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A LOV Story: The Signaling State of the Photl LOV2 Photocycle Involves
Chromophore-Triggered Protein Structure Relaxation, As Probed by Far-UV
Time-Resolved Optical Rotatory Dispersion Spectros¢opy
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ABSTRACT. Light-, oxygen-, or voltage-regulated (LOV1 and LOV2) domains bind flavin mononucleotide
(FMN) and activate the phototropism photoreceptors phototropin 1 (photl) and phototropin 2 (phot2) by
using energy from absorbed blue light. Upon absorption of blue light, chromophore and protein
conformational changes trigger the kinase domain for subsequent autophosphorylation and presumed
downstream signal transduction. To date, the light-induced photocycle of the photl LOV2 protein is known
to involve formation of a triplet flavin mononucleotide (FMN) chromophore followed by the appearance
of a FMN adduct within 4us [Swartz, T. E., Corchnoy, S. B., Christie, J. M., Lewis, J. W., Szundi, I.,
Briggs, W. R., and Bogomolni, R. A. (2003) Biol. Chem. 27636493-36500] before thermal decay

back to the dark state. To probe the mechanism by which the blue light information is relayed from the
chromophore to the protein, nanosecond time-resolved optical rotatory dispersion (TRORD) spectroscopy,
which is a direct probe of global secondary structure, was used to study the photl LOV2 protein in the
far-UV region. These TRORD experiments reveal a previously unobserved intermediate species
(r ~ 90us) that is characterized by a FMN adduct chromophore and partially unfolded secondary structure
(LOV390°). This intermediate appears shortly after the formation of the FMN adduct. For LOV2, formation
of a long-lived species that is ready to interact with a receptor domain for downstream signaling is much
faster by comparison with formation of a similar species in other light-sensing proteins.

Environmental light conditions regulate many of the domains have a distinctive structure. A five-stranded anti-
growth and developmental responses in plants. These pheparallels-sheet coreff20403), flanked by a series of helical
nomena are controlled by different photoreceptors that aresegments, facilitates its characteristic functions of light
sensitive to different wavelengths and intensities of light. detection, chromophore binding, and signal transduction via
For example, phytochrome A absorbs primarily red and far- protein—protein interactions. For photl, both LOV1 and
red light, whereas cryptochrome and phototropin are selectiveLOV2 domains bind a flavin mononucleotide (FMN) chro-
for blue light. Together with phytochrome, cryptochrome mophore and LOV2 activates phototropin by converting
regulates photomorphogenetic processes such as seed gedetected blue light into a protein conformational change
mination, flowering, stem elongation, and gene expression. (7—10). Upon absorbing blue light, the FMN chromophore
Phototropism, stomatal opening, relocation of chloroplasts, of the isolated LOV2 domain has been shown to form a
and other photomovements are controlled by the phototropinstriplet state £max ~ 660 nm) via intersystem crossing directly
(1-6). from the excited singlet state within 5 nd1j. These

Phototropin 1 (phot#)is a 996-amino acid membrane- femtosecond time-resolved absorption studies also used
associated kinase flavoprotein that undergoes autophosphodifferent pH conditions to demonstrate that a large population
rylation upon irradiation with blue light6). The domain of the FMN triplets exists in the protonated state. Excited
configuration of photl comprises a serine-threonine kinase State proton transfer from the sulfhydryl group of the Cys39
segment at the C-terminal end and two 12 kDa (110 amino to the N(5) of the FMN chromophore is thus proposed to
acids) light-, oxygen-, or voltage-regulated (LOV1 and occur on a nanosecond or faster time scdl#) (@nd to
LOV2) segments in the N-terminal region. Being a member facilitate formation of a C39C(4a) flavin—cysteinyl adduct
of the PAS (Per-ARNT-Sim) domain superfamily, LOV (12). The results of nanosecond time-resolved absorption

experiments show that the FMN triplet state decays with a

R : : 4 us time constartto form the FMN adductAmax ~ 390

andSﬁgﬁ%ﬁfn?y@'?g%’E{L’;@tg“(t;?;f fB'l_;?alth Grant EB02056 (D.5.K) nm) (7). The FMN adduct was proposed to be the active
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1 Abbreviations: photl, phototropin 1; LOV, light-, oxygen-, and
voltage-regulated; PAS, Per-ARNT-Sim; FMN, flavin mononucleotide; 2 The time constant measured by Swartz et @).was 2us. When
PYP, photoactive yellow protein; TRORD, time-resolved optical the decay of the triplet state back to the ground state is considered, the
rotatory dispersion; TROD, time-resolved absorption; SVD, singular- calculated time constant for adduct formation ig4 This value will
value decomposition. be used throughout the paper.
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to transmit the information of blue light absorption to the ture. The results of these experiments indicate that upon

kinase domain and in part because no additional intermediatephotoexcitation with 355 nm light the observed secondary

has been detected between its formation and its decay baclstructure unfoldingd = 90 us), presumably localized to the

to the dark statet},, ~ 30 s (L2)]. Jo helix, is facilitated by the previously observed FMN
Many questions regarding the mechanistic and conforma- adduct formation event[= 4 us (7)].

tional details of the photl LOV2 photocycle remain. For

example, do the chromophore and protein respond simulta-MATERIALS AND METHODS

neously upon absorption of blue light, or do the initial FMN- . .

localized structural changes propagate through the core shee{ S?mp'e _PreparatlonThe LOV.2 domain [ASNF.)HlLOVZ

structure and then communicate a conformational change in{@Min0 acids 404559)] used in these experiments was

the outlying helical structure? Do hydrophobic contacts play ,de”VEd from oat,{\yena gatva) photl. This LOV2 construct

a larger role in facilitating such structural change sequences/ncludes the d helix region that undergoes unfolding upon

than steric hindrance or distortion of the chromophore? The Irradiation with light ©). It was expressed i&scherichia

answers to such questions will not only provide mechanistic 0!l and purified by calmodulin affinity chromatography
information about the LOV2 photocycle but also help in (USINg an N-terminal tag) (Stratagene, La Jolla, CA). The
identifying commonalities in the mechanisms of signal purified samples were washed into clean buffer [5 mM TRIS

transduction activation for PAS, as well as non-PAs, @nd 5 mM NaCl (pH 8)] using centrifugal concentrators
proteins. (Con;inental Lab P_roducts, San Diego, _CA) a_nd were
At present, common elements in signaling mechanisms entrifuged and/or filtered through a Qun filter prior to
of different proteins include an initial conformational change use. Absorption spectra of the LOV2 pratein were meastred
that is localized to the chromophore site, distortion of the on an HP8452 diode array spectropho.tometer (Hewlgtt-
protein structure in the proximity of the chromophore, and Packard, Palo AIt'o, CA). The concentratllon 9I the protein
then propagation of this distortion to a long-range protein V&S calculated using &gz Lov20f 13 800 M cm™. Further
structure such as the N- and C-terminal helices. For example, d€tails of the sample preparation have been repofiet(

in the prototypical PAS domain protein, photoactive yellow 21).
protein (PYP), the sequence of structural changes that occurs For time-resolved experiments, the LOV2 samples were
upon absorption of light is at first localized to the chro- diluted with enough buffer solution [5 mM TRIS and 5 mM
mophore pocket. Complete relaxation of tiechromophore ~ NaCl (pH 8)] so that the absorption value at 230 nm was
geometry results in the cleavage of all hydrogen bonds that0.5-0.6 (~15 «M protein) in a 2 mmpath length quartz
link the chromophore to helix B. Helix B subsequently moves cuvette. This concentration of protein is below that at which
toward the N-terminal helix, which responds by unfolding dimerization of photl LOV2 reportedly plays a role in the
to form the signaling statel®). Studies of phytochrome A dark state (56200x«M) and during the photocycleg, 23).
activation have proposed that the chromophore rearrangement Time-Resaled Optical Rotatory Dispersion and Absorp-
following the initial photoisomerization step may introduce tion ExperimentsThe TRORD apparatus has been described
strain on the protein that is manifested in part as a helical in detail elsewhere2d) and will be discussed briefly here.
change (unfolding) at the N-terminus. When N-terminal The TRORD system comprises two major components, the
residues 769 are cleaved, the resulting mutant phytochrome photoexcitation source for initiation of the reaction and the
A exhibits no biological activity 14), suggesting that the  probe source for following the subsequent time-dependent
partially unfolded N-terminus interacts with the primary spectral changes. Pulses of 355 nm ligh¥ (ns, full width
signaling partners, phytochrome-interacting factdrs).( at half-maximum) from a Q-switched Quanta Ray DCR-1
The protein-protein interaction of a signaling partner Nd:YAG laser were used to initiate the cyclic photl LOV2
protein with a helical domain appears to be significant in photoreactions. The photl LOV2 photocycle has typically
the mechanism of signal transduction. In addition to the been initiated with ca. 470 nm light in previous time-resolved
helical unfolding observed during the formation of the studies ¥, 8, 11, 23). Because 355 nm light was used to
signaling state in PYP and phytochrome, helical segmentstrigger the photocycle in these far-UV TRORD studies, the
also appear to play a significant role in the signaling pathway power dependence of the absorption changes at 270 nm was
for other proteins such as the oxygen-sensor protein FixL examined to establish that-1.5 mJ was the optimum energy
(16, 17), the quorum-sensing protein TralRg( 19) and the per pulse for the experiments (data not shown). An iris was
HERG voltage-dependent potassium chanr2g).(In the used to reduce the unfocused 8mm laser beam diameter
LOV2 protein, it was recently shown that the lelix, which to ~3 mm. The~3 mm laser beam entered the sample at an
is located at the end immediately C-terminal to fhe.(s angle of 18 where it overlapped with the-300 um probe
PAS domain core and is aligned with thesheet surface of  beam. The initially unpolarized probe light from a xenon
the core, is critical for light-activated kinase activig; (L0). flash lamp probe source passed through a Matarizer to
From these NMR studies, it was proposed that irradiation a UV-enhanced aluminum spherical mirror (F/2, Edmund
leads to adduct formation, disruption of the interaction Optics), which focused the probe light at the sample. After
between the corg-sheet and theodhelix, and then unfolding  the sample, the probe light passed to a second UV-enhanced
of helix Jo.. Consistent with these findings, steady-state light- aluminum spherical mirror and a second Mg®larizer. The
induced difference CD spectra show a lossidielicity (8). probe beam was then focused onto the slit of a spectrograph
The goal of this study is to probe the kinetics of the LOV2 (Monospec 27, Thermo Jarrell Ash, Franklin, MA) equipped
protein changes during its photocycle by using far-UV with a 600 groove/mm grating (200 nm blaze) and detected
nanosecond time-resolved optical rotatory dispersion (TRORD) with a CCD (iStar, Andor Technology, South Windsor, CT).
spectroscopy, which follows global protein secondary struc- ORD signals were obtained by measuring the intensities of
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the probe beam after the first polarizer had been rotated by

angles oft+f and then—4 off the crossed position (9D of

the two polarizers. -0.0075
Aliquots of LOV2 protein (3 mL) were used for each

-0.0060

experiment. The LOV2 sample was transported with a 5 00050 F E
peristaltic pumpa a 2 mmquartz flow cell and then out to O -0.0105 | =
a collection vial. Because the half-life of the LOV2 back “ 00120 B E
reaction is~30 s, the sample remained in the collection vial ' F ]
until the entire aliquot had been used. This waiting period -0.0135 |- E
allowed the sample to return to the dark state so that it could 0.0150 E- E

rTT
11

be recycled for further data collection. AP N P P BT T
Far-UV TRORD data were collected in two groups using 255 260 265 270 275 280 285

two different LOV2 preparations. For the “late” data group, wavelength (nm)

measurements were obtained at the following time delays: Fgure 1: Near-UV TROD data for the photl LOV2 photocycle.

2,11, 100, and 50@s, 1, 5, 10, 50, 100, and 200 ms, and The 270 nm band reflects absorption not only by the FMN

1 s. A total of 336-464 averages were accumulated at each chromophore but also by aromatic amino acids such as Tyr and

i “ " ; Trp. Thus, the dynamics of this band will provide information about
time della){[. In :jh.e Sticondbee}lrl!y dat%gtl"OUp, th(? “megdila)és whether time-dependent changes in the corresponding TRORD
Were clustered in the submifiisecond time region. 5, 4, o, signals are due to the chromophore alone or to both the chro-

10, 18, 34, 66, and 100s, where at each time delay 728 mophore and the protein. The figure shows only TROD data
760 averages were collected. For each time delay that wasmeasured at 3 (black line), 6 (white circles), 34 (gray line), and

measured, an initial, dark-state ORD signal was also 1,0?53 (thin ?'aCk line Witt,hlb(;aCk circles). AnatlyS!tShOf fiﬂfl tthe datfa3
; i ; ields a single-exponential decay component with a lifetime o
Obtglned. For both groups, a.” time points were collected )j/:lys. Becguse FPO% of the tripleyt statepreturns to the ground state
within each run of the entire aliquot. The data were collected zn4'the other 50% decays to the addugtis equal toz, and is
at a repetition rate of 0.5 Hz, with the sample flowing (only twice 7.5, Consequentlys; = 7, = 6 + 2 us.
between laser pulses) at a rate ofBul/s to move the
irradiated sample out of the pumprobe path before the  data are reported elsewheBs). The reported error bars for
next laser pulse. That this flow rate is sufficient for each time point are the calculated standard deviations of the
minimizing the buildup of photoproduct is verified by ORD signal mean value, which was based on the average
measuring TROD spectra with similar band intensities at an of 42—58 and 9195 sets (of eight averages each) of data
arbitrary time delay. depending on the time point measured, for the late and early
TROD and TRORD data were accumulated simultaneously data groups, respectively.
in the 216-310 nm wavelength region. Thus, the far-UV  pyring ORD experiments, intensity measurements are
TRORD and near-UV TROD data for the 230 nm band were 5ccmulated at each position@with [1 ;.4 and k] and
measured at the same time points within each data groupyitnout [1% 5 and Py_g)] the laser light and stored. At each
(early and late). However, only the early near-UV TROD hosition of the polarizer, a TROD spectrum is calculated from
data are shown below. In total, approximately 1000 averagesihe |og of the ratio of the intensity measurements obtained
were accumulated at each time delay for the 270 nm band,yithout and with the laser at each time delay. ORD are
TROD data. , _ calculated from the signa( = ORD/23) according to the
Prior to the experiments, an UWis spectrum of the dark  g|ationss, = s — Lapllaep + i p] for the time-
state of LOV2 was measured on a Shimadzu (Columbia, yegolved data an®; = %0 — 1% al1%es + 1%p]
MD) UV-2101PC spectrophotometer ugim 2 mm path for the pretrigger data.
length quartz cuvette. At the end of each experiment, a
second UV-vis spectrum was measured to determine the ResyLTS
integrity of the protein. Temperature measurements were
made periodically throughout the experiment with an infrared  The near-UV 270 nm band largely reflects the absorption
temperature probe (80T-IR, Fluka). The temperature at the characteristics of the FMN chromophore. Some of the TROD
sample was maintained at 2&€ during the course of the data measured at 3, 4, 6, 10, 18, 34, 66, and.E0re shown
experiment. All experiments were performed in a dark in Figure 1. Global kinetic analyses show that near-UV
environment. TROD data for the 270 nm band are best fit to a single-
Data AnalysisSingular-value decomposition (SVD) and exponential decay with an observed time constant &f 3
global analysis methods were used to analyze the multi- 1 us. This time constantrf,g reflects the sum of the time
wavelength difference TROD and TRORD data. The dif- constants for the decay of the triplet state to the ground state
ference data were obtained by subtracting the initial, dark- (z;) and the formation of the FMN adduct,] (7). Because
state LOV2 spectrum from the time-resolved OD and OR 50% of the triplet state returns to the ground state and the
spectra. For the TRORD data, difference kinetic traces were other 50% decays to the adductjs equal tor, and is twice
also obtained by averaging the multiwavelength difference tops Consequentlyr; = 7, = 6 £ 2 us. This value is
ORD signals from 225 to 235 nm. The resulting difference consistent with the 4:s decay time constant reported by
kinetic traces were analyzed using exponential fitting meth- Swartz et al. 7), and as with the 4s process, the @s
ods. Algorithms for all methods (exponential, SVD, and component is attributed to the dynamics of the FMN
global analysis) were written with the mathematical software chromophore as it decays from the triplet state. These data
package Matlab (The Mathworks, Inc., South Natick, MA). confirm that the early photocycle kinetics of LOV2 initiated
Further details of SVD and global analyses of kinetic spectral by 355 nm light (in this study) can be compared with the

N
[
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-0.020 - . 36 us3 The error bar on the time constant was calculated on
C ] the basis of the values obtained from analysis of different
-0.025 |- - sets of the late and early data.
g r ] It was also possible to fit two-exponential processes to
& -0.030 - . the data (ca. 4 and 18@s); however, the time-dependent
g - ] spectral components, generated by SVD and global kinetic
-0.035 |- ] analysis 25), of the two intermediates were nearly identical.
. A 1 The similarity of the 4us time constant to that detected in
0040 Lo v u by vyl the near-UV TROD data and the data reported by Swartz et
220 225 230 235 240 245 250 al. (7) suggests that the ORD signal at 230 nm may also
wavelength (nm) reflect the dynamics of formation of the chromophore adduct.
This is possible because in kinetic ORD measurements the
0004 tows toops 3 signals are monitored away from the absorption bands.
g 5 _ 1 Consequently, the ORD signal at 230 nm comprises multiple
5 0002F ] é/—é—i@—ﬂ*}—i{ E Cotton effects, and in this case, it may report on the
§a 0.000 F—. % 4 L] contribution of the chromophore absorption band at 270 nm.
8 F Tt ] Given the size of the error bars for each time delay, detection
S -0002 } S - of two exponential processes within &8% change can only
- ] be certain with a better signal-to-noise ratio. Thus, at this
0004 1 : B time, a single-exponential decay= 90 + 36 us) is reported
0,006 B Lo B b bl e and is attributed to changes in protein secondary structure.
4 3 2 1 0 1 2 3 4
log,,(time), ms DISCUSSION
Ficure 2: Far-UV TRORD data for the photl LOV2 photocycle. In photl LOV2, the amphipathiaJhelix structure, found

Multichannel-detected ORD signals measured before illumination . . . .
(gray line) and at 4 (black line) and 10@ (thin black line with 2t the C-terminal side of the LOV/2,a4f5 core, is believed

white circles) after illumination are shown in panel A. Data atonly to play a significant role in signaling activatio8)( Partial
a few time points are shown because the change in signal is smallunfolding of the & helix is consistent with the observed

(6—8%). TRORD kinetic trace data measured using the time delays decrease in the far-UV CD spectra upon white light illumina-

from both the late®) and early @) data groups are shown in panel .. -
B, with the fit to the data. Analysis of the combined early and late tion of LOV2 (8). The kinetics of the LOV2 photocycle,

data groups gives a single-exponential process with a time constantVith @ fQCUS on the secondary. structure changes, were studied
of 90 + 36 us. here with TRORD methods in an effort to understand the

relative time scales of chromophore and protein structural
kinetics reported after 477 nm excitation. They are consistentchanges upon irradiation with blue light. The near-UvV TROD
with the observation by Guo et ak§) of similar changes  data report a lifetime of 6= 2 us, which is attributed to
in the 475 nm absorption bleaching with visible (tungsten changes in the chromophore and is consistent with previous
lamp) and UV (286-390 nm) light. TROD data were also  Studies f = 4 us (7)]. This intermediate is termed LOV2>",
measured in the visible (450 nm) region but are not shown Which is modified slightly from the nomenclature initially

here. The fit of those data was consistent with the previously introduced {) to accommodate the new intermediate ob-
published work of Swartz et al7). served in this study. The far-UV TRORD data suggest that

. . . the decrease in secondary structure content occurs (presum-
Figure 2A shows the multichannel-detected ORD signals ably at the & helix) after formation of the FMN adduct,

measured_ before and_4 and J@after photoexcitation with — wn - e constant 0f-90 us. The species observed at
355 nm light. Two time delays are shown because the g s is characterized by a FMN adduct with partly unfolded
maximum change in signal is only-®8%. The TRORD data  pgjical structure and is called LOV:S2 Because the far-

at all time points are shown in the form of a difference kinetic ;v TRORD and near-UV TROD measurements were
trace in Figure 2B. The late data measurements at 2, 11,3ccumulated for the same sample, at the same time, and with
100, and 500k, 1, 5, 10, 50, 100, and 200 msdahs ) the same time delays, there are no ambiguities about the
are presented along with the early data measured at 3, 4, 6assignments of the time constants. Overall, the results of the
10, 18, 34, 66, and 10@s (@). From the late data, the TRORD and TROD studies on photl LOV2 (including the
decrease in the magnitude of the ORD signal triggered by linker region) indicate that soon after formation of the FMN
blue light absorption appears to b&/0% complete within adduct there is a decrease in secondary structure content.
10-100us, with the remaining 30% decrease in magnitude  The 90us time constant for the secondary structure change
occurring before~1 ms. The early time measurements is much faster than the time constant of 2 ms reported in
resolve the data at times faster than 1@ and show a laser-induced transient grating (TG) studi2®)( A possible
general trend in which the magnitude of the ORD signal explanation for the different time constants is that TG is not
decreases from 4 to 1Q&s. The 11us (O) time point from as sensitive to changes in the protein structure as TRORD.
the late data set shows a more inte®s8RD signal but is TG techniques indirectly probe protein conformational
within the error of the 1Q«s point @) from the early data  changes by monitoring the translational diffusion coefficient
set. At 100us, the AORD signals are very similar in

intensity. The combined late and early data setis best fitto s yyhen Figure 28 is plotted with a linear scale, the fit of the data
a single-exponential decay with a time constant of490  exhibits the exponential rise that is expected.
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intramolecular proton from Glu46 (p8, T = 250us) occurs
before the final formation of the signaling state,spRr =

2 ms). By comparison, there are no additional intermediates
between the FMN triplet state and the partially unfolded 90
us intermediate.

pBsss plays a key role in facilitating the secondary
structure changes during formation of thespBsignaling
state in PYP. According to Xie et al31), the buried charge
group, COO from Glu46, found in the pBs intermediate
drives large global protein structural changes. The importance
of this buried charge group is underscored by the reduction
in the extent of conformational changes observed in the
E46QA mutant. Thus, the relatively long time required for
the transition from pk¥sto pBsssis explained in part by the
time (t = 250 us) required to form pBs (31) and in part
by the high energy barrier that faces the chromophore as its
phenolic oxygen passes from one side of the ring plane to
the other 83). Such similar steric factors must be absent
from the LOV2 photocycle mechanism. The FMN moiety
is initially noncovalently bound, with its C(4a) 4.2 A from
FiGUrRE 3: Photl LOV2 photocycle. The photl LOV2 photocycle the sulfur of Cys3934). lllumination brings about a rotation
intermediates observed to date are summarized here. The newespf the sulfur group by 100around the G—C; bond. This
intermediate, named LO\g;™, can be described as having a FMN i readies the Cys39 sulfur for formation of a bond with
adduct chromophore and partly unfolded protein structure. The o S -
excited singlet and triplet (e States of the FMN are shown  C(4@) by moving it 2.3 Asothatitis within covalent bonding
without the protein structure to emphasize that the dynamics are distance. Subsequent to adduct formation, in the presence
localized to the chromophore. The drawings of the intermediate of the Xx helix, NMR experiments have reported significant

species, LOV&OSlha?”ﬁ '-OY].ZBf’ﬁT.Z  Zoom In on wihere the major  perturbations at that helixd( 10). Upon formation of the
changes occur (which are highlighted), at the chromophore and aty 4, ot there are significant changes in the environment of
the protein, respectively. . . . .

amino acid residues in theaHpS, and |5 strands, as well

parameterD) (27, 28), whereas TRORD methods reporton @S the E helix. Bgcause theg] helix, which lies beneath
the global secondary structure changes of the protein.the chromophore, interacts with several strands oftkbeet

According to the analysis of the observed TG signal by surface of the LOV domain, these localized changes in the
Eitoku et al., using a two-state model resulted in a poor fit p-strands are then proposed to relay the blue light information

of the data. This problem was addressed by invoking an further to the & he'li.x. The relative proximity of thesg key
unusual time dependence Bf in the analysis. However, €léments may facilitate fast structural communication that

examination of their biexponential fit (Figure 3 in raf) explains why the kinetics of FMN adduct formation and the

shows that deviation from the observed TG signal starts in Putative & helix unfolding follow closely in time. The
approximately the same time region as the /@9 time unfoldgd i hel!x and the3-sheet face that is exposed upon
constant reported from the far-UV TRORD data. This Jo helix unfolding have been proposed to be surfaces that
suggests that their fit to the TG signal using a time- €an play a role in kinase activatioa@.

independenb may improve with the introduction of another In conclusion, these TRORD and TROD experiments
intermediate. reveal a previously unreported intermediate speaies 90

Why is the activation process significantly faster for LOV2 uS, LOV2¢®) that is characterized by a FMN adduct
than for other light-sensing proteins such as phytochrome chromophore and partly unfolded secondary structure.
(29) and PYP 80, 31)? The relative simplicity of the LOV2  Figure 3 summarizes the different kinetic intermediates that
photocycle may be the key to understanding why the are currently observed in the LOV2 photocycle. LQ¥
observed secondary structure unfolding is so comparativelyappears shortly after the formation of the FMN adduct
fast ¢ ~ 90 us for LOV2; r = 2 ms for PYP; andr > (LOV2396°Y). For LOV2, the species that is ready to interact
42 ms for phytochrome). In the early stages of the photo- With a receptor domain for downstream signaling forms much
cycles, there is an initial photoisomerization of the dagks- faster than in other light-sensing proteins. The slower
p-hydroxycinnamic acid in PYP, for example, versus an transition between the chromophore changes and the protein
initial singlet to triplet decay of the FMN group in LOV2.  unfolding (in PYP and phytochrome) are likely due to higher
Aside from the LOV2 singlet excited state, there are no energy barriers faced by the chromophore before it can
intermediates that precede formation of the FMN triplet) ( communicate with the protein. In addition, the differences
However, for PYP, several precursors to thesgRinter- may arise from the nature of the receptor protein. That is,
mediate, which forms within a few nanosecon@g)( have LOV2 may be designed to respond quickly to blue light
been observed. After pR has formed, a transfer of an illumination because it interacts with a kinase domain that

is also within the photl photoreceptor. It might be that the
4There are at least two nomenclatures used to describe the PYP.‘Q’equentlalI chromophore and protein r.eSponseS to blue light
intermediates: pRs (11), PBass (I2), and pBs¢ (I2). In this paper, we in the LOV2 photocycle are common in the photocycles of
will use pR and pB. PAS, as well as non-PAS, signaling proteins.
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