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ABSTRACT: The phototropins constitute an important class of plant photoreceptor kinases that control a
range of physiological responses, including phototropism, light-directed chloroplast movement, and light-
induced stomatal opening. The LOV2 domain of phototropin binds a molecule of flavin mononucleotide
(FMN) and undergoes a photocycle involving light-driven covalent adduct formation between a conserved
cysteine residue and the C(4a) atom of FMN. This product state promotes C-terminal kinase activation
and downstream signal transduction. Here, we report the primary photophysics and photochemistry of
LOV2 domains of phototropin 1 ofAVena satiVa (oat) and of the phy3 photoreceptor ofAdiantum capillus-
Veneris(maidenhair fern). In agreement with earlier reports [Swartz, T. E., et al. (2001)J. Biol. Chem.
276, 36493-36500], we find that the FMN triplet state is the reactive species from which the photoreaction
occurs. We demonstrate that the triplet state is the primary photoproduct in the LOV2 photocycle, generated
at 60% efficiency. No spectroscopically distinguishable intermediates precede the FMN triplet on the
femtosecond to nanosecond time scale, indicating that it is formed directly via intersystem crossing (ISC)
from the singlet state. Our results indicate that the majority of the FMN triplets in the LOV2 domain exist
in the protonated form. We propose a reaction mechanism that involves excited-state proton transfer, on
the nanosecond time scale or faster, from the sulfhydryl group of the conserved cysteine to the N5 atom
of FMN. This event promotes adduct formation by increasing the electrophilicity of C(4a) and subsequent
nucleophilic attack by the cysteine’s thiolate anion. Comparison to free FMN in solution shows that the
protein environment of LOV2 increases the ISC rate of FMN by a factor of 2.4, thus improving the yield
of the cysteinyl-flavin adduct and the efficiency of phototropin-mediated signaling processes.

Plant growth and development are largely regulated by
the light environment. Indeed, plants have evolved numerous

photoreceptors that are able to respond to both the blue and
red regions of the visible spectrum (1, 2). The phototropin
family of plant blue-light photoreceptors consists of serine/
threonine kinases that undergo autophosphorylation in re-
sponse to absorption of blue light (3), and control several
physiological responses, including phototropism, light-medi-
ated chloroplast movement, and stomatal opening (3-6). The
loci for photochemistry in this class of photoreceptors are
two flavin mononucleotide (FMN1)-binding light, oxygen,
or voltage (LOV) domains at the N-terminus of the protein
(7). Each LOV domain consists of approximately 100 amino
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acids and undergoes a self-contained photocycle, in which
absorption of a blue photon leads to the formation of a long-
lived species that absorbs at 390 nm (8-10). On the basis
of the spectrum of a mutant form of mercuric reductase (11),
it was proposed that this species corresponds to a covalent
cysteinyl-C(4a) adduct (8). Recently, this intermediate has
been directly confirmed using NMR spectroscopy and X-ray
crystallography (12, 13), and by FTIR spectroscopy (14).
Thus, absorption of blue light leads to the transient formation
of a covalent bond between the FMN cofactor and the
protein, which slowly disrupts to regenerate the noncovalent
dark ground-state species.

The photoreaction of theAVena satiVa LOV2 domain has
been studied by means of nanosecond to second time-
resolved absorption spectroscopy (10). These experiments
indicate that the formation of a spectroscopic photointerme-
diate denoted PhotS

390, corresponding to the covalent FMN-
cysteine adduct, takes place on a microsecond time scale.
This species has a lifetime on the order of minutes before it
returns to the ground state. An intermediate state preceding
adduct formation, denoted PhotL

660, exhibited spectral fea-
tures characteristic of a FMN triplet state. On the basis of
earlier molecular orbital calculations (15), this triplet state
is the presumed reactive species that leads to adduct
formation (9, 10).

The ability of a LOV domain to absorb a photon and to
generate long-lived intermediate state(s) and a structural
signal that affects autophosphorylation depends on very rapid,
initial photochemical events that fix the energy of the singlet
excited state of the protein-bound FMN chromophore. It is
completely unknown how LOV domains transform the
electronic energy of a photon into metastable species that
enable signaling, and how the reaction is biased by specific
FMN-protein interactions to produce a physiologically
relevant state. Precedents from flavoenzymes and the flavin-
binding DNA repair enzyme DNA photolyase suggest that
light-induced electron transfer processes lie at the basis of
these protein’s photoreactivity (16-20). However, flavoen-
zymes differ fundamentally from LOV domains in that they
do not have a light-activated function, and it cannot be
expecteda priori that the interactions between flavin and
the protein environment exhibit any similarities. DNA
photolyase does have a light-activated function, but utilizes
a different redox state of the flavin cofactor (19, 20). To
address the primary events of light activation in LOV
domains, we have performed a femtosecond transient ab-
sorption study of the LOV2 domains of phot1 ofA. satiVa
(oat) and of phy3 ofAdiantum capillus-Veneris(maidenhair
fern), and of FMN in solution. Analysis of these ultrafast
data for the LOV2 protein and comparison to free FMN in
solution have allowed us to determine the primary photo-
physical and photochemical events underlying cysteinyl-
flavin adduct formation and subsequent phototropin-mediated
signal transduction.

EXPERIMENTAL PROCEDURES

The LOV2 domain fromAd. capillus-Venerisphy3 was
expressed and purified as previously described (9). LOV2

from A. satiVa phototropin 1 was expressed from a construct
spanning residues 407-563 (construct generously provided
by L. Neil and K. Gardner of the University of Texas
Southwestern Medical Center, Dallas, TX), and contained
an N-terminal fusion of protein G and a His tag. Twelve
liters of cells was grown at 37°C to an OD600 of 0.4, induced
with 500 µM isopropyl â-D-thiogalactoside, and grown for
an additional 14 h after induction at 20°C. Cells were lysed
via sonication.A. satiVa phot1 LOV2 was purified on Ni-
NTA resin (Qiagen), and the fusion tag was cleaved with
enterokinase (Boehringer-Mannheim). Anion exchange chro-
matography with high-performance Sepharose Q (Amersham
Pharmacia) was used to separate the protease, cleaved
protein, uncleaved protein, and N-terminal fusion peptide.
Cleaved protein was concentrated in a high-pressure stirred
ultrafiltration cell with a 3000 molecular weight cutoff filter
(Amicon).

Prior to the experiments, LOV2 domains ofAdiantumand
A. satiVa were dissolved in 20 mM Tris/150 mM NaCl buffer
at pH 8.0. For the time-resolved experiments, the absorbance
of the samples was adjusted to 0.3 mm-1 at the absorption
maximum. The samples were loaded in a flow system
containing a cuvette with a path length of 1 mm, and flowed
at a speed of approximately 5 cm/s by means of a peristaltic
pump. The flow cuvette was mounted on a shaker that
continuously vibrated the cuvette sideways at a frequency
of 20 Hz with an amplitude of 1 mm. For the fluorescence
measurements, the samples were diluted to an absorbance
of 0.05 cm-1, and contained in quartz cuvettes with a path
length of 1 cm. FMN was purchased from Sigma Chemicals
and used without further purification. FMN was dissolved
in 20 mM Tris, acetate, or formate buffer at pH 8.0, 5.0, or
2.0, respectively.

Steady-state absorption spectra were recorded on a com-
mercial spectrometer (Perkin-Elmer). Fluorescence spectra
were recorded with a commercial fluorimeter (Perkin-Elmer)
with a right-angle detection geometry. The samples were
excited at 445 nm at an excitation power of 15µW at a beam
diameter of 0.5 cm2. The fluorescence quantum yield of
LOV2 was determined by recording the fluorescence spectra
of LOV2 and FMN in aqueous buffer at pH 8.0 under
identical conditions. The number of absorbed photons was
taken into account by correcting for the sample transmission.
The fluorescence quantum yield of FMN in water, 0.26, has
been previously determined (21).

Femtosecond transient absorption spectroscopy was carried
out with an amplified Ti:sapphire laser system (Coherent/
BMI), operating at 1 kHz, equipped with a home-built
noncollinear optical parametric amplifier (NOPA), described
in detail previously (22). The output of the NOPA was tuned
to 475 nm, attenuated to 350 or 700 nJ, and used as a pump
beam. A white-light continuum was generated by focusing
the rest of the output of the regenerative amplifier at 800
nm on a 1 mmsapphire crystal, and split into probe and
reference beams. The pump beam from the NOPA and the
probe beam were focused on the sample cuvette at a spot
with a diameter of 150µm. Femtosecond time delays
between the pump and probe were controlled by a delay line
covering delays up to 8 ns. The pump and probe were
polarized at the magic angle (54.7°). After passing through
the sample, the probe and reference beams were dispersed

1 Abbreviations: FMN, flavin mononucleotide; LOV, light, oxygen,
or voltage; ISC, intersystem crossing; IC, internal conversion; SADS,
species-associated difference spectrum.
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by a polychromator and projected on a double-diode array
detector.

The time-resolved spectra were analyzed with a global
analysis program using a kinetic model consisting of
sequentially interconverting species, i.e., 1f 2 f 3 f ...
(23), in which the arrows indicate successive monoexpo-
nential decays of increasing time constants, which can be
regarded as the lifetime of each species. Associated with each
species are a lifetime and a difference spectrum, denoted
the species-associated difference spectrum (SADS). The first
SADS corresponds to the time-zero difference spectrum. In
general, the SADS may well correspond to mixtures of
excited states and does not necessarily portray spectra of pure
states. This procedure enables us to visualize clearly the
evolution of the (excited) states of the system. The instrument
response function was fit to a Gaussian (120 fs full width at
half-maximum). To illustrate our observations optimally, we
present them in the form of SADS instead of raw time-
resolved spectra.

RESULTS AND DISCUSSION

Steady-State Spectroscopy

Figure 1 shows the absorption spectrum of the LOV2
domain ofAdiantumphy3 (thin solid line). The lowest singlet
excited state, S1, of the protein-bound FMN chromophore
absorbs maximally around 450 nm and shows a vibronic
progression with features at 422, 447, and 474 nm. The short-
wavelength band at 375 nm can be assigned to the higher-
lying S2 singlet excited state of FMN.

The steady-state fluorescence spectra of LOV2 and FMN
in aqueous solution upon excitation at 445 nm are also shown
in Figure 1. The LOV2 fluorescence spectrum (thick solid
line) shows vibronic structure with features at 500 and 528
nm. The fluorescence spectrum of FMN in aqueous buffer
(dotted line) is featureless with a single maximum at 530
nm. To assess the loss of FMN singlet states in the LOV2
domain by radiative decay, we determined the fluorescence
quantum yield. The fluorescence spectra of FMN and LOV2
in Figure 1 are depicted with an equal number of absorbed
photons. The wavelength-integrated fluorescence of LOV2

amounts to half that of FMN in solution. Given a fluores-
cence quantum yield of 0.26 in FMN in solution (21), the
fluorescence quantum yield in LOV2 is 0.13. This number
is similar to that obtained recently for the LOV1 domain of
phototropin fromChlamydomonas reinhardtii, namely, 0.17
(24).

Time-ResolVed Spectroscopy

Free FMN.To compare of the properties of the free FMN
chromophore with those of FMN bound to the LOV2
domain, we performed femtosecond transient absorption
measurements on FMN dissolved in aqueous buffer. The
sample was excited at 475 nm, and the time-resolved
absorbance changes were monitored over a wavelength range
from 520 to 750 nm. Figure 2A shows the results at pH 5.0
in the form of a global analysis of the data. Three components
were required for an adequate description of the time-
resolved data, with lifetimes of 1.6 ps and 4.7 ns and a
component that did not decay on the time scale of our
experiment. Each species is characterized by a species-
associated difference spectrum, SADS, relative to the ground-
state absorption, and by a rise time and a decay time. The
dotted line in Figure 2A represents the initial absorption
change, determined from the raw data after correction for
the group velocity dispersion in the probe light and decon-
volution with the instrument response function. This SADS,
which can be assigned to the initially created singlet excited
state of FMN, shows a pronounced stimulated emission band
near 570 nm and a broad excited-state absorption at
wavelengths longer than 650 nm. At wavelengths shorter than
530 nm, the signal is dominated by excited-state absorption.
The initially created state evolves into the second state (thin
solid line) in 1.6 ps. The SADS of this state exhibits a small
red shift of the stimulated emission. The 1.6 ps evolution
may be assigned to the diffusive component of a solvation
process, i.e., a dynamic rearrangement of water molecules
around the newly created singlet excited state of FMN (25).
This “relaxed” FMN singlet excited state evolves in 4.7 ns
into the third state (thick solid line), which does not decay
on the time scale of the experiment. A singlet excited-state
lifetime of 4.7 ns of free FMN agrees well with that published
in the literature (24, 26). The SADS of this final state shows
a broad excited-state absorption, with two distinct maxima
at 650 and 710 nm and a minimum near 530 nm. These
spectral characteristics agree with that of the FMN triplet
state at neutral pH values (10, 27, 28). Time-resolved
measurements on FMN dissolved in aqueous buffer at pH
8.0 and 10.0 showed results very similar to those in Figure
2A (not shown). To illustrate the quality of the time-resolved
data and the global analysis, a kinetic trace at 560 nm of
FMN at pH 5.0 is shown in Figure 2E (circles), along with
the result of the analysis procedure (solid line).

Previous experiments on FMN at nanosecond to micro-
second time scales have indicated that at acidic pH, proto-
nation of the FMN triplet state takes place, presumably at
N5 of the isoalloxazine ring (28). Because protonation of
this nitrogen may be a prerequisite for adduct formation in
the LOV2 photocycle (9, 10), we investigated these excited-
state proton transfer processes in free FMN. Figure 2B shows
the results of a global analysis of time-resolved measurements
on FMN in aqueous buffer at pH 2.0. Three components are
necessary for a satisfactory description of the time-resolved

FIGURE 1: Absorption spectrum of the LOV2 domain of phy3 of
Ad. capillus-Veneris(thin solid line), fluorescence spectrum of FMN
in aqueous buffer at pH 8.0 (dotted line) with excitation at 450
nm, and fluorescence spectrum of the phy3 LOV2 domain ofAd.
capillus-Veneris(thick solid line). The spectra have been scaled to
equal numbers of absorbed photons.
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data, with time constants of 1.6 ps and 2.2 ns and a
nondecaying component. The initial two SADS are very
similar to those at pH 5.0 (Figure 2A) and can be assigned
to the unrelaxed and relaxed FMN singlet excited states. The
singlet excited-state lifetime of 2.2 ns is significantly shorter
than that at neutral pH. The SADS of the nondecaying
component, which we assign to the FMN triplet state, differs
from that at pH 5.0 in that it exhibits a single broad maximum
at 675 nm, and is overall blue-shifted. The amplitude of the
triplet spectrum is notably lower than at pH 5, which
indicates that the triplet yield may be lower than at neutral
pH.

The difference spectra reported by Sakai and Takahashi
(28) for the FMN triplet state in the protonated (pH 3.2)
and unprotonated form (pH 5-8) agree well with the
nondecaying SADS shown in panels A and B of Figure 2.
Our measurements thus show that at pH 2, excited-state
proton transfer takes place from the buffer solution to FMN
on a time scale of nanoseconds or faster. We do not observe
a specific spectral evolution associated with the protonation
event. This means either that protonation takes place in the
triplet state but that the intersystem crossing (ISC) process
is rate-limiting and the unprotonated triplet escapes detection
or that protonation takes place in the singlet state but is not
associated with distinct spectral changes in this state.
Moreover, is not clear at present whether the shortening of
the FMN singlet-state lifetime at pH 2 to 2.2 ns arises from
an enhanced rate of internal conversion (IC) to the ground
state that results from protonation of the singlet state, or from
a proton collisional quenching mechanism, after which
protonation of the remaining FMN triplet states occurs.

LOV2 Domains.We performed femtosecond time-resolved
absorption spectroscopy on the LOV2 domain ofAdiantum
phy3 andA. satiVa phot1 to assess the primary photophysical
and photochemical events that eventually lead to formation
of the covalent adduct between the FMN chromophore and
cysteine. The samples were excited at 475 nm, at the low-
energy side of the S1 state of the FMN chromophore. Figure
2C shows the results for the LOV2 domain ofAdiantum
phy3. Global analysis of the time-resolved data indicated that
two components are sufficient for an adequate description.
The SADS of the initially created singlet excited state of
the protein-bound FMN chromophore (thin line) exhibits
spectral properties that are similar to those of FMN in
solution, with a stimulated emission band around 530 nm
and a pronounced excited-state absorption at wavelengths
longer than 625 nm. The initially created singlet excited state
evolves into the final state in 1.8 ns (thick line), which does
not decay on the time scale of the experiment. This final
SADS shows an excited-state absorption at all wavelengths
and has a broad maximum near 650 nm, a shoulder near
710 nm, and a shallow minimum near 550 nm.

Figure 2D shows the results for the LOV2 domain ofA.
satiVa phot1. They are very similar to those obtained for
Adiantum, with similar SADS for the initial (thin line) and
final (thick line) absorption changes of protein-bound FMN,
and a singlet excited-state lifetime of 2.0 ns. The kinetic trace
at 530 nm ofA. satiVa LOV2 is shown in Figure 2E, along
with the result of the global analysis. These lifetimes of
LOV2 domains, 1.8 and 2.0 ns, are somewhat shorter than
that reported for the LOV1 domain ofC. reinhardtii, 2.9 ns
(24).

FIGURE 2: Species-associated difference spectra (SADS) and
associated lifetimes that result from a global analysis procedure
on time-resolved measurements upon excitation at 475 nm. (A)
FMN dissolved in aqueous buffer at pH 5.0. (B) FMN dissolved
in aqueous buffer at pH 2.0. (C) Same as for panel A for the phy3
LOV2 domain ofAd. capillus-Veneris(fern). (D) Same as for panel
A for the phot1 LOV2 domain ofA. satiVa (oat). (E) Kinetic trace
at 560 nm recorded in FMN in aqueous buffer at pH 5.0 (O) and
of LOV2 of A. satiVa at 530 nm (4). The solid lines denote the
results of the global analysis procedure. Note that the time axis is
linear from-5 to 20 ps, and logarithmic thereafter.
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Figure 3A reproduces the nondecaying SADS of FMN at
pH 5.0 and 2.0, and ofAdiantumLOV2 from panels A-C
of Figure 2, normalized at their maxima. The broad excited-
state absorption features in the final SADS of LOV2 domains
near 650-710 nm are indicative of the FMN triplet state.
Moreover, the final SADS of LOV2 closely resembles the
difference spectrum assigned to the PhotL

660 intermediate,
reported by Swartz et al. forA. satiVa phot1 LOV2 (10). On
the other hand, the difference spectra of the FMN semi-
quinone neutral radical and radical cation spectra are very
dissimilar to the final LOV2 SADS (10, 28). Thus, the final
state in the LOV2 domain on a nanosecond time scale can
primarily be assigned to the triplet state of the protein-bound
FMN chromophore. We conclude that the early events in
the LOV2 domain after photoexcitation involve direct
evolution from the FMN singlet excited state to the FMN
triplet state. Since we do not observe any intermediate states,
ISC of the singlet excited state is the most likely mechanism
by which triplet formation proceeds. Our results exclude a
mechanism for triplet formation by which a light-induced
charge-separated state (for instance, as a result of electron
transfer from tryptophan or tyrosine residues to FMN; see
refs 16-18) recombines on the nanosecond time scale to
form the triplet state. Such a radical-pair mechanism is for
instance in effect in photosynthetic reaction centers, where,
under the right circumstances, it can result in (bacterio)-
chlorophyll triplet yields of up to 100% (29).

The steady-state absorption and fluorescence bands of the
LOV2 domain are narrower and show more structure than
those of FMN in water, which indicates a nonpolar, ordered
environment around the FMN chromophore in the protein.
Similar narrow and resolved absorption bands could be
expected for the LOV2 triplet state. However, we observe
the opposite: the LOV2 triplet absorption band is signifi-
cantly broader than those of FMN in water in either its
protonated or unprotonated form, as can be seen in Figure
3A. This indicates that the LOV2 triplet exists as a
heterogeneous species, possibly as a mixture of protonated
and unprotonated forms. In Figure 3B, we have described
the nondecaying SADS of the LOV2 domain (dotted line)
in terms of a superposition of the difference spectra of the
protonated (thick solid line) and unprotonated (dashed line)
free FMN triplet spectra of panels B and A of Figure 2, and
a minor contribution by the semiquinone form of FMN
(dashed and dotted line), taken from ref28. A superposition
of the spectra of these species in a stoichiometric ratio of
6:3:1, corrected for their extinction coefficients, yields the
thin solid curve, which accurately describes the LOV2
spectrum in the spectral region from 540 to 710 nm. The
deviation at wavelengths of>710 nm may result from a
slight red-shifted absorption of the FMN triplet state in the
protein as compared to that in solution. Thus, on the
nanosecond time scale, the majority of FMN triplet states in
the LOV2 domain exist in the protonated form. As with free
FMN in aqueous solution at pH 2, we do not observe a
specific spectral evolution that can be associated with the
excited-state protonation event, which implies that excited-
state proton transfer either takes place in the triplet state in
a fashion that is rate-limited by the ISC process, or already
has taken place in the singlet excited state. Moreover, these
results indicate that light-induced electron transfer processes,
if they occur at all, have a yield of less than 10% in the
LOV2 domain.

Reaction Yields in the LOV2 Domain

The amplitude of the triplet spectrum of the LOV2 domain
with respect to the amplitude of the stimulated emission band
of the LOV2 singlet excited state is a measure of the triplet
yield in the LOV domain; it may be compared with the
corresponding spectra of the FMN chromophore in solution,
for which the triplet yield is known to be 0.6 at neutral pH
values (30). We assume that the (difference) extinction
coefficients for singlet ground-state absorption, and thus for
stimulated emission, and for the triplet excited-state absorp-
tion are identical in LOV2 and FMN in solution. It is
reasonable to assume that the triplet extinction coefficients
of protonated and unprotonated FMN chromophores are
similar at their respective maxima. The apparently lower
triplet yield at pH 2.0 (Figure 2B) then is consistent with
the shorter singlet excited-state lifetime of 2.2 ns, and arises
from an enhanced IC rate.

We find that the amplitudes of the triplet excited-state
absorption near 660 nm with respect to the stimulated
emission signal at 530 nm in the LOV2 domains of both
Adiantumand A. satiVa (as observed in the final and first
SADS in panels C and D of Figure 2, respectively) are
basically the same as the corresponding quantities of FMN
in solution at pH 5.0 measured near 670 and 570 nm (final
and second SADS in Figure 2A, respectively). We conclude

FIGURE 3: (A) Nondecaying species-associated difference spectra
of Adiantumphy3 LOV2 (thick solid line), reproduced from Figure
2C, and of FMN at pH 5 (dotted line) and pH 2 (thin solid line),
reproduced from panels A and B of Figure 2, respectively,
normalized at their respective maxima. (B) Difference spectra of
the protonated (thick solid line) and unprotonated (dashed line) free
FMN triplet spectra and of the semiquinone of FMN (dashed and
dotted line) taken from ref26, plotted in a stoichiometric amplitude
ratio of 6:3:1, corrected for their respective extinction coefficients.
The thin solid line is a sum of the protonated, unprotonated, and
semiquinone FMN spectra in this ratio. The dotted line is the
nondecaying SADS ofAdiantumLOV2.
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that the triplet yield of the LOV2 domains ofAdiantumphy3
andA. satiVa phot1 is very similar to that of FMN in solution,
i.e., 0.6. This number is lower than that reported by Swartz
et al. for the phot1 LOV2 domain ofA. satiVa (10). They
estimated an initial triplet yield after photoexcitation of 0.88,
of which 50% led to adduct formation and 50% returned to
the ground state, resulting in a final covalent adduct yield
of 0.44. Recent estimates for a variety of LOV2 domains
gave adduct quantum yields of around 0.3 (31), which is in
line with the findings presented here.

After photoexcitation of the FMN chromophore to its
singlet excited state, the efficiency of the LOV2 photoreac-
tion is determined by competition between ISC to the triplet
state, occurring at a ratekISC, loss processes such as radiative
decay (fluorescence) to the ground state at a ratekrad, and
internal conversion (IC) to the ground state at a ratekIC. As
we argued above, other loss processes such as electron
transfer have a small yield ofe10% in LOV2. If they occur
at all, they are unlikely to be physiologically relevant and
can formally be incorporated in the IC loss channel. In FMN
in aqueous solution, the triplet and fluorescence yieldsΦT

and Φfl are 0.6 and 0.26, respectively (21, 30). The
corresponding values inAdiantumphy3 LOV2 andA. satiVa
phot1 LOV2 are 0.6 and 0.13, respectively. By using the
singlet excited-state lifetimes of 4.7 ns for FMN in solution
and 2.0 ns for LOV2, we can now determine the rate

constantskISC, kIC, andkrad in these systems. We find that
kISC ) (7.8 ns)-1 in FMN and (3.3 ns)-1 in LOV2.
Furthermore,kIC ) (34 ns)-1 in FMN and (7.4 ns)-1 in
LOV2. As may be expected on the basis of the similar
extinction coefficients of FMN in solution and in LOV2,
the radiative rates are nearly identical:krad ) (18 ns)-1 for
FMN and (16 ns)-1 in LOV2. It follows that the ISC rate is
enhanced in the LOV2 domain as compared to FMN in
solution by a factor of 2.4. A similar conclusion was drawn
for the LOV1 domain ofChlamydomonason the basis of
time-resolved fluorescence results (24). The enhancement
may be ascribed to the presence of the cysteine sulfur near
the flavin isoalloxazine ring. It thus appears, intriguingly,
that the proximity of the cysteine to the isoalloxazine ring
not only provides the structure that enables formation of a
covalent adduct but also facilitates the rapid electronic
formation of the reactive FMN triplet state. The overall yield
of the cystenyl-flavin C(4a) adduct is thereby maximized.
The values for the various rate constants in the LOV2 domain
and free FMN have been summarized in Table 1.

Reaction Mechanism of Adduct Formation in LOV2

Our experiments clearly indicate that the FMN triplet state
is the reactive species in the LOV2 photocycle from which
adduct formation proceeds directly. Moreover, our observa-
tions indicate that on the nanosecond time scale, the majority

Table 1: Fluorescence Lifetimes (τfl) and Yields (ΦF), Triplet Yields (ΦT), Rates of ISC (kISC) and IC (kIC), and Radiative Rates (kRad) in the
Free FMN Chromophore at Neutral pH, and of FMN Bound to LOV2 Domains

τfl (ns) ΦT ΦF kISC kIC krad

free FMN
at neutral pH

4.7 0.6 0.26 (7.8 ns)-1 (34 ns)-1 (18 ns)-1

LOV2 2.0 0.6 0.13 (3.3 ns)-1 (7.4 ns)-1 (16 ns)-1

Scheme 1: Photocycle of the LOV2 Domain, with the Photophysical and Photochemical Reaction Rates Indicated at the
Arrowsa

a The positions of the catalytically important C(4a) and N5 atoms of the isoalloxazine ring have been indicated in the ground-state FMN at the
left side. See the text for further details.
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of the FMN triplet states exist in the protonated form.
Quantum chemical calculations have indicated that upon
excitation of flavin to the singlet or triplet excited state, the
basicity of the N1 atom of the isoalloxazine ring decreases,
while that of N5 increases (15, 32), indicating that proto-
nation most likely takes place at N5. These protons may
originate from the thiol of the conserved cysteine, considering
its favorable position with respect to the isoalloxazine ring
(9). This invokes a reaction mechanism that involves base
abstraction of the thiol proton by the excited FMN chro-
mophore. This, in turn, would increase the electrophilicity
of C(4a) and promote nucleophilic attack of the thiolate anion
at this position to form the adduct (9).

Notably, in a mutant of the homologous LOV1 domain
of Chlamydomonas, which lacked the conserved cysteine,
the transient absorption spectrum of the triplet state exibited
a double band structure at 660 and 720 nm (33), similar to
that of free FMN at pH 5.0 shown in Figure 2A, whereas
the wild-type LOV1 domain exhibited a single broad
maximum near 670 nm, similar to the LOV2 triplet spectrum
shown in panels C and D of Figure 2. Although not
interpreted as such by the authors, these observations support
our idea that the triplet state in the LOV domain is
protonated, and that the proton originates from the conserved
cysteine’s thiol group.

From the LOV2 triplet state,∼50% returns to the ground
state without forming an adduct (10). The extent of proto-
nation of the FMN chromophore on the nanosecond time
scale may already define the branching ratio between
recombination and adduct formation. Titration experiments
of the phot1 LOV2 domain ofA. satiVa have indicated that
the conserved cysteine may exist as a thiolate (-S-) in the
ground state (10). On the other hand, recent FTIR experi-
ments have unequivocally demonstrated that at least a
significant fraction of the cysteine exists in the thiol (-SH)
conformation (34). It is conceivable that in the ground state,
LOV2 domains actually exist as a heterogeneous mixture of
thiol and thiolate conformers, which may correlate with the
partial protonation of the FMN triplet state upon photon
absorption and the subsequent branching of the photoreaction.

Scheme 1 summarizes our results and the implications for
the mechanism of the light-induced reaction in the LOV2
domain. Upon photoexcitation to the FMN singlet excited
state, the triplet state is formed through ISC with a yield of
0.6. In competition with ISC, radiative decay and IC to the
ground state take place with yields of 0.13 and 0.27,
respectively. Excited-state proton transfer on the nanosecond
time scale or faster, presumably from the conserved cysteine
to the N5 atom of the FMN chromophore, may represent an
important primary event that may trigger the formation of
the covalent adduct. Although in Scheme 1 the protonation
state of the FMN triplet has been indicated as an equilibrium
between protonated and unprotonated species, it not clear at
present what underlies the observed heterogeneity, and it
might well correspond to a static distribution rather than a
dynamic equilibrium. Moreover, the excited-state proton
transfer process may well take place in the FMN singlet
excited state rather than in the triplet state. From the FMN
triplet state, the covalent adduct is formed with a probability
of ∼50% (10), which implies that the total quantum yield
of the LOV2 photocycle is 0.3.

CONCLUSIONS

The primary photophysical and photochemical reactions
in the LOV2 domain of plant blue-light photoreceptors are
relatively simple, and involve intersystem crossing from the
singlet excited state of the FMN chromophore to the triplet
excited state, accompanied by an excited-state proton transfer
from the conserved cysteine’s thiol to FMN. No further
spectroscopically distinguishable intermediates precede the
subsequent formation of a covalent adduct on a microsecond
time scale.

LOV domains exhibit a unique photoreaction behavior
among flavoproteins, which often exhibit rapid and efficient
electron transfer processes on light absorption (16-20). In
LOV domains, electron transfer processes are not required
because the charges required for adduct formation are already
present between the isoalloxazine ring of FMN and the
cysteine side chain. Instead, the electronic excited state of
FMN is stabilized by the protein environment, and ISC to
the triplet state, enhanced by the presence of the cysteine
near the isoalloxazine ring, provides for a crucially extended
time window in which efficient adduct formation can
proceed.
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