo-
rescence in solution.[8, 9] However, when the same cofactors
are protein-bound, the confinement[6, 7] leads to an enhanced
fluorescence emission.[10–15] The exact geometry and elec-
tronic structure of the emitting conformer and the mechanism
preventing the efficient internal conversion occurring in
solution are presently unknown.

A spectacular manifestation of the effects of protein
confinement on flavin cofactors is seen in bacterial luciferases
where a 4a,5 flavin adduct is held responsible for the
bioluminescence of a vast group of marine eubacteria. In
organisms such as Vibrio harveyi, the emission of the
fluorophore may be strong enough to cause a blue lumines-
cence of the microbial population that is so intense as to be
observable from satellites.[16] Moreover, such flavin adducts
are frequent intermediates in enzymatic catalysis by flavin-
based monooxygenases, which activate molecular oxygen and
catalyze the insertion of atomic oxygen into a number of
substrates (e.g. in hydroxylations, sulfoxidations, epoxidations
and Baeyer–Villiger oxidations).[17] A specific type of such
monooxygenase activity is responsible for the bacterial
luciferase fluorescence,[18–22] where the oxidation of aldehydes
to acids via molecular oxygen would generate the 4a-hydroxy
flavin byproduct as the putative light-emitting intermediate
(FMNHOH in Scheme 1 b).[22,23]

Below we use complementary spectroscopic and compu-
tational methods to show that a 4a-hydroxy flavin is an

Scheme 1. a) Structures of the flavin chromophore in 1,5-reduced
FMNH2 (left) and the 4a-hydroxylated flavin adduct in FMNHOH
(right). R2 = H (in natural 4a-hydroxy flavin), R1 = R2 = CH2CH3 (in Et-
FlOH), and R1 = R2 = CH3 (in Me-FlOH, namely, 7,8-dimethyl-5,10-N-
dimethyl-4a-hydroxyisoalloxazine). b) Proposed mechanism of biolu-
minescence in bacterial luciferase. Adapted from Ref. [15]. See also
Figure S1 in the Supporting Information (SI).
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effective fluorophore when confined in an environment
capable to prevent out-of-plane deformations of its terminal
pyrimidine ring. More specifically, we demonstrate that when
such a deformation is impaired the 4a-hydroxy flavin moiety
is not able to access a conical intersection (CI) mediating the
internal conversion of the emitting state.

Since the natural 4a-hydroxy flavin is unstable in the
protein-free state, N(5)-alkylated 4a-hydroxy flavins (such as
Et-FlOH in Scheme 1 a) are frequently used as experimental
models for flavin-based bioluminescence. While these com-
pounds are fluorescent in the protein[15] their fluorescence is
weak when unbound. Using femtosecond pump–probe spec-
troscopy, we found that, in solution, the first singlet excited
(S1) state of Et-FlOH decays to the ground (S0) state with
several time constants but with a dominant component that
has a 500 fs lifetime.[11]

The absorption spectrum of Et-FlOH in 2-methyl-tetra-
hydrofuran (2-MeTHF) exhibits three bands in the UV region
with lmax at 282, 308 and 347 nm (Figure 1a). All three
absorption bands were assigned, on the basis of TDDFT
calculations in acetonitrile, to p,p* transitions with a degree
of charge transfer character.[11] Similar bands were observed
for other model 4a,5 flavin adducts whose energies were
found to depend on the nature of substituents.[6, 24]

The room-temperature fluorescence of Et-FlOH displays
a 496 nm lmax (Figure 1b) with a Stokes shift of more than
8000 cm�1 and weak intensity corresponding to a quantum
yield of only 3 � 10�3.[11] The large Stokes shift and low
fluorescence quantum yield are both indicative of a significant

change in geometry during the initial S1 relaxation and
following progression towards an effective radiationless
decay channel. To gain a better understanding of this fast
excited-state deactivation, we report a variable temperature
fluorescence study of Et-FlOH. A decrease in temperature
from 295 to 120 K does not affect the fluorescence intensity
(Figure 1b) consistently with an essentially barrierless S1

nuclear motion. However, once the glass transition temper-
ature of the solvent is reached (2-MeTHF exhibits two glass
transition temperatures at 91 K and 103 K),[25] the emission
intensity increases and the spectra exhibit vibronic structure
with emission maxima at 437 and 465 nm. The two emission
bands are assigned to the vibronic progression of the Et-FlOH
excited state, as the presence of multiple conformers was
ruled out based on invariant variable-temperature absorption
spectra of Et-FlOH in 2-MeTHF. Furthermore, the fluores-
cence lifetime is increased from a 500 fs dominant component
at room temperature[11] to a nanosecond biexponential decay
in the glass (Figure 1c, lifetimes are t1 = 2.8 ns and t2 =

7.8 ns). Such a sudden increase in the fluorescence intensity
upon confinement of a chromophore in a rigid molecular
cavity has also been observed in other fluorophores.[26–29]

Often, this is attributed to the blocking of internal conversion
mediated by a CI. However, such a CI has never been located
in Et-FlOH.

A fluorescence enhancement similar to the one docu-
mented above has been observed when 4a-hydroxy flavins are
protein-bound.[7,15, 24, 30] This suggests that confinement is also
responsible for an increased S1 lifetime in the protein cavity.
However, such a mechanism would only be possible if a large
change in molecular shape is required for fast internal
conversion. Accordingly, we employ ab initio multiconfigura-
tional quantum chemistry to map the S1 relaxation path in
Me-FlOH (i.e. in a slightly reduced model of Et-FlOH, see
Scheme 1a) in THF. In Figure 2a, we present the S0 and S1

energy profiles along a minimum energy path (MEP) starting
at the Me-FlOH Franck–Condon (FC) structure. Clearly, the
MEP follows a barrierless S1 path that eventually crosses with
the S0 state.

The analysis of the MEP shows that Me-FlOH evolves,
sequentially, along two molecular modes (see also Figure S3
in the SI). First, the molecule relaxes along a bond length
alternation (BLA) mode where alternating double and single
bonds become elongated and shortened, respectively. This is
a fast relaxation typically associated with the p,p* excitation
of p-conjugated systems.[32, 33] A similar excited state relaxa-
tion was reported for lumiflavin using computations of
comparable quality (i.e. with the symmetry adapted cluster-
configuration interaction method).[34] After such an initial
relaxation, the S1 energy profile displays a short plateau and
then continues to decrease. The MEP coordinate shows that
the energy decrease is associated with an out-of-plane
deformation of the pyrimidine ring with respect to the
original flavin plane. Consistently, the N1�C10a bond becomes
almost perpendicular to such a plane. In Figure 2a we show
that this dramatic geometrical distortion is due to the
attempted isomerization about the N10�C10a bond that has
double bond character (1.34 �) on S0 but becomes a single
bond (1.45 �) on S1 after the initial BLA relaxation. Indeed,

Figure 1. a) The absorption spectrum of Et-FlOH in 2-MeTHF; b) vari-
able-temperature fluorescence spectra of Et-FlOH in 2-MeTHF; c) fluo-
rescence decays of Et-FlOH.
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the C9a-N10-C10a-N1 dihedral angle changes from �1688 at the
FC structure to �878 at the point where the S1 and S0 energy
profiles cross, clearly indicating a CI point. At the CI, efficient
decay to S0 takes place, eventually leading to reactant
reconstitution in what may be considered an aborted N10�
C10a isomerization.

A charge transfer process accompanies the S1 geometrical
relaxation. In fact, the Me-FlOH S0!S1 vertical excitation
already results in the transfer of ca. 0.3 e� from the benzene
and pyrazine rings to the pyrimidine ring (Figure 2b). The

charge transfer increases when the molecule relaxes along the
BLA, and then continues to increase as the torsional
deformation about N10�C10a takes place, thus placing more
electron density on the pyrimidine. At the CI one reaches an
overall 0.6 e� charge transfer with respect to the S0 equilib-
rium structure. On the other hand, at the CI, the S1 and S0

electronic structures differ by a full charge transfer (i.e.
changing from one state to the other would involve the
translocation of 1.0 e� to the pyrimidine ring) consistently
with the character of the CI�s located in other biological
chromophores.[35, 36] The oscillator strength along the MEP
also behaves as expected (orange area plot in Figure 2b). At
the FC point the oscillator strength is large, but then
decreases when the molecule relaxes along the BLA and
reaches the energy plateau. On the plateau the oscillator
strength is still large indicating possible radiative S1!S0

transition (i.e. fluorescence), but then it dramatically
decreases along the path to the CI.

The documented Me-FlOH deactivation mechanism and
CI structure may be compared with those driving the well
known ultrafast internal conversion of pyrimidine nucleic acid
bases (i.e. cytosine, thymine, and uracil).[31] A comparison of
the CI structures of Me-FlOH and uracil[31] (see Figure 2 a)
shows that the reported 4a-hydroxy flavin CI represents
a novel radiationless decay channel that could only exist in
systems with a flavin (or lumazine) framework. In fact, the
BLA pattern of the uracil CI is different (almost opposite) to
that of the pyrimidine ring in the Me-FlOH CI. Furthermore,
the uracil CI features a “twisted” double bond corresponding
to the C4a�C10a bond of Me-FlOH and a highly pyramidalized
(i.e. sp3 hybridized) carbon center pointing to a facile hydro-
gen out-of-plane twisting as indicated in Figure 2 a (see the
uracil structure in upper right corner. The arrow points to the
displaced hydrogen). While in Me-FlOH the same bond gets
partially twisted, the out-of-plane deformation is mainly due
to the isomerization of the adjacent N10=C10a double bond as
described by the C9a-N10-C10a-N1 dihedral in Figure 2a (see
also Figure S4 in the SI for a full comparison of the
geometries of the pyrimidine ring in Me-FlOH and uracil).
It must be noted that the involvement of n–p* state in the
deactivation, as observed for pyrimidine nucleobases,[37] is
unlikely in the case of Me-FlOH. TDDFT calculations
indicate that such states are too high in energy.[11]

The computations above provide a mechanism for the
internal conversion of an unconfined Et-FlOH consistent with
the spectroscopic features reported above. First, the observed
347 nm (3.57 eV) lmax for the S0!S1 excitation is relatively
well-reproduced by the computed 3.67 eV vertical excitation
energy, and within the typical error of the employed
method.[38, 39] The computed deactivation path is consistent
with the observed ultrafast (ca. 500 fs) S1 lifetime in Et-
FlOH,[11] and with the low (3 � 10�3) fluorescence quantum
yield, since fluorescence must compete with the internal
conversion taking place at the CI.

The calculations explain the sudden increase in S1 lifetime
upon liquid to glass transition. Indeed, the MEP indicates that
the S1 deactivation in 4a-hydroxy flavins involves a large
structural rearrangement from a flat to a ca. 908 bent
structure. In a liquid solvent, such a distortion remains

Figure 2. a) CASPT2//CASSCF S0 and S1 energy profiles along the MEP
connecting the FC to a CI. The energy profile was computed account-
ing implicitly for the solvent (here we use tetrahydrofuran, THF,
instead of 2-MeTHF). The bond lengths for bonds that change by
more than 0.05 � during the MEP and the dihedral angle representing
the ring deformation are labeled for the FC structure, the CI, as well as
for the structure reached after an initial relaxation along a stretching
mode. This last structure lies on an energy plateau that may develop
into a minimum on the S1 surface (see dashed line) in the event that
a barrier is introduced along the torsional deformation coordinate. The
corresponding structure of the CI of uracil[31] is also shown at the top
right, with the dihedral representing its torsional deformation labeled.
b) Analysis of the change in S0 and S1 charge distributions and S0–S1

oscillator strength (area plot) along the MEP. The line plots represent
the total charge transfer from the pyrimidine ring of Me-FlOH to the
other two rings (i.e. we plot the total charge of the atoms inside the
framed CI structure moiety). A more detailed charge distribution (i.e.
atomistic, but with charges of substituents summed onto the back-
bone atoms) is shown for the S0 state at the FC point, and for the S1

state of the structure at the energy plateau reached by relaxation along
the stretching coordinate, and for the S1 state of the CI. Negative
charges are indicated with a circle with a dashed border, while positive
charges are indicated without a border. Both the S0 and S1 charge
distributions at these geometries are shown in Figure S2 in the SI.
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relatively unhindered and internal conversion is allowed via
the relaxation path of Figure 2 a. However, the frozen solvent
would restrain the pyrimidine ring distortion. More specifi-
cally, the interaction with the solvent cavity walls would
create an S1 energy barrier immediately after the plateau seen
in Figure 2a that would then become an energy minimum (see
dashed energy profile). The presence of such a barrier would
then result in an increase of the S1 lifetime and, in turn, in
a higher fluorescence quantum yield. If we assume that
fluorescence in the sterically constrained chromophore orig-
inates from the nearly planar system reached immediately
after relaxation along the BLA mode (i.e. corresponding to
the second MEP structure of Figure 2a), then calculations
predict an emission energy of 2.46 eV, which agrees with the
observed fluorescence lmax of 496 nm (2.50 eV) in 2-MeTHF
and of 486 nm (2.55 eV) in ethanol at 77 K.[7] This also
indicates that the observed 8000 cm�1 Stokes shift is mostly
due to the relaxation of the chromophore along a BLA mode.

The same mechanism is expected to operate in luciferase.
Indeed, inspection of the X-ray crystallographic data in
Figure 3 reveals that the pyrimidine ring is confined in a tight

cavity. This would restrain the ring distortion in 4a-hydroxy
flavin and block the CI mediated internal conversion, thus
explaining the observed high fluorescence quantum yield.
Interestingly, the computed emission in THF (that is similar
to the measured 2-MeTHF lmax) is not far from the one
observed in the luciferase of Vibrio harveyi (490 nm).[15,43]

Our confinement hypothesis is supported by a study by Hou
et al.[23] employing a TD-CAM-B3LYP based hybrid quantum
mechanical/molecular mechanical model of such luciferase. It
is shown that the fluorescence originates from a p,p* 4a-
hydroxy flavin with geometry and charge distribution similar
to those of the second Me-FlOH structure in Figure 1a.

In addition to steric effects, electrostatic effects may
contribute to the lack of efficient internal conversion in the

protein. Indeed, the protein environment projects a negative
electrostatic potential near the pyrimidine ring of the
chromophore (see Figure 3a), thus destabilizing the S1

reaction path leading to the CI along which there is an
increase in the pyrimidine negative charge (see Figure 2b).
Therefore steric and electrostatic effects together may con-
tribute to the creation of an S1 minimum and low tendency of
the chromophore to leave such a planar fluorescent state.

Computational studies looking at the role of CIs in
flavoproteins have only recently started to appear in the
literature.[44] For instance, a CI mediating proton-coupled
electron transfer has been proposed for blue light using flavin-
adenine-dinucleotide (BLUF) domains.[44–46] Similarly, two
CIs have been located in 1-deaza-FMN (1DFMN, a derivative
of FMN featuring a carbon instead of a nitrogen at the N1

position) embedded in a light oxygen voltage (LOV)
domain.[47] The first CI mediates proton transfer from
a thiol group to 1DFMN while the second, similar to our
Me-FlOH CI but involving twisting around an adjacent bond,
would provide access to a decay channel. However, the CI in
Me-FlOH features an out-of-plane distortion of the entire
pyrimidine ring, whereas in 1DFMN the CI has a puckering at
C1. Such a puckered CI lies ca. 1.82 eV above the FC point,[47]

and it is unlikely to be relevant for the LOV domain function.
Above we have reported that the ultrafast internal

conversion of S1 4a-hydroxy flavins is controlled by accessi-
bility to a CI lying ca. 1.30 eV below the FC point. In solution,
the evolution towards the CI competes effectively with other
S1 processes such as fluorescence. However, due to the large
and stiff molecular deformation required for reaching the CI,
a large fluorescence enhancement is observed when 4a-
hydroxy flavins are confined in a solvent glass or in the
luciferase cavity. This is the first time that a CI with such
a biological role has been documented for a flavin cofactor.
Remarkably, this mechanism is similar to the one operating in
the fluorophore of the green fluorescence protein (GFP).[48]

Since GFP and luciferase appear to be chemically and
biologically unrelated, one may conclude that this type of
mechanism has been selected more than once during biolog-
ical evolution.

The dependence of the S1 lifetime (and therefore,
fluorescence) of 4a-hydroxy flavins on their environment
can make them valuable tools for probing, in real time, the
changes in the flexibility or rigidity of protein active sites
during processes such as catalysis, similar to studies with
FMN.[2–5] Furthermore, the synthesis of novel flavin adducts
coupled with mutagenesis studies may lead to novel fluores-
cent probes.[49] In order to drive these developments, the
behavior of 4a-hydroxy flavins in solvent or protein cavities
shall be further investigated/predicted using computations
capable of describing the effect of the environment explicitly.

Experimental Section

Steady-State Measurements
All solvents were purchased from Sigma–Aldrich and used without
further purification. The steady-state absorption spectra were
recorded on a Varian Cary 50 UV/Vis spectrophotometer in a 1 cm

Figure 3. View of a selected portion of the 2.3 � resolution crystal
structure of the Vibrio harveyi luciferase:FMN complex (PDB ID:
3FGC).[40] a) The FMN structure shows that its pyrimidine ring is
hosted in a tight protein cavity (see arrow). A Poisson–Boltzmann
analysis,[41] based on the PROPKA (pH 7) ionization states,[42] indicates
that the cavity near the pyrimidine moiety has a negative (dark gray)
electrostatic potential. b) Luciferase residues surrounding the pyrimi-
dine moiety (showing only residues within 10 � from the C2 carbonyl
carbon of the flavin moiety indicated by a red arrow) and associated
with the pyrimidine cavity region. The circles point to aspartates
contributing to the negative electrostatic potential.
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quartz cell. The steady-state photoluminescence spectra at room
temperature and 77 K were obtained using single photon counting
fluorimeter (Edinburgh Instruments FS920). The sample solutions for
fluorescence measurements had absorption of 0.1–0.15 at the
corresponding wavelength of excitation. Fluorescence quantum
yield for Et-FlOH at room temperature was determined using
argon-purged solution of [Ru(bpy)3](CF3SO3)2 in water as a standard
(F = 0.042).[50]

Time-resolved Photoluminescence Techniques
Low temperature fluorescence lifetimes were measured in 2-methyl-
tetrahydrofuran using Optistat DN variable-temperature liquid
nitrogen cryostat (Oxford), the gated second-harmonic (4 MHz
repetition rate, 1 nJpulse�1) output of a tunable ultrafast Ti-Sapphire
oscillator (Coherent, 120 fs) as an excitation source and a time-
correlated single photon counting (TCSPC) detection system (Edin-
burgh Instruments LifeSpec II, 150 ps IRF). The excited state
lifetimes were obtained from a decay fit of single wavelength
emission transients using Origin 7.0 software.

Ab initio Calculations
Optimizations and MEP calculations for Me-FlOH were performed
at the 2-root state-averaged CASSCF level of theory[51] with a 6-31G*
basis set. The CASSCF wavefunction comprised an active space of 14
electrons in 11 orbitals (see the Supporting Information for more
details on the active space). The MEP was computed with the intrinsic
reaction coordinate method with a step constraint of 0.1 Bohramu�1/2.
Single point CASPT2 calculations[52] were then performed for sta-
tionary points and for each point along the MEP path, implicitly
accounting for the THF solvent using the reaction field method. The
employed CASPT2//CASSCF/6-31G* protocol has been shown to be
accurate for a number of organic biochromophores.[39, 53, 54] This
protocol benefits from a cancellation of errors,[55] as discussed in the
SI. The CASPT2 MEP profile of the chromophore in the gas-phase,
without the effect of the solvent, is shown in Figure S6 in the SI.
Mulliken charges and oscillator strengths in this work are shown for
the gas-phase CASSCF level of theory. All calculations were
performed with Molcas v. 7.8.[56] More details regarding the computa-
tional protocol are provided in the Supporting Information.
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