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ABSTRACT: Light-induced activation of the LOV2-JR domain of the photoreceptor phototropin from oat is
believed to involve the detachment of the JR helix from the central β-sheet and its subsequent unfolding. The
dynamics of these conformational changes were monitored by time-resolved emission spectroscopy with 100 ns
time resolution. Three transitions were detected during the LOV2-JR photocycle with time constants of 3.4 μs,
500 μs, and 4.3 ms. The fastest transition is due to the decay of the flavin phosphorescence in the transition of
the triplet LOVL

660 state to the singlet LOVS
390 signaling state. The 500 μs and 4.3 ms transitions are due to

changes in tryptophan fluorescence andmay be associated with the dissociation and unfolding of the JR helix,
respectively. They are absent in the transient absorption signal of the flavin chromophore. The tryptophan
fluorescence signal monitors structural changes outside the chromophore binding pocket and indicates that
there are at least three LOVS

390 intermediates. Since the 500 μs and 4.3 ms components are absent in a
construct without the JR helix and in the mutant W557S, the fluorescence signal is mainly due to tryptophan
557. The kinetics of the main 500 μs component is strongly temperature dependent with activation energy of
18.2 kcal/mol suggesting its association with a major structural change. In the structurally related PAS
domain protein PYP the N-terminal cap dissociates from the central β-sheet and unfolds upon signaling state
formation with a similar time constant of ∼1 ms. Using transient fluorescence we obtained a nearly identical
activation energy of 18.5 kcal/mol for this transition.

LOV11 and LOV2 are the light sensing domains of photo-
tropins, a class of blue light photoreceptors which control photo-
tropism, light-induced stomatal opening, and chloroplastmovement
in response to changes in the light intensity in plants (1-5). The
LOV domains which are members of the PAS-domain super-
family are activated by blue-light absorption of their flavin mono-
nucleotide (FMN) cofactors (6, 7). This triggers the autophos-
phorylation of a C-terminal kinase domain which is presumed
to be essential for the downstream signal transduction (3, 8). The
dark state of the LOVdomain, LOVD

450, has its absorptionmax-
imum at 450 nm. Upon absorbing blue light, the FMN chromo-
phore forms within 5 ns a triplet state called LOVL

660 with
absorptionmaximumat 660nmvia intersystem crossing from the
excited singlet state (9). The triplet state then decays with a time
constant of 4 μs to the long-living intermediate LOVS

390 which
absorbs at 390 nm (10). In this transition a covalent adduct is
formed between the C(4a) of FMN and the sulfhydryl group of a
conserved cysteine (6, 10-13). The LOVS

390 intermediate is the
signaling state of the LOV domains, and its formation is supposed
to trigger conformational changes of the protein (13-18) . It
recovers to the ground state with a time constant of seconds to
minutes. During its long lifetime conformational changes must
occur but were not detected by transient absorption spectroscopy.

In LOV2-JR from Avena sativa photoactivation leads to the
dissociation and partial unfolding of an amphipathicR-helix (JR)
which follows the C-terminus of the LOV2 domain and which
interacts and docks onto the central β-sheet of the LOV2 core
in the dark (14) (see Figure 1). The timing and interpretation of
these events remain unclear, however. Significant light-induced
structural changes of the tryptophansW491 andW557 in LOV2-
JR were detected by 1H/15N NMR spectroscopy (14, 15, 19). In
the dark the two tryptophans are in different environments; in the
photoactivated state their environments change and become more
similar (15, 19). The indoleNMRcross-peaks return to their dark
positions with the same kinetics as the photocycle recovery (15).
The indole side chain of tryptophan is also highly fluorescent and
provides a natural site-specific fluorescent marker. Moreover,
since the wavelength maximum of the tryptophan fluorescence is
quite sensitive to the polarity of its environment (20), it provides
a suitable signal tomonitor conformational changes. NMR spec-
troscopy already showed that W491 and W557 undergo con-
formational changes but could not resolve the kinetics of their
formation. It is thus obviously worthwhile to try to monitor the
kinetics of the signaling state formation using transient trypto-
phan fluorescence. Time-resolved fluorescence has been used in
chemical relaxation kinetics. Tryptophan fluorescence was used
for example to follow protein folding on the nanosecond tomicro-
second time scale after a laser-induced temperature jump (21). It
was recently shown that transient fluorescence spectroscopy
provides a sensitive signal tomonitor the kinetics of the structural
changes of photoreceptors that can be triggered by a short laser
flash (22, 23). With a time resolution of 100 ns this method is
appropriate to resolve the conformational transitions that occur
during the life span of the LOVS

390 intermediate. Two mutants
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were prepared to determine which tryptophan residues contribute
to the fluorescence signal. In the PAS-core mutant the JR helix is
absent, and this mutant only contains W491 (see Figure 1). The
mutant W557S includes the JR helix and only W491.

PYP is a relatedPASdomain proteinwith similar structure (24).
In fact, PYP is the structural prototype of the PAS domain
superfamily (24). Upon formation of the signaling state a global
conformational change occurs which has been very well char-
acterized by structural and dynamical methods. This structural
change occurs about 1 ms after flash excitation and resembles in
many respects what happens in LOV2-JR: the N-terminal cap
which contains two short R-helices detaches from the central
β-sheet and unfolds. PYP contains a single tryptophan residue
W119 which is bound to the central β-sheet. Its fluorescence
differs significantly in the various intermediates of the photo-
cycle (22, 25). For comparison with LOV2-JR we therefore also
measured the transient tryptophan fluorescence of PYP and its
temperaturedependence.This allowedus todetermineabenchmark
value for the activation energy of the signaling state formation in
PAS domain proteins.

MATERIALS AND METHODS

ProteinProductionandPurification.LOV2-JR sampleswere
prepared as previously described (6). The LOV2-JR domains
were expressed inEscherichia coli, purified by calmodulin affinity
chromatography (Stratagene), and lyophilized. Prior to use the
dried protein was resuspended in buffer (10 mM Tris, 30 mM
KCl, pH 7.5). The complete sequence of the LOV2-JR fusion
protein is shown in ref 13. It contains three tryptophans, W491,
W557, and a third one in the calmodulin binding domainwhich is
attached at the N-terminus of the LOV2 domain and enables the
purification of the protein. Experiments were also conducted
with constructs which contain aHis tag instead of the calmodulin
tag. These constructs have only the two tryptophans, W491 and
W557. The mutant W557S (amino acids 404-567) and a core
mutant (amino acids 404-521) in which the JR helix was deleted
were prepared with His tags as follows. Full-length constructs of
LOV2-JR and LOV2 core were cloned in the modified pET-15b
directional vector that carries an N-terminal His tag sequence
followed by a TEV site and three cloning sites (MCLAB, South
San Francisco). Mutagenesis was carried out using the Quick-
Change site-directed mutagenesis kit (Stratagene) following the
manufacturer’s instructions and confirmed by DNA sequencing.
PYP fromHalorhodospira halophilawas prepared as described (26).

Transient Fluorescence Spectroscopy. The transient fluor-
escence measurements were performed with a modification of a
setup for time-resolved absorption spectroscopy described inmore
detail in ref 22. The tryptophan fluorescence is excited by anLED
emitting at 280 nm with a full width at half-maximum of 10 nm.
The emission is detected by a photomultiplier tube (PM), and the
time course of the signal is recorded from 100 ns to seconds after
exciting the sample with a 20 ns flash at 460 nm from a dye laser
(Coumarin 102 dissolved in ethanol) pumped by a XeCl-excimer
laser (EMG50; Lambda Physics). To protect the PM from stray
light from the LED and the excitation flash, the filters WG305
andUG11 (both Schott) were placed in front of it. In this way the
time course of the steady-state fluorescence of the tryptophans
during the photoactivation is recorded. The cuvette was placed in
a thermostated sample holder. The absorption spectrum of the
UG11 filter used in our experiment is shown in the inset of Figure
3B. In the UV-vis wavelength region it is transparent from 245
to 395 nm and from 680 to 775 nm. The lower wavelength band-
passmatches the emission spectrum of tryptophan, the upper one
will pass the red edge of the phosphorescence spectrumofLOVL

660

which is excited by the intense excitation flash (27). To separate the
contributions of the emission of both chromophores to our signal,
we performed a control experiment measuring the transient
fluorescence of LOV2-JRwith an additional color filter (OG590) in
front of the photomultiplier tube. With this setup only light in the
wavelength region from 680 to 775 nm contributes to the signal
(see inset of Figure 3B).

The transient fluorescence signal is defined as the difference of
the fluorescence intensity F(t) at time t after the laser flash at t=0
and the initial fluorescence F0 before the flash divided by F0: ΔF/
F0=(F(t)- F0)/F0=(I(t)- I0)/I0. The photocycle is triggered at
t=0 by the laser flash. It is calculated from the corresponding
photomultiplier currents (I(t), I0).

To calculate the transient signal in the control experiment, we
used for F0 the fluorescence intensity of the sample before placing
the color filter OG590 in the beam. The signal therefore shows in
a first approximation the FMN phosphorescence excited by the
flash normalized by the tryptophan fluorescence emission of the
ground state which is excited by the UV LED.
Transient Absorption Spectroscopy. Flash spectroscopy

experiments with 50 ns time resolution in the visible andUVwere
performed as described (28).

RESULTS

Steady-State Fluorescence Measurements. The effect of
background illumination on the steady-state tryptophan fluores-
cence of LOV2-JR is shown in Figure 2. The background
illumination was provided by an LED emitting at 470 nm and
leads to a photostationary equilibrium between the longest living
intermediate LOVS

390 (85%) and the dark state LOVD
450 (15%).

The values of the percentageswere derived froman analysis of the
absorption spectra of the dark and illuminated samples (data not
shown). The data of Figure 2 show that activation of LOV2 with
blue light leads to an increase in the tryptophan fluorescence of
about 16%.There ismoreover a slight red shift from340 to 342nm.
Together, these effects suggest that one ormore tryptophan residues
enter a different environment or change their conformation in the
long-living photointermediate LOVS

390.
Time-Resolved Fluorescence Measurements. Figure 3A

shows the transient tryptophan fluorescenceof the isolatedLOV2-JR
domain of oat phototropin1. The transient fluorescence signal
ΔF/F0 is defined as the difference of the fluorescence intensity

FIGURE 1: Structure of phot1 LOV2-JR based on NMR data pro-
vided by Dr. K. H. Gardner. The FMN chromophore and trypto-
phans W491 and W557 are shown as sticks. The JR helix (orange) is
on the opposite side of the β-sheet as the flavin chromophore.
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after (F(t)) and before (F0) a laser flash at 460 nm which triggers
the photoactivation at t=0, normalized by F0. Over the entire
time course the fluorescence change is positive. In the millisecond
time range when the LOVS

390 intermediate dominates the signal,
the positive fluorescence change is in agreement with the steady-
state results. The signal starts at 100 ns with a large positive value
and then decreases in several microseconds to aminimumaround
20 μs, followed by a slower increase. For times beyond 200 ms
the signal rises further, probably due to photoactivation of LOV2
by the excitation light at 280 nm. The time trace was fitted up to
200 ms by a sum of three exponentials with time constants of
3.4 μs, 500 μs, and 4.3ms. The corresponding fit curves are super-
imposed on the data.

The time constant of 3.4 μs of the initial decrease strongly sug-
gests that it corresponds to the transition from the triplet LOVL

660

to the singlet LOVS
390 state as detected by transient absorption

spectroscopy (10) (for comparison we show the transient absorp-
tion time trace at 390 nm in panel C).We suggest that the observed
emission signal is due to the phosphorescence of the flavin triplet
state LOVL

660 which decays with this time constant. The transmis-
sion properties of the filter in front of the PM for the experiment of
panel A are shown in the inset of Figure 3B. As discussed in
Materials and Methods, the flavin phosphorescence will pass
through this band-pass filter for wavelengths longer than 680 nm.
We therefore measured the transient signal of LOV2-JR with
an additional cutoff filter OG590 in front of the photomultiplier
which completely blocks off the tryptophan fluorescence but
passes the phosphorescence (see vertical dotted line in inset of
Figure 3B). The corresponding data (Figure 3B) show that under
these conditions only the 3.4 μs component remains. This proves
that the 3.4 μs component is not due to tryptophan emission but
most likely to the decay of the triplet phosphorescence. This control
experiment moreover shows that the two transitions at 500 μs and
4.3 ms are caused by tryptophan emission in the wavelength range
from 305 to 395 nm.

The transitions at 500 μs and 4.3 ms which lead to an increase
in tryptophan fluorescence have no counterparts in the UV-vis
photocycle of the LOV2-JR domain (10). We verified this for our
samples by measuring the transient absorption at 390, 470, and
600 nm from 100 ns to 1 s. As shown in Figure 3C the transient
absorption trace at 390 nmwhichmonitors changes sensed by the
flavin cofactor is flat from 10 μs to 1 s, indicating that the changes
detected by the tryptophans are not sensed by the FMN chromo-
phore in this time range.

The fluorescence increases beyond 10 μs, when the phosphores-
cence has completely decayed; 86% of this increase is due to the
500 μs component, and the remaining amplitude stems from the
minor 4.3 ms component. A fit of the fluorescence rise with only
one exponential was unsatisfactory (data not shown). Presuming
a sequential photocycle, this suggests that there are at least three
LOVS

390 intermediates with identical UV-vis absorption spec-
trum but which differ in tryptophan fluorescence.

The 500 μs and 4 ms components were absent in the transient
fluorescence of themutantW557S andof the core construct inwhich
the JR helix is missing. These data are shown in Figure S1 of Sup-
porting Information. Both constructs only contain tryptophan 491.
These results suggest that the tryptophan signal is due to W557.
Deletion of the JR helix did not affect the photocycle asmeasured by
transient absorption (data not shown). In agreement with this, the
transient fluorescence time traces of Figure S1 in Supporting Infor-
mation still contain the 3.4 μs component which is due to the flavin
phosphorescence and is associated with the formation of the adduct.

FIGURE 2: Fluorescence emission spectra of the tryptophans of the
LOV2-JR construct in the dark (solid line) and under background
illumination from an LED emitting at 470 nm (dotted line). The
emission maxima are indicated by vertical dotted lines. Conditions:
10 mM Tris and 30 mMKCl, pH 7.7.

FIGURE 3: (A) Transient tryptophan fluorescence of the LOV2-JR
domain.The signal is the averageof 100 scanswithwaiting timesof 80 s
between the laser flashes to allow for complete recovery of the cycle.
Note the logarithmic time scale. A fit curve corresponding to a sum
of three exponentials is superimposed on the data. The correspond-
ing time constants are indicated by the vertical dotted lines. Condi-
tions: 10 mM Tris and 30 mM KCl, pH 7.5, 20 �C. (B) Transient
phosphorescence of the LOV2-JR construct. The signal is an average
of 30 scans with waiting times of 80 s between the laser flashes. A fit
curve with one exponential is superimposed on the data. The
corresponding time constant is indicated by the vertical dotted line.
Conditions as in (A). The inset shows the absorption spectrumof the
band-pass filter UG11 used in the transient fluorescence experi-
ment. The vertical dotted line indicates the cutoff wavelength of
the color filter OG590. (C) Transient absorption signal at 390 nm.
Conditions: 10 mM Tris and 30 mM KCl, pH 7.7, 20 �C.
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TemperatureDependence.To further characterize the photo-
cycle of LOV2-JR, we calculated the activation energy from the
temperature dependence of the rate constant. For this purpose
the transient fluorescence was measured at six temperatures
between 5 and 30 �C and fitted with a single exponential. This
procedure is justified since the data of Figure 4A were acquired
with a considerably lower signal-to-noise ratio than those of
Figure 3A (average of 10 scans, versus 100 scans for Figure 3A).
The activation energy thus refers to the major 500 μs component.
The data at 5, 15, and 25 �C are shown in Figure 4A and indicate
that the temperature dependence is quite strong. Figure 4B is a
plot of the logarithmof the rate constant versus 1/T. TheArrhenius
plot is to a good approximation linear with activation energy of
18.2 kcal/mol, as calculated from the slope of the fit curve. This
value is similar to the activation energy of 14.5 kcal/mol reported
for the recovery to LOVD

450 dark state (15), in which the structure
is reset to its initial conformation.

For comparison we determined the activation energy of the
conformational change in the related photoreceptor photoactive
yellow protein (PYP) from H. halophila. The rationale for doing
so is that both LOV2 and PYP are PAS domain proteins with
similar structures. PYP is a 125 amino acid long photoreceptor
which binds p-coumaric acid as the chromophore. Light-induced
isomerization initiates a photocycle with several thermal relaxa-
tions, which ends in the recovery of the dark state in less than
1 s (24). PYP is a PAS-domain protein with an ∼30 amino acid
long N-terminal extension. This part called the N-terminal cap

resembles in many respects the C-terminal JR helix in the LOV2-
JR domain. Like JR it packs in the dark against the central β-sheet
of the PAS core and contains two short R-helices (see Figure 5C).
The N-terminal cap dissociates from the β-sheet and unfolds
upon photoactivation (29, 30). The step in the photocycle of PYP
associated with this global conformational change is the transi-
tion from the I2 to I2

0 intermediate as shown by a number of time-
resolved biophysical methods (31-36). At room temperature
and neutral pH this transition occurs around 1 ms and can be
monitored very well by transient tryptophan fluorescence spectros-
copy, since the fluorescence lifetime of tryptophan W119 in the
I2 and I2

0 intermediates differs by a factor of about 20 (22, 25). To
determine the temperature dependence of the I2/I2

0 transition, we
measured the transient tryptophan fluorescence signal of PYP at
pH 7.9 at five temperatures between 5 and 25 �C. The corre-
sponding signals at 5, 15, and 25 �C are shown in Figure 5A. Fit
curves with a sum of three exponentials (corresponding to the
three sequential transitions from I1 to I2, from I2 to I2

0, and the
recovery to the dark state) are superimposed on the data. An
Arrhenius plot of the rate constant for the I2/I2

0 transition, the
second transition in Figure 5A with negative amplitude, is shown
in Figure 5B. The plot is to a good approximation linear with
activation energy of 18.5 kcal/mol. Remarkably, the rates of the
conformational changes in PYP and LOV2-JR differ only by a
factor of about 2 under the investigated conditions. Moreover,
the activation energies of the reactions, which in both cases
involve the dissociation of a domain from the central β-sheet and
its partial unfolding, are nearly identical. We note that an acti-
vation energy of 15.5 kcal/mol was obtained for the I1 to I2 tran-
sition that precedes the I2 to I2

0 transition and has a time constant
of about 100 μs (37).

DISCUSSION

Three transitions were detected in the transient emission signal
in the course of the LOV2-JR photocycle. Based on the equality
of the first time constant with that obtained from transient absorp-
tion spectroscopy for the decay of the LOVL

660 triplet state
(Figure 3C) and on its emission spectrum, the 3.4 μs component
was assigned to the decay of the LOVL

660 phosphorescence
(Figure 3B). Protein phosphorescence is rarely observed at room
temperature (38). In the case of LOV2 the FMN chromophore is
rigidly held in the binding pocket, as reflected in the vibrational
fine structure of its absorption spectrum. The highly protected
environment prevents rapid collisional quenching by solvent
molecules such as oxygen. The relative amplitudes of the FMN
phosphorescence and the tryptophan fluorescence in Figure 3A
cannot be compared directly, since the tryptophan emission is
excited by the steady-state UVLED, whereas the phosphorescence
is excited by the very intense nanosecond laser flash at 460 nm,
which leads to a high fraction of molecules cycling of about 30%.

The second time constant of 500 μs was assigned to the dis-
sociation of the JR helix from the LOV2 core. A binding equilib-
rium between the LOV core and the JR helix already exists in the
dark (39). From the NMR exchange dynamics a value of 1320 s-1

was determined for the relaxation rate for fluctuations around this
equilibrium (39). It is intriguing that the corresponding relaxation
timeof 750μs is in the sameball park as the 500μs time constant for
the light-induced dissociation of the JR helix.

Kinetic evidence for light-induced conformational changes
in LOV2 after formation of the FMN adduct (formation of
LOVS

390, 3.4 μs) was previously obtained from several time-
resolved methods.

FIGURE 4: (A) Temperature dependence of the transient tryptophan
fluorescence of the LOV2-JR domain. The signals at 5, 15, and 25 �C
are anaverage of 10 scans andare scaled to the same endvalue at 100ms.
Curves for a single exponential fit of the transient tryptophan fluor-
escence are superimposed on the data. (B) Arrhenius plot. The rate
constants (in units of s-1) were derived by fitting the average of
10 transient fluorescence scans measured at each temperature with
a single exponential. The activation energy of 18.2 kcal/mol was
calculated from the slope of the linear fit of the logarithm of the rate
constants plotted versus 1/T (in units of K-1).
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Time-resolved optical rotatory dispersion (ORD) spectros-
copy in the far-UV on the same LOV2-JR construct as used here
detected a transition with a time constant of 90( 36 μs at 24 �C
which was attributed to secondary structural changes of the
protein backbone (16). In thesemeasurements ORD spectra were
recorded with a multichannel detector. The time resolution was
achieved by repeating these measurements at 19 discrete time
delays between the actinic flash and the recording of the spectra
with a gated detector. As the signal-to-noise ratio of the transient
ORDdatawas very low, wepresume that the fluorescence change
at 500 μs refers to the same transition.

Application of transient grating and lens methods (18) to a
LOV2-linker construct from Arabidopsis phot1 which had a 110

amino acid C-terminal extension to the LOV2 domain led to the
detection of two transitions with time constants of 300 μs and 1 ms
at room temperature. These values are close to those from our
fluorescence measurements at 20 �C (500 μs and 3.4 ms) which
were obtained from a different organism and with a C-terminal
extension of only 39 amino acids. The authors interpreted these
transitions as the dissociation of the linker domain from the
LOV2 core (300 μs) followed by unfolding of R-helices in the
linker domain (1 ms), respectively.

In a recent step-scan FTIR experiment (40) on a mutant from
Arabidopsis with fast recovery kinetics a transition was detected
with a time constant of 120 μs at 40 �C even in a LOV2 domain
without a C-terminal extension. Taking into account the activation
energy of 18.2 kcal/mol, the value of this time constant agrees
within a factor of 2 with the 500 μs transition we observed at 20 �C.
This would imply that this component is due to a conformational
change of the LOV2 core itself rather than to the dissociation of
the linker domain/JR helix as suggested from the transient grating
and lens experiments. These measurements may be reconciled by
assuming that the JR dissociation follows the structural change of
the core in a concerted manner. The 120 μs transition was
observed in the FTIR time trace at 1537 cm-1 which is diagnostic
for the secondary structure (amide II). We note that we did not
observe a 500 μs component in the fluorescence signal of the core
construct.

The above dynamic methods monitor changes in the overall
secondary structure (ORD, FTIR) or in the hydrodynamic
properties such as the molecular diffusion constant and molec-
ular volume (transient grating and lens, respectively) but provide
no spatial resolution. The transient fluorescence method intro-
duced here is a novel complementary method with the following
advantages. It provides high time resolution (100 ns), which
can be improved further, and a superior signal-to-noise ratio.
Whereas each of the above methods covers only a limited time
domain, the transient fluorescence signal covers the entire time
range from 100 ns to seconds, seven decades in time. The signal is
recorded at 132000 discrete time points per time scan. Moreover,
being based on the change in tryptophan fluorescence, thismethod
also has considerable spatial resolution sincemost proteins contain
only a few tryptophan residues, which moreover may bemutated
away one at the time.

NMR experiments showed that both W491 and W557 are
involved in the conformational changes (14, 15, 19). For the core
construct, in which W557 and the JR helix are missing, we
detected no 500 μs component in the fluorescence. This suggests
that the fluorescence change is due toW557 or that the JR helix is
required for the occurrence of this component. In the absence
of the JR helix, W491 is exposed to the solvent in the dark (see
Figure 1). If light-induced activation does not change that
exposure, no change in fluorescence is expected. This interpreta-
tion is in agreement with NMR results on the core construct,
which show that in the absence of the JR helix the chemical shifts
ofW491 in the dark and the light differ very little (14).Moreover,
the values of the chemical shifts indicate that this tryptophan is
solvent-exposed in both states. It is well-known that changes in
the polarity of the environment of tryptophan’s indole ring affect
the wavelength of its emission maximum and its fluorescence
quantum yield (20). The emission maximum of 340 nm in LOV2-
JR indicates that the average environment of the tryptophans in
the dark is rather polar. The light-induced shift to 342 nm
indicates a more polar environment suggesting exposure to the
aqueous phase in the activated state. On the basis of the structure

FIGURE 5: (A) Temperature dependence of the transient tryptophan
fluorescence of photoactive yellow protein. The signals at 5.4 (black),
15.5 (red), and 24.5 �C (green) are the average of 20 shots. Curves for
a three-exponential fit of the transient absorption data are super-
imposed on the data. The time constants of the I2/I2

0 transitionwhich
is associated with a global structural change of the protein are indi-
cated by vertical dotted lines. Conditions: pH 7.9, 30 mM KCl and
10 mM Tris. (B) Arrhenius plot of k2, the rate constant of the I2/I2

0
transition associated with global conformational changes in PYP.
The activation energy of 18.5 kcal/mol was calculated from the slope
of the linear fit of the logarithm of the rate constants. The dotted line
is the fit curve of the LOV2 data in Figure 4B. (C) Structural alignment
of the crystal structures ofH. halophila PYP (PDB code 2PHY (44)
and oat LOV2-JR (2V0U (41)) performed with tools available from
theRCSBweb site (http://www.rcsb.org) using the jCE algorithm (45).
The domains are colored as follows: PYP, PAS domain (blue) and
N-terninal cap (green); LOV2, PAS domain (yellow), JR helix
(orange), and N-terminal turn-helix-turn motif (magenta).
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in Figure 1, one would expect thatW557 is already exposed in the
dark state, whereas W491 may become more exposed when the
JR helix dissociates in the light. For the construct W557S, which
includes the JR helix, we did not observe a 500 μs component in
the fluorescence either, again suggesting that the fluorescence
change is due toW557. For wild-type LOV2-JR structural changes
were observed in the NMR spectra for both tryptophans. NMR
would presumably have detected changes forW491 in theW557S
mutant as well. The fact that no 500 μs component was observed
fromW491 in the W557S mutant suggests that the change in the
environment of W491 either occurs on a different time scale
(e.g., in parallel with the decay of the triplet state at 3.4 μs) or has
only a minor effect on the fluorescence quantum yield. The latter
may be due to the fact that in both states the fluorescence ofW491
is highly quenched by energy transfer to the FMN chromophore
minimizing the effect of other decay channels on the fluorescence
quantum yield. For LOV2-JR in the dark state LOVD

450 we
calculated a F€orster radius of 13 Å from the spectral overlap of
donor and acceptor making the usual assumption of a κ2 value of
2/3. Since the F€orster radius is comparable to the W491-FMN
distanceof 14 Åwhichweobtained fromthepublishedoatLOV2-JR
X-ray structure (41), considerable energy transfer occurs between
this tryptophan and the flavin cofactor in the dark.

Transient absorption measurements indicate that the LOVS
390

signaling state, absorbing at 390 nm, is formed in about 4 μs and
decays in seconds (see also Figure 3C). The fluorescence results
show on the other hand that between 4 μs and the end of the cycle
two additional transitions occur. There are thus at least three
LOVS

390intermediates,confirmingpreviousreports(16,18,40,42,43).
The very large activation energy of 18.2 kcal/mol for the 500 μs
transition suggests that it is associated with a major conformational
change.

For the global structural change in PYP which occurs in the
transition from the I2 to the I2

0 intermediate we found an almost
identical value of 18.5 kcal/mol. This remarkable similarity in
both the barrier height and time constant of the light-induced
conformational changes in the PAS-domain proteins LOV2-JR
and PYP is presumably due to the structural similarities between
the two systems. This result is nevertheless surprising as the
chromophore and photochemistry of both photoreceptors are
quite different. While illumination of LOV2 leads to a transient
covalent bond between the flavin and a conserved cysteine residue,
the absorption of light by PYP causes a trans-cis isomerization
of the already covalently bound chromophore p-coumaric acid.
X-ray diffraction studies of illuminated protein crystals showed
that in PYP the isomerized chromophore swings out of the
binding pocket, while in LOV2 apart from the covalent bond
formation only minor rearrangements in the chromophore bind-
ing pocket occur (12, 35).However, in a recent study investigating
the light-induced conformational changes of an oat LOV2 con-
struct which included the JR helix as well as a short conserved
N-terminal extension to the PAS-domain that forms a turn-
helix-turn motif, the propagation of the structural signal from
the FMN to the surface of the protein was found to be similar to
that in PYP (41). A structural alignment of the crystal structures
of this LOV2 construct and PYP is shown as an overlay in
Figure 5C. In addition to the structural similarity of the PAS
domains of the two proteins (upper part of the figure) we see that
the two helices of the N-terminal cap (shown in green) of PYP
align very well with the C-terminal end of the Ja helix (orange) as
well as with the N-terminal extension of LOV2 (magenta).
Remarkably, the light-induced conformational changes of the

LOV2 crystal are concentrated in this area (41). We therefore
suggest that the kinetics of the formation of the signaling state in
PYP and LOV2-JR are determined by the common PAS-domain
fold of the two proteins and by the similar interaction of the
N-terminal cap and C-terminal JR linker, respectively, with the
central β-sheet of the PAS-domain core and not by the specific
interaction between the different chromophores and the protein.
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