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ABSTRACT: Flavin-binding LOV domains are broadly conserved in plants, fungi, archaea, and bacteria.
These ~100-residue photosensory modules are generally encoded within larger, multidomain proteins that
control a range of blue light-dependent physiologies. The bacterium Caulobacter crescentus encodes a soluble
LOV-histidine kinase, LovK, that regulates the adhesive properties of the cell. Full-length LovK is dimeric as
are a series of systematically truncated LovK constructs containing only the N-terminal LOV sensory domain.
Nonconserved sequence flanking the LOV domain functions to tune the signaling lifetime of the protein. Size
exclusion chromatography and small-angle X-ray scattering (SAXS) demonstrate that the LOV sensor
domain does not undergo a large conformational change in response to photon absorption. However, limited
proteolysis identifies a sequence flanking the C-terminus of the LOV domain as a site of light-induced change
in protein conformation and dynamics. On the basis of SAXS envelope reconstruction and bioinformatic
prediction, we propose this dynamic region of structure is an extended C-terminal coiled coil that links the
LOV domain to the histidine kinase domain. To test the hypothesis that LOV domain signaling is affected by
cellular redox state in addition to light, we measured the reduction potential of the LovK FMN cofactor. The
measured potential of —258 mV is congruent with the redox potential of Gram-negative cytoplasm during
logarithmic growth (=260 to —280 mV). Thus, a fraction of LovK in the cytosol may be in the reduced state
under typical growth conditions. Chemical reduction of the FMN cofactor of LovK attenuates the light-
dependent ATPase activity of the protein in vitro, demonstrating that LovK can function as a conditional
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photosensor that is regulated by the oxidative state of the cellular environment.

Cellular adaptation requires protein domains that can perceive
physical or chemical changes in the environment and transduce
detection of such events to downstream effectors. Flavin-binding
light, oxygen, voltage (LOV)' domains, which were first identi-
fied in the phototropin (phot) plant photoreceptor family (/), are
well-characterized protein photosensory domains. While phot
LOV domains were initially postulated to serve as sensors of the
redox state (/), they were later shown to bind a flavin cofactor (2)
and respond directly to the absorption of blue light via formation
of a thermally reversible cysteinyl-C(4a) adduct (3). Since these
discoveries, LOV domains have generally become defined as a
photosensory subset (4) of the larger Per-ARNT-Sim (PAS)
domain superfamily (5). LOV domains are now known to be
conserved across a diverse range of proteins in prokaryotes,
eukaryotes, and archaea (4, 6).
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Early studies on the structural mechanism of photon-dependent
signaling in photl LOV domains revealed an allosteric switch, in
which an amphipathic C-terminal a-helix packs against the LOV2
domain core in the dark state and unfolds and dissociates in the lit
state (7). Later work revealed that N-terminal structural elements
on photl LOV2 are also displaced upon photoexcitation (8). These
solution and crystallographic analyses provided a framework for
structural mechanisms of LOV signaling in phototropins, and
insight from these studies has been successfully translated to the
rational design of a chimeric LOV-Trp repressor that exhibits
light-regulated DNA binding activity (9). However, recent exam-
ples of synthetic LOV-dihydrofolate reductase (/0), LOV-Racl
(11), and a LOV-histidine kinase (/2) suggest multiple possible
mechanisms through which LOV domains can regulate protein
activity. Evidence of alternative modes of LOV signaling can be
found in the fungal photoreceptor, VVD, in which cysteinyl-flavin
adduct formation affects the equilibrium between the monomer
and dimer (/3, 14). The structure of the LOV domain from the
Bacillus subtilis o® regulator, YtvA (15—17), also suggests a mode
of signaling that differs from phot LOV2, as YtvA does not have
the C-terminal Joc helix docked against the LOV domain but rather
helices that extend away from LOV domain and connect to the
C-terminal sulfate transporter anti-sigma factor antagonist
(STAS) domain (/8). An analogous, extended C-terminal helix is
evident in the heme-binding PAS domain of the sensor histidine
kinase, FixL (19).
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FiGure 1: Conservation of LOV domains. CLUSTAL sequence
alignment of a set of LOV domains for which kinetic properties have
been characterized in vitro. Red bars and blue arrows above the
alignment indicate the positions of a-helices and fS-strands, respec-
tively, in the Avena sativa photl LOV2 crystal structure (PDB entry
2V1A). The column contains the signaling half-lives (i.e., half-life
of decay from the cysteinyl adduct state back to the unbonded
dark state) of each of these constructs in vitro. The numbers of
residues flanking the N- and C-termini of each characterized LOV
protein construct are noted at the beginning and end of each
sequence; these nonconserved flanking sequences are shown in
Figure S1 of the Supporting Information. An improved purification
protocol for C. crescentus LovK (see Materials and Methods) has
been implemented since our initial publication of LovK recovery
kinetics (25).

While the biochemical and kinetic properties of isolated LOV
domains from a variety of proteins have been broadly character-
ized, we generally do not understand the structural mechanisms
by which LOV domains transduce signals within the context of
the larger, multidomain proteins in which they are encoded;
recent studies of YtvA (20—22) and phototropin (23) have begun
to address this question. Among the more prevalent classes of
LOV proteins are the bacterial LOV-histidine kinases (24). The
Gram-negative aquatic bacterium Caulobacter crescentus en-
codes a soluble LOV-histidine kinase, LovK (Figure 1), that
exhibits light-regulated autokinase activity and has been impli-
cated in the regulation of cell adhesion (25). This simple, two-
domain enzyme provides an excellent model for probing how
LOV domains function in the context of multidomain proteins.
More generally, LovK provides a model for characterizing the
molecular basis of sensory transduction in histidine kinases.

Here, we report a systematic analysis of the structural and
oligomeric properties, signaling lifetime, and redox properties of
LovK. Small-angle X-ray scattering (SAXS) of the complete
sensory domain of LovK provides evidence of a structure
in which the C-terminal sequence linking the LOV domain
to the kinase is extended away from the LOV domain core.
This extended conformation is consistent with proposed models
of coiled-coil-mediated signaling between the sensor domain
and the C-terminal histidine kinase (12, 26). SAXS of the
LovK sensor domain under constant blue light illumination
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demonstrates that light-dependent regulation of LovK kinase
activity does not require large changes in the tertiary or qua-
ternary structure of the protein, which is consistent with recent
vibrational spectroscopic studies of full-length LovK (27). How-
ever, limited proteolysis under dark and illuminated conditions
defines the extended C-terminal linker between the LOV domain
and kinase as a site of conformational change upon photon
absorption. Finally, we demonstrate that the reduction midpoint
potential of the FMN cofactor of LovK is similar to that of the
cytosol, and that the redox state of the FMN cofactor affects the
capacity of LovK to function as a photosensor.

MATERIALS AND METHODS

Cloning and Expression Constructs. The gene encoding
LovK (CC_0285) was PCR-amplified from C. crescentus
genomic DNA and cloned into overexpression vector pET28a
(Novagen, Madison, WI) to produce pET28a-LovK (25). The
C70A LovK mutant was generated using PCR-based site-
directed mutagenesis as previously described (25). Truncated
versions of the LovK LOV domains were PCR-amplified
from pET28a-LovK and digested with Ndel and Xhol (NEB,
Ipswich, MA). The LovK(1—138) construct was ligated into
pET28a, while all other constructs were ligated into a pET28
variant in which the N-terminal His6 tag is followed by a
TEV cleavage site (gift of R. Keenan) (see Table 1 for con-
struct boundaries).

Protein Expression and Purification. The pET28 expres-
sion vectors were transformed into Rosetta(DE3)pLysS cells to
create overexpression strains. Expression strains were grown at
37 °C to an ODgg of 0.1 (1 cm path length), at which point the
temperature was lowered to 16 °C and expression was induced
with isopropyl f-p-thiogalactopyranoside (IPTG) for 16 h.
Cells were lysed by sonication in 20 mM Tris-HCI (pH 7.6),
500 mM NaCl, 20 mM imidazole, 1 mM f-mercaptoethanol, and
5% glycerol. The recombinant protein was purified on Ni*"
Chelating Resin (GE Amersham Pharmacia, Piscataway, NJ)
using a 20 to 500 mM imidazole gradient. Exposure to light
during the purification led to loss of the flavin cofactor, so to
avoid sample contamination with apo-LOV protein, the affinity-
purified sample was concentrated to 5 mL in the presence of
excess FMN (Sigma-Aldrich, St. Louis, MO). Excess FMN and
apo-LOV protein were removed via gel filtration chromatography;
intact LovK was purified on a Hi Prep 26/60 Sephacryl S-200
column (GE Amersham Pharmacia), and the LOV domain
truncations were purified on a 10/300 Superdex-75 column
(GE Amersham Pharmacia). Gel filtration was performed in
20 mM Tris-HCI (7.6), 100 mM NaCl, 20 mM imidazole, and
0.1 mM MgCl,. All further experiments were performed in
this buffer unless otherwise specified. Thin-layer chromato-
graphy to identify the LovK cofactor was performed as pre-
viously described (2).

UV—Vis Absorption Spectroscopy. Absorption spectro-
scopy was performed on a Shimadzu UV-1650 (Shimadzu
Scientific Instruments, Columbia, MD) spectrophotometer using
a 1 cm quartz cuvette. Purified LOV proteins were kept in the
dark for 24 h prior to data collection and photoexcited for 5 min
with white light (1.1 mW/cm?). Spectra were recorded at 120 s
intervals to monitor the kinetics of thermal recovery. Recovery
traces are the average of three independently purified pre-
parations of protein with error bars representing the standard
deviation. Recovery half-lives were calculated by fitting
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Table 1: Primers Used To Construct the LovK Truncation Series, Strain Numbers of Expression Cell Lines, and IPTG Concentrations Used To Express

Proteins for Purification

construct 5’ boundary 3’ boundary strain [IPTG] (mM)
LovK(1—368) GAATTCGATGGAAGACTATTCGGAATCGC AAGCTTTCAAAAGCGTCCTTGGCTAT FC410
C70A LovK TGATCGGCCGCAATGCCCGGTTCCTG CAGGAACCGGGCATTGCGGCCGATCA FC543

LovK(1—163)
LovK(1—138)
LovK(25—163)
LovK(25—138)

CCCATATGTTGGAAGACTATTCG
CCCATATGTTGGAAGACTATTCG
CATATGGCCGCAGCGATCAGCGCC
CATATGGCCGCAGCGATCAGCGCC

1
1
CTCGAGCTACTCCCTTGTCCGCTC FC722 1
CTCGAGCTAGTCGGTCACGTCCAC FC931 2
CTCGAGCTACTCCCTTGTCCGCTC FC598 1
CTCGAGCTAGTCGGTCACGTCCAC FC596 1

the kinetic absorption data in Prism (GraphPad Software,
San Diego, CA) to the exponential function

A1) = Ao+ (Ap — 4,)(1—e X (1)

where A, is the initial absorbance at 446 nm, Ag is the final
absorbance at 446 nm (after complete recovery), k is the decay
constant, and ¢ is the time.

Gel Filtration Chromatography. All LovK gel filtration
was performed on a Hi Prep 26/60 Sephacryl S-200 column. All
LOV domain gel filtration was performed on a 10/300 Superdex-75
column. Columns were calibrated with proteins from a Low
Molecular Weight Gel Filtration Calibration kit (GE Life
Sciences, Piscataway, NJ). For dark-state experiments, protein
was loaded into an aluminum foil-covered sample injection loop
under dim red light (1.7 #W/cm?) and automatically injected onto
the column. The column was kept in the dark for the duration of
the experiment. For lit-state experiments, the protein was photo-
excited with white light (1.1 mW/cm?) for 5 min prior to being
loaded into the sample injection loop, and the column was
illuminated by 11.9 £W/cm?” white light during the experiment.
Dual-wavelength monitoring of the column elutant at 280 and
447 nm confirmed that the FMN cofactor in the lit-state proteins
was still photobleached when the protein eluted from the column.

Small-Angle X-ray Scattering. SAXS data were collected
at the Advanced Photon Source (Argonne National Laboratory,
Argonne, IL) BioCAT beamline (Sector 18) at purified protein at
concentrations of 0.4, 1.0, 2.0, and 4.0 mg/mL from a 1.5 mm
flow capillary through which protein was passed at a rate of
2 uL/s. Data were reduced in Igor Pro (WaveMetrics, Portland,
OR). P(r) plots were calculated from the SAXS data using the
indirect Fourier inversion algorithm of Svergun (28) in Gnom
version 4.5a, and scattering envelopes were generated using
DAMMIF (29). To measure SAXS in the lit state, protein
samples were excited in the flow capillary with a blue AlGalnP
LED (20° viewing angle, 8000 millicandela, 468 nm A, at 3.4 V;
powered by a 3.3 V, 4 A ac adaptor) that was positioned
orthogonal to the capillary throughout data collection as pre-
viously described (9). Complete adduct formation in the protein
sample at this light intensity was confirmed spectroscopically
prior to SAXS data collection.

Structural Modeling and Sequence Alignment. A cartoon
model of dark-state LovK(1—163) was constructed in PyMol
(MacPyMol, DeLano Scientific LLC) by appending the N-term-
inal 30 residues of the crystal structure of dark-state Neurospora
crassa VVD (PDB entry 2PD7) (30) to the N-termini of the
monomers within the dimeric crystal structure of Bacillus subtilis
YtvA (PDB entry 2PR5) (18). This model was superimposed on
the scattering envelope of dark-state LovK(1—163) in PyMol.
Sequences of LOV domain constructs characterized in vitro were
aligned with ClustalW (37) and displayed with Boxshade (http://
sourceforge.net/boxshadey).

Proteolytic Digests. LOV proteins were diluted to 20 uM
and digested with trypsin concentrations varying from 0.1 #g/mL
(Ix) to 1 ug/mL (10x) in 50 mM sodium phosphate (pH 7.4).
Dark digests were performed under dim red light (1.7 #W/cm?)
on protein that had been allowed to photorecover for 24 h. Lit
digests were performed on protein photoexcited with white light
(1.1 mW/cm?) for 5 min before the addition of trypsin and
illuminated throughout the reaction. Aliquots were removed
from the reaction at 5 min intervals. The reaction was stopped
via addition of the aliquots to equal volumes of 100 mM Tris-HCI
(pH 6.8), 200 mM dithiothreitol, 4% SDS, 0.2% bromophenol
blue, and 20% glycerol and boiling for 5 min. Samples were run
on 5 to 12% SDS—polyacrylamide gradient gels and visualized
by silver staining.

Redox Potential Measurements. Concentrated protein
solutions were diluted to 20 M in 100 mM potassium phosphate
buffer (pH 7.0) in the presence of 200 uM xanthine and 1 uM
benzyl viologen. Protein solutions were made anaerobic by
repeated cycles of evacuation and equilibration with an atmo-
sphere of purified argon in anaerobic glass cuvettes (32). Reduc-
tion potentials were measured using a xanthine/xanthine oxidase
system to slowly reduce the sample in the presence and absence of
an indicator dye (33). Experiments were monitored with a
Shimadzu UV-2501PC spectrophotometer (Shimadzu Scientific
Instruments, Columbia, MD) at 25 °C and pH 7.0. Phenosa-
franin (E,, = —252 mV) and safranin-T (£, = —290 mV) were
used as reference dyes. Reduction potentials were calculated
according to the Nernst equation

ln{[AREDSAMPLE _ A(i)SAMPLEV[A(i)SAMPLE _ AOXSAMPLE]}

— (E DYE _ E SAMPLE)(HSAMPLE
— \Em m

% F/RT) + (WSAMPLE/”DYE)

™ ln{[AREDDYE _ A(i)DYE}/[A(i)DYE _ AOXDYE]}
(2)

where A is absorption, 1 is the number of electrons transferred in
the cell reaction, Fis Faraday’s constant (23063 cal ' V'), Ris
the universal gas constant (1.987 cal K~ ' mol "), T'is the absolute
temperature, and E,, is the reduction potential.

ATPase Activity Assays. After purification and concentra-
tion, full-length LovK(1—368) was kept in the dark for 24 h
and diluted to 25 uM in kinase reaction buffer [SO mM Tris-HCl
(pH 7.6), 40 mM KCI, 10 mM MgCl,, | mM S-mercaptoethanol,
and 10% glycerol] in the presence or absence of 25 mM sodium
dithionite and allowed to equilibrate in the dark for 30 min at
room temperature. Reaction buffer was degassed for 48 h prior
to the addition of sodium dithionite, which was required for
efficient reduction of the protein sample. Under these micro-
aerobic conditions, the addition of sodium dithionite resulted in
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FIGURE 2: Photochemistry of Caulobacter LovK. (A) Dark-state (black) and lit-state (blue) absorbance spectra of the isolated C. crescentus LOV
domain (residues 25—138). (B) Schematic of the C. crescentus LovK truncation series. (C) Lit minus dark difference spectra of the LovK

truncation series, normalized to the dark-state absorption at 447 nm.

a 50—60% reduction of the FMN cofactor. “Dark” reactions
were conducted under dim red light (1.7 #W/em?), and “lit”
reactions were initiated after illumination for 2 min with white
light (Hg fluorescent bulb, 1.1 mW/cm?). Reactions were initiated
with the addition of 20 uM ATP and 5 uM [y-**-PJATP, allowed
to proceed for 2 min, and quenched by removal of 4 uL aliquots
and mixing with 2 uL of 12 N formic acid. “Blank” reactions
without protein were performed in the presence and absence of
sodium dithionite to ensure that the redox potential of the
solution had no effect on the stability of the ATP. Aliquots were
chilled on ice for 10 min, spun at maximum speed in a benchtop
centrifuge for 2 min, spotted onto PEI Cellulose F plates TLC
(Merck KgaA, Darmstadt, Germany), blotted with 50 uM ATP,
and run for 7 min in 1 M formic acid and 1 M LiCl as previously
described (25). Radioactive TLC plates were scanned using a
Typhoon Trio Variable Mode Imager (GE Biosciences), and
unhydrolyzed [y-**PJATP and free **P were quantified with
ImageQuant version 5.2 (GE Healthcare). ATP hydrolysis levels
in the blank reaction mixtures were subtracted from the dark-
and lit-state reaction mixtures. Five replicates of each condition
were performed for three independent protein purifications. All
data were normalized to the average of the dark oxidized data.
The statistical significances of ATPase activity differences were
assessed by one-way ANOVA in Prism (GraphPad Software).

LovK/FMN Redox Exchange. Solutions (20 uM) of LovK
and free FMN were reduced with a molar equivalent concentra-
tion of sodium dithionite in anaerobic glass cuvettes as described
above. Redox exchange between free oxidized FMN and reduced
LovK was initiated by addition of oxidized FMN to reduced
LovK at a 1:1 molar ratio.

RESULTS AND DISCUSSION

Conservation, Diversity, and Signaling Lifetime of LOV
Domains. LovK has a dark-state flavin absorption maxi-
mum near 447 nm and vibronic bands near 425 and 475 nm
(Figure 2A). Thin-layer chromatography of the extract from
denatured C. crescentus LovK demonstrates its cofactor is FMN
(Table 2). As shown previously, LovK exhibits canonical LOV
photochemistry (25): the 4a carbon of the FMN cofactor of
LovK forms a covalent adduct with the conserved C70 residue,
resulting in the loss of the 447 nm band and the appearance of a
band at 390 nm upon illumination (Figure 2C).

The rate constant at which the adduct species decays back to
the ground state can be measured by monitoring the reappear-
ance of the band at 447 nm (Figure 3); the reciprocal of this rate
constant can effectively be considered the signaling lifetime of the
protein. A number of prokaryotic and eukaryotic LOV domains
have been characterized in vitro and shown to exhibit signaling

Table 2: Thin-Layer Chromatography of Flavins”

species Ry
FMN 0.35
FAD 0.21
LovK cofactor 0.34

“Retention factor (Ry) values of FMN and FAD standards and the
chromophore isolated from purified full-length LovK C70A (residues
1-368).

lifetimes (i.e., kinetics of cysteinyl-flavin adduct rupture) that
range over 5 orders of magnitude (Figure 1). Some differences in
the kinetics of adduct formation and rupture among LOV
domains can be explained by variation in the residues that make
up the binding pocket of the flavin cofactor (34—36), while other
studies demonstrate that the signaling lifetime of LOV is modu-
lated by nonconserved regions of structure outside the defined
LOV domain core (37—39) (see Figure 1 and Figure S1 of the
Supporting Information). To methodically test the effect of the
nonconserved flanking sequence on the signaling lifetime of
LovK, we expressed and purified full-length LovK and a series
of systematic LovK truncations (see Figure 2B).

The kinetics of recovery from the adduct state depend not only
on the buffer environment (40) but also on the structural context
in which the LOV domain is contained (Figure 3). Full-length
LovK (residues 1—368) has a long recovery, with a half-life of 2 h
(see Materials and Methods for purification protocols and buffer
conditions under which kinetics were measured). The isolated
LOV core (residues 25—138) recovers more quickly, with a half-
life of 37 min. LovK(25—163), which contains the LOV core and
the nonconserved linker sequence at its C-terminus, has a
recovery half-life similar to that of LovK(25—138) (28 min).
A construct containing the LOV core and the nonconserved
N-terminal flanking sequence, LovK(1—138), has dramatically
faster recovery kinetics from the adduct state, with a half-life of
only 2 min. However, it is not the case that this N-terminal region
of structure has a general rate enhancement effect. LovK(1—163),
a construct with fully intact N- and C-termini (but missing the
kinase domain), is slower to recover than either LovK(25—138),
LovK(1—138), or LovK(25—163) (Figure 3). Thus, the effects of
structure outside the LOV core on its signaling lifetime do not
combine in a simple, additive way.

Steady-state lit minus dark difference spectra of these five
constructs highlight the functional consequence of different
adduct decay rates (Figure 2B). Namely, the maximum steady-
state concentration of the cysteinyl-flavin adduct is markedly
decreased in LovK(1—138) relative to the other constructs under
identical illumination conditions. This can be attributed to the
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FIGURE 3: Structural context of the LOV domain affecting dark recovery kinetics. Recovery traces of the C. crescentus LovK truncation series.
The legend includes the recovery half-life of each construct calculated from the fit to eq 1.
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FIGURE 4: Effect of imidazole on LOV domain recovery kinetics.
(A) Normalized imidazole dependence of the recovery half-lives of
the LOV truncation series (normalized to the half-life at 10 mM
imidazole). (B) Absolute rate enhancement effect of imidazole on
recovery from the adduct state in the four LovK LOV domain
constructs. The recovery rate constant for each of the four constructs
is graphed as a function of imidazole concentration.

fast rate (t;, = 2 min) of recovery from the adduct state in
LovK(1—138). We also observe that the light-induced shift in
absorbance at 280 nm, relative to 447 nm, varies between
constructs (Figure 2B). We attribute this spectral difference to
minor differences in the chemical environment surrounding
buried aromatic amino acids and the flavin dimethylbenzene
moiety in the five constructs.

Thermal Recovery from the Adduct State: A Solvent
Accessibility Model. A possible mechanism underlying the
different recovery rates among the C. crescentus LovK constructs
is the differential accessibility of the FMN adduct to the
surrounding buffer environment. It is known that imidazole, a
biological base, enhances the rate of thermal decay from the
adduct state back to the nonbonded dark state (40). While the
mechanism of base-mediated rate enhancement has not been

Table 3: Solvent Accessibility Constants of the LovK LOV Domain
Truncation Series?

protein accessibility constant (a) (x 10%)
LovK(1-163) 4.5
LovK(1—138) 163.6
LovK(25—-163) 8.4
LovK(25—138) 9.5

“See eq 4 for a definition the accessibility constant, a.

determined definitively, the relationship between recovery rate
and base concentration is both linear and nonsaturable (40). This
is consistent with a simple bimolecular reaction model involving a
direct effect of base in bulk solvent on the stability of the
cysteinyl-flavin adduct in the interior of the protein, such that

d[adduct]

il k[adduct][base] (3)

We observe that the relative (i.e., fold change) rate enhancement
is identical for all constructs (Figure 4A). This suggests the
absolute difference in base-catalyzed adduct rupture can be
modeled by a simple solvent accessibility term, a, such that

dladduct]

” a( — k[adduct][base]) 4)

In this model, the slope of k versus concentration of base yields
the solvent accessibility of the cysteinyl-flavin adduct, a, for each
LOV domain construct (Figure 4B and Table 3). The accessibility
of the interior of the LovK LOV domain to solvent is similar in all
of the truncation constructs except for LovK(1—138), which
contains an intact N-terminus and no C-terminal linker. In the
absence of sequence C-terminal to the LOV domain core, the
24 amino acids at the N-terminus of the LOV domain dramati-
cally increase the rate of photorecovery (Figures 3 and 4B). This
effect is attenuated by the addition of 25 residues C-terminal to
the LOV domain core (Figure 3 and Table 3). These data provide
evidence that the two nonconserved regions flanking the LOV
domain have opposing effects on protein signaling lifetime,
perhaps by affecting the accessibility of solvent to the protein
interior.

Probing Mechanism of LOV Domain Signaling by Size
Exclusion Chromatography. Signaling mechanisms have been
proposed for LOV proteins that involve light-induced changes in
oligomeric state (/4), and/or localized unfolding of a region
of structure (7, 41). An analysis of change in the oligomeric
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FIGURE 5: Gel filtration of full-length LovK and systematically
truncated LOV domains. Dark- and lit-state elution profiles of
(A) LovK(1—368), (B) LovK(1—163), (C) LovK(1—138), (D) LovK-
(25—163), and (E) LovK(25—138). Elution of full-length LovK was
monitored at 280 nm; due to the low concentration of this protein
sample, the signal at 447 nm could not be definitively interpreted.
Elution profiles for the remaining LovK LOV domain constructs
were monitored at 280 nm (left column) and 447 nm (right column)
and show the expected loss of visible absorption signal in the lit state.

state and hydrodynamic radius in C. crescentus LovK constructs
(Figure 2B) in the dark and lit states by size exclusion chromato-
graphy reveals that LovK is principally dimeric and does not
undergo large structural changes upon illumination (Figure 5).
Intact LovK(1—368) elutes at a volume consistent with a dimer in
both the dark and lit states (Figure 5A), which does not support a
model in which light-dependent changes in the oligomeric state
regulate the activity of the kinase domain. The constructs
containing the N-terminal flanking sequence (residues 1—163
and 1—138) elute as apparent dimers; illumination of LovK-
(1—138) causes a slight shift in elution volume, suggesting that
this construct may undergo a modest change in structure in the
lit state (Figure 5C). LovK(1—163) also elutes as a minor peak
consistent with a trimer (Figure 5B). However, we do not believe
this is a biologically relevant oligomer, given that histidine kinases
are known to function as dimers (42, 43), and that full-length
LovK and other LOV constructs elute consistently as dimers in the
light and dark. A possible explanation for this faster-cluting peak
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FIGURE 6: Small-angle X-ray scattering of LovK(1—163). (A) Guinier
plot of LovK(1—163) in the dark and lit state. (B) P(r) plot of dark- and
lit-state LovK(1—163). (C) DAMMIF scattering envelope model
(gray) of LovK(1—163) based on the SAXS data, superimposed with
the crystal structures of the B. subtilis YtvA LOV domain (yellow; PDB
entry 2PR5) and the LOV domain N-terminal cap from N. crassa VVD
(red; PDB entry 2PD?7).

is the presence of a structural isoform in the population that is
more elongated and less globular than the “true” dimer. Together,
these size exclusion data provide evidence that the signaling
mechanism of LovK does not require a change in oligomeric state
or large-scale change in protein structure.

Assessing LovK Structure in the Light and Dark by
SAXS. Analysis of LovK structure by small-angle X-ray
scattering (SAXS) was confounded by the tendency of full-length
LovK and two of the four truncated LOV domain constructs to
form large aggregate species at the higher protein concentrations
required for SAXS measurements (Figure S2 of the Supporting
Information). Preparations of LovK(1—163) yielded the highest-
quality SAXS data. Neither the R, nor the /, of LovK(1—163)
changes significantly upon saturating illumination of the protein
with blue light (Figure 6A,B), providing support for a model in
which regulation of LovK kinase activity requires only minor
structural rearrangements in the N-terminal sensory domain.
A Guinier fit of LovK(1—163) data yielded a radius of gyra-
tion (R,) of 27.6 A (Figure 6B and Table 4). This result is



Article

consistent with dimeric LOV constructs from Arabidopsis thaliana
FKF1 (44) and phototropin 1 (4/), which have radii of gyration in
the range of 20—28 A and exhibit only minor increases (0.1—0.4 A)
in R, upon photoexcitation.

Whjle wild-type full-length LovK(1—368) aggregated at the
high protein concentrations necessary for SAXS analysis, the
“blind” mutant, LovK C70A, had a gel filtration elution profile
identical to that of the wild type and was less prone to aggrega-
tion. A Guinier fit of the SAXS data from LovK C70A yielded an
R, 0f42.7 A (Table 4). The closest histidine kinase homologue for
Wthh SAXS scattering data exist is a PAS-histidine kinase
fragment of ThkA from Thermotoga maritima. This construct,
which forms a 76 kDa dimer in solution, has an R, of 37.3 A (45).
The larger Rhodopseudomonas palustris bacterlophytochrome 4
histidine kinase forms a 167 kDa dimer with an R, of 52.5 A (46).
On the basis of SAXS data from these hlstldme kinases, the
measured R, for C. crescentus LovK C70A is consistent with the
expected 87 kDa dimer of His6-LovK C70A.

Ab initio shape determination (29) of the LovK(1—163) sensor
domain from its SAXS scattering profile produced an elongated
envelope, providing evidence that the sensor domain dimer of LovK
forms an extended structure. We fit this envelope with a crystal
structure of the B. subtilis YtvA LOV domain (/8), which contains
an extended C-terminal helix. At the N-terminus of our low-
resolution model, we placed the N-cap of the VVD LOV protein
(30). The reconstructed scattering envelope of LovK(1—163) is best
fit by a model in which both the N- and C-terminal flanking
sequences extend away from the LOV domain core (Figure 6C).

Table 4: Dark- and Lit-State Radii of Gyration of Full-Length LovK
C70A and LovK(1—163) As Determined by a Guinier Fit to Scattering
Data Measured at a Protein Concentration of 2 mg/mL (see Figure 6)
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In the context of bacterial sensor histidine kinases, helical coiled
coils linking the N-terminal sensor domain to the C-terminal kinase
have long been postulated to serve a functional role in signal-
ing (26). Recent studies on an engineered LOV-histidine kinase
provide experimental support for a mechanism involving signal
transmission via rotation of extended coil—coil helices (12). More-
over, sequence analysis of naturally occurring PAS/LOV-histidine
kinases has shown that the linker regions between the boundaries of
the PAS sensor and histidine kinase domains contain 7n or 7n + 2
coiled-coil signatures with hydrophobic residues in a “heptad
repeat” pattern (/2). The linker region between the histidine kinase
and LOV domain of C. crescentus LovK (residues 150—175) also
has a coiled-coil signature according to the Lupas/Stock algo-
rithm (47), and the Paircoil algorithm of Berger and Keating (48).
Our SAXS data on LovK(1—163) evidence a model in which
these putative coiled-coil residues extend out and away from the
C-terminus of the LOV domain core.

Photoexcitation Destabilizes the LOV-HK Linker
Sequence. Limited proteolysis of proteins can provide informa-
tion about how their structure changes upon perturbation. In
particular, this method can detect changes in protein structural
dynamics or stability that are not necessarily accompanied by a
large-scale change in the average structure (49). Thus, limited
proteolysis provides information that is complementary to
methods such as size exclusion chromatography and SAXS.
Complete trypsin digestion of LovK would yield 49 fragments
with molecular masses ranging from 0.1 to 2.6 kDa (50). Limited
trypsin digestion of dark-state LovK(1—368) reveals two major
cleavage products, of ~29 and ~15 kDa (Figure 7), that are
consistent with the predicted sizes of the isolated histidine kinase
and LOV domains, respectively. Proteolysis of LovK(1—368)
after illumination with white light is more rapid and yields a
greater number of cleavage products. These data suggest the

construct light R, (A) - : :
protein is more conformationally flexible and thus more vulner-
LovK C70A no 42.740.1 able to proteolysis in the lit state.
LovK(1-163) no 27.6+0.1 Digestion of the four LovK truncation constructs reveals
LovK(1—163) yes 278401 distinct patterns based on the presence or absence of different
DARK LIT
0 5 10 15 20 25 30 0 5 10 15 20 25 30
A —o———
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2.5x trypsin
0 5 10 15 20 25 30 0 5 10 15 20 25 30
—_—0— - —— — —
B LovK (1-163) 0o s - L = ‘.! 23=
10x trypsin
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Ficure 7: Light-induced structural changes in C. crescentus LovK monitored by limited proteolysis. Tryptic digest time courses (in minutes) of
dark- and lit-state (A) LovK(1—368), (B) LovK(1—163), (C) LovK(1—138), (D) LovK(25—163), and (E) LovK(25—138). All protein samples
were at 20 uM; the trypsin concentration required to achieve similar levels of cleavage in 30 min varies from 0.1 to 1.0 ug/mL, depending upon the
LOV domain construct. Protein molecular mass markers are noted on the sides of the dark-state gels.



6768  Biochemistry, Vol. 49, No. 31, 2010

A FMNADDUCT
07 NH,

0.6
505] — Lok™
<oa —— LovKRED
<04 "
3 — FMN
&0 — LovkRED + FMNOX
50.21
Qo
< 0.1

0.0 . .

300 400 500 600

A (nm)

Purcell et al.

FMNOx FMNRED

R R R
U U H
N _N._0 \ N __N__O
z \( Dark N N° 2e Y
:@i NH ; z \l\ﬁ I NH
N Light N N
H_S H
)i o} o 0

C

1.75
1.501

1.254 T
1.001

0.751 %
0.504

0.254
0.00-

-

Relative ATP Hydrolysis

T T
Dark, Lit, Dark, Lit,
Oxidized Oxidized Reduced Reduced

FiGURE 8: Integration of redox and light signals. (A) Oxidized FMN of a LOV domain forms a cysteinyl-C4a adduct upon illumination with blue
light. The flavin cofactor of the LOV domain can also be reduced to form semiquinone (e~) or hydroquinone (2¢ ) species. (B) Chemical reduction
of oxidized LovK FMN (blue) by sodium dithionite results in a loss of the visible absorption signal (gray). Oxidized free FMN (red) and oxidized
FMN bound to LovK (blue) are distinguished by fine structure in the LovK flavin spectrum. Mixing equimolar amounts of reduced LovK
and oxidized free FMN results in the rapid transfer of electrons from LovKggp to FMNox (112 < 1 min), restoring the absorption spectrum
of oxidized LovK (purple). (C) Chemical reduction of the LovK FMN cofactor attenuates the lit vs dark difference in LovK ATPase activity
(mean =+ standard error of the mean). The lit, oxidized activity differs significantly from the other tested conditions (ANOVA, Tukey post test

p =0.014,n = 15).

flanking sequences. The LovK(1—163) and LovK(1—138) con-
structs, which include the N-terminal flanking sequence, are less
susceptible to proteolysis than constructs without the N-terminus
as evidenced by the higher trypsin:LOV ratio that is required to
produce similar levels of cleavage per unit time (Figure 7).
LovK(1—-138), while relatively stable, does not exhibit discrete
proteolytic bands upon the addition of trypsin. Rather, this
construct shows evidence of more nonspecific degradation. The
LovK(1—163) and LovK(25—163) constructs, which include the
C-terminal flanking sequence, show a pronounced increase in the
level of cleavage in response to illumination with visible light;
constructs lacking this C-terminal extension do not show as
pronounced a lit/dark difference in proteolysis (Figure 7). These
data support a model in which structure at the N-terminus of the
LOV domain is not significantly perturbed upon photoexcita-
tion. Rather, it is the structure at the C-terminus, which links the
LOV domain to the histidine kinase, that is the locus of the
structural change in response to photon absorption and cysteinyl-
C4(a) adduct formation. This result is analogous to the photo-
tropin LOV2 signaling model in which illumination destabilizes a
region of structure at the C-terminus of the LOV domain (7).
However, the exact mechanism of signaling likely differs between
LovK and phototropin, as the SAXS data support an extended
conformation of the LOV C-terminus in LovK (see Figure 6).
Biochemical Evidence That LovK Can Function as a
Sensor of Cytoplasmic Redox Potential. The LovK FMN
chromophore is capable of undergoing chemical reactions other
than light-dependent cysteinyl-C4(a) adduct formation. Flavo-
proteins are more commonly known for their ability to transfer
electrons and detect changes in the cellular redox state. Examples
of flavin-binding PAS domains that detect changes in cellular
redox include NifL and Aer (57, 52). The light-sensing role of the
LOV domain in vivo is, in principle, influenced by the redox state
of the FMN cofactor. The electron-poor, oxidized form of FMN
is favored to accept an electron in the triplet excited state and
form a cysteine-flavin radical pair that precedes cysteinyl-flavin

adduct formation (53) (Figure 8A). While it is known that the
redox potential of the buffer environment does not influence the
kinetics of LOV photorecovery from the adduct state (54), to the
best of our knowledge, the effect of the oxidation state of LOV
domains on their capacity to serve as photosensors remains
unexplored.

The cytoplasm of a bacterial cell is reducing in nature, in the
range of —260 to —280 mV under logarithmic growth condi-
tions (55). We measured the potential for the two-electron
reduction of full-length LovK at —258 mV, suggesting that
the pool of cytoplasmic LovK will be at least partially reduced
under normal growth conditions. With the exception of the
LovK(1—-138) construct (=303 mV), all of the truncated LovK
constructs had two-electron reduction potentials in the —260 mV
range (Table 5). As cysteinyl-flavin adduct formation in response
to blue light absorption is only favored when FMN is in its
oxidized form, increasing or decreasing the potential of the
cytoplasm will, in theory, affect the responsiveness of a cell to
blue light. In vitro ATPase activity assays of full-length LovK
support a model in which a decrease in cytoplasmic reduction
potential reduces light-dependent regulation of LovK. The ATP
hydrolysis activity of oxidized LovK was upregulated 1.6-fold
upon illumination with white light (Figure 8B), which was
consistent with our previous observation of an approximate
2-fold increase in ATPase activity in the lit state (25). Chemical
reduction of LovK FMN (Figure 8B) (see Materials and
Methods) to produce a mixed population of oxidized and
reduced LovK did not affect its dark-state ATPase activity
but attenuated the light-dependent increase in the level of
ATP hydrolysis. This result evidences a model in which the
redox state of the cytoplasm can regulate LovK photoactivity
(Figure 8C).

LovK has previously been implicated in the regulation of
cell envelope composition (25), and envelope remodeling is
known to be a common response to cellular stress (56). The cell
envelope/adhesion phenotype of lovK mutants hints at a possible
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Table 5: Reduction Potentials of the FMN Cofactor of All of the Proteins
in the LovK Truncation Series Measured According to the Method of
Massey (33)

species potential (mV)
FMN —207
LovK(1—368) —258
LovK(1—163) —259
LovK(1—138) —303
LovK(25—-163) —263
LovK(25—138) —262
cytoplasm” —260 to —280

“Gram-negative cytoplasmic redox potential based on the measurements
of Hwang et al. (55).

functional role for redox stress sensing by LovK. Indeed, extra-
cellular stress can affect intracellular redox potential through a
variety of mechanisms. Under normal growth conditions, the
cytoplasmic redox state is buffered mainly by the equilibria
between the oxidized and reduced forms of thioredoxin and
glutathione; these equilibria are affected by the availability of
the reduced nicotinamide dinucleotides NADH and NADPH (57).
Hypoxia can increase the cellular concentration of NADH,
thereby lowering the cytoplasmic reduction potential. Oxidative
stressors such as superoxide or nitric oxide can directly perturb the
reduction potential of the cell or can affect it indirectly by altering
the NADP:NADPH ratio (58, 59).

Thioredoxin, glutathione, and other redox-sensitive species in
the cell display substrate specificity when participating in electron
transfer reactions (57, 60). For example, ferric iron generated by
oxidative stress is preferentially reduced by flavins in Escherichia
coli, rather than by NADH, thioredoxin, glutathione, or any of
the other potential reducing agents in the cell (6/). While
molecules that may function as biological reductants of LovK
in the cell are not known, we have in vitro evidence that NADH
and NADPH are not likely to fill this role. Incubation of these
reductants with equimolar concentrations of LovK failed to yield
reduced protein over the course of several hours. However, the
addition of 1 molar equiv of oxidized FMN to a completely
reduced sample of LovK resulted in a rapid (1, < 1 min)
recovery of the absorption spectrum of oxidized LovK via
reduction of free FMN (see Figure 8B). The ability of LovK to
donate electrons to FMN suggests that flavins and other
flavoproteins are candidates for such redox interactions in vivo.

The capacity of C. crescentus LovK to function as a condi-
tional photosensor in the oxidized state may be a part of a more
complex stress sensor pathway in which both light and cellular
redox signals are coordinately integrated to affect adaptation to
environmental stressors. Indeed, exposure to blue light is often
coupled with exposure to UV light, a common cause of oxidative
stress. We present a model in which LOV domains can have a
dual role as sensors of light and cytosolic reduction potential,
providing a possible explanation for the abundance of soluble
LOV proteins encoded in the genomes of heterotrophic bacteria
with no known photoresponse. LovK, and perhaps other LOV
regulatory proteins, appear to be capable of integrating informa-
tion from multiple environmental stimuli.

ACKNOWLEDGMENT

We thank members of the Crosson lab for helpful discussions
over the course of this study and David Courson and Aretha
Fiebig for criticism on drafts of the manuscript. The Advanced

Biochemistry, Vol. 49, No. 31, 2010 6769

Photon Source is supported by the Department of Energy Office
of Basic Energy Sciences (Contract DE-AC02-06CHI11357).
BioCAT is an NIH-supported Research Center (RR-08630).

SUPPORTING INFORMATION AVAILABLE

An alignment of (A) N-terminal and (B) C-terminal LOV
domain flanking sequence not presented in Figure 1. This material
is available free of charge via the Internet at http://pubs.acs.org.

REFERENCES

1. Huala, E., Oeller, P. W., Liscum, E., Han, I. S., Larsen, E., and Briggs,
W. R. (1997) Arabidopsis NPH1: A protein kinase with a putative
redox-sensing domain. Science 278, 2120-2123.

2. Christie, J. M., Salomon, M., Nozue, K., Wada, M., and Briggs, W. R.
(1999) LOV (light, oxygen, or voltage) domains of the blue-light
photoreceptor phototropin (nph1): Binding sites for the chromophore
flavin mononucleotide. Proc. Natl. Acad. Sci. U.S.A. 96, 8779-8783.

3. Salomon, M., Christie, J. M., Knieb, E., Lempert, U., and Briggs,
W. R. (2000) Photochemical and mutational analysis of the FMN-
binding domains of the plant blue light receptor, Phototropin.
Biochemistry 39, 9401-9410.

4. Crosson, S., Rajagopal, S., and Moffat, K. (2003) The LOV domain
family: Photoresponsive signaling modules coupled to diverse output
domains. Biochemistry 42, 2—10.

S. Taylor, B. L., and Zhulin, I. B. (1999) PAS domains: Internal sensors
of oxygen, redox potential, and light. Microbiol. Mol. Biol. Rev. 63,
479-506.

6. Losi, A., Polverini, E., Quest, B., and Gértner, W. (2002) First
evidence for phototropin-related blue-light receptors in prokaryotes.
Biophys. J. 82, 2627-2634.

7. Harper, S. M., Neil, L. C., and Gardner, K. H. (2003) Structural basis
of a phototropin light switch. Science 301, 1541-1544.

8. Halavaty, A. S., and Moffat, K. (2007) N- and C-terminal flanking
regions modulate light-induced signal transduction in the LOV2
domain of the blue light sensor phototropin 1 from Avena sativa.
Biochemistry 46, 14001-14009.

9. Strickland, D., Moffat, K., and Sosnick, T. R. (2008) Light-activated
DNA binding in a designed allosteric protein. Proc. Natl. Acad. Sci.
U.S.A. 105, 10709-10714.

10. Lee, J., Natarajan, M., Nashine, V. C., Socolich, M., Vo, T., Russ,
W. P., Benkovic, S. J., and Ranganathan, R. (2008) Surface sites for
engineering allosteric control in proteins. Science 322, 438-442.

I1. Wu, Y. I, Frey, D., Lungu, O. 1., Jachrig, A., Schlichting, I.,
Kuhlman, B., and Hahn, K. M. (2009) A genetically encoded photo-
activatable Rac controls the motility of living cells. Nature 461, 104—
108.

12. Moglich, A., Ayers, R. A., and Moffat, K. (2009) Design and signaling
mechanism of light-regulated histidine kinases. J. Mol. Biol. 385,
1433-1444.

13. Lamb, J. S., Zoltowski, B. D., Pabit, S. A., Crane, B. R., and Pollack,
L. (2008) Time-resolved dimerization of a PAS-LOV protein mea-
sured with photocoupled small angle X-ray scattering. J. Am. Chem.
Soc. 130, 12226-12227.

14. Zoltowski, B. D., and Crane, B. R. (2008) Light activation of the LOV
protein vivid generates a rapidly exchanging dimer. Biochemistry 47,
7012-7019.

15. Akbar, S., Gaidenko, T. A., Kang, C. M., O’Reilly, M., Devine,
K. M., and Price, C. W. (2001) New family of regulators in the
environmental signaling pathway which activates the general stress
transcription factor o® of Bacillus subtilis. J. Bacteriol. 183, 1329—
1338.

16. Avila-Pérez, M., Hellingwerf, K. J., and Kort, R. (2006) Blue light
activates the o®-dependent stress response of Bacillus subtilis via
YtvA. J. Bacteriol. 188, 6411-6414.

17. Gaidenko, T. A., Kim, T. J., Weigel, A. L., Brody, M. S., and Price,
C. W. (2006) The blue-light receptor YtvA acts in the environmental
stress signaling pathway of Bacillus subtilis. J. Bacteriol. 188, 6387—
6395.

18. Moglich, A., and Moffat, K. (2007) Structural basis for light-depen-
dent signaling in the dimeric LOV domain of the photosensor YtvA.
J. Mol. Biol. 373, 112-126.

19. Gong, W. M., Hao, B., Mansy, S. S., Gonzalez, G., Gilles-Gonzalez,
M. A., and Chan, M. K. (1998) Structure of a biological oxygen
sensor: A new mechanism for heme-driven signal transduction. Proc.
Natl. Acad. Sci. U.S.A. 95, 15177-15182.



6770  Biochemistry, Vol. 49, No. 31, 2010

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38

39.

40.

Buttani, V., Gartner, W., and Losi, A. (2007) NTP-binding properties
of the blue-light receptor YtvA and effects of the E105L mutation.
Eur. Biophys. J. 36, 831-839.

Buttani, V., Losi, A., Eggert, T., Krauss, U., Jaeger, K. E., Cao, Z.,
and Girtner, W. (2007) Conformational analysis of the blue-light
sensing protein YtvA reveals a competitive interface for LOV-LOV
dimerization and interdomain interactions. Photochem. Photobiol.
Sci. 6, 41-49.

Tang, Y., Cao, Z., Livoti, E., Krauss, U., Jaeger, K. E., Girtner, W.,
and Losi, A. (2010) Interdomain signalling in the blue-light sensing
and GTP-binding protein YtvA: A mutagenesis study uncovering
the importance of specific protein sites. Photochem. Photobiol. Sci. 9,
47-56.

Pfeifer, A., Mathes, T., Lu, Y., Hegemann, P., and Kottke, T. (2010)
Blue light induces global and localized conformational changes in the
kinase domain of full-length phototropin. Biochemistry 49, 1024—
1032.

Losi, A. (2006) Flavin-based photoreceptors in bacteria. In Flavins:
Photochemistry and Photobiology (Silva, E., and Edwards, A. M.,
Eds.) pp 217—269, RCS Publishing, Dorchester, U.K.

Purcell, E. B., Siegal-Gaskins, D., Rawling, D. C., Fiebig, A., and
Crosson, S. (2007) A photosensory two-component system regulates
bacterial cell attachment. Proc. Natl. Acad. Sci. U.S.A. 104, 18241—
18246.

Singh, M., Berger, B., Kim, P. S., Berger, J. M., and Cochran, A. G.
(1998) Computational learning reveals coiled coil-like motifs in
histidine kinase linker domains. Proc. Natl. Acad. Sci. U.S.A. 95,
2738-2743.

Alexandre, M. T., Purcell, E. B., van Grondelle, R., Robert, B.,
Kennis, J. T., and Crosson, S. (2010) Electronic and protein structural
dynamics of a photosensory histidine kinase. Biochemistry 49, 4752—
4759.

Svergun, D. L. (1992) Determination of the regularization parameter
in indirect-transform methods using perceptual criteria. J. Appl.
Crystallogr. 25, 495-503.

Svergun, D. 1. (1999) Restoring low resolution structure of biological
macromolecules from solution scattering using simulated annealing.
Biophys. J. 77, 2896-2896.

Zoltowski, B. D., Schwerdtfeger, C., Widom, J., Loros, J. J., Bilwes,
A. M., Dunlap, J. C., and Crane, B. R. (2007) Conformational
switching in the fungal light sensor Vivid. Science 316, 1054-1057.
Larkin, M. A., Blackshields, G., Brown, N. P., Chenna, R., McGettigan,
P. A., McWilliam, H., Valentin, F., Wallace, I. M., Wilm, A., Lopez, R.,
Thompson, J. D., Gibson, T.J., and Higgins, D. G. (2007) Clustal W and
Clustal X version 2.0. Bioinformatics 23, 2947-2948.

Palfey, B. A. (2003) Time-resolved spectral analysis. In Kinetic
Analysis of Macromolecules (Johnson, K. A., Ed.) pp 203—227,
Oxford University Press, New York.

Massey, V. (1990) A simple method for the determination of redox
potentials. In Flavins and Flavoproteins (Curti, B., Ronchi, S., and
Zanetti, G., Eds.) Walter de Gruyter, Berlin.

Christie, J. M., Corchnoy, S. B., Swartz, T. E., Hokenson, M., Han,
I. S., Briggs, W. R., and Bogomolni, R. A. (2007) Steric interactions
stabilize the signaling state of the LOV2 domain of phototropin 1.
Biochemistry 46, 9310-9319.

Nash, A. 1., Ko, W. H., Harper, S. M., and Gardner, K. H. (2008)
A conserved glutamine plays a central role in LOV domain signal
transmission and its duration. Biochemistry 47, 13842-13849.
Zoltowski, B. D., Vaccaro, B., and Crane, B. R. (2009) Mechanism-
based tuning of a LOV domain photoreceptor. Nat. Chem. Biol. 5,
827-834.

Jentzsch, K., Wirtz, A., Circolone, F., Drepper, T., Losi, A., Girtner,
W., Jaeger, K. E., and Krauss, U. (2009) Mutual exchange of
kinetic properties by extended mutagenesis in two short LOV
domain proteins from Pseudomonas putida. Biochemistry 48, 10321—
10333.

. Kasahara, M., Swartz, T. E., Olney, M. A., Onodera, A., Mochizuki,

N., Fukuzawa, H., Asamizu, E., Tabata, S., Kanegae, H., Takano,
M., Christie, J. M., Nagatani, A., and Briggs, W. R. (2002) Photo-
chemical properties of the flavin mononucleotide-binding domains
of the phototropins from Arabidopsis, rice, and Chlamydomonas
reinhardtii. Plant Physiol. 129, 762-773.

Losi, A., Quest, B., and Girtner, W. (2003) Listening to the blue: The
time-resolved thermodynamics of the bacterial blue-light photorecep-
tor YtvA and its isolated LOV domain. Photochem. Photobiol. Sci. 2,
759-766.

Alexandre, M. T. A., Arents, J. C., van Grondelle, R., Hellingwerf,
K. J., and Kennis, J. T. M. (2007) A base-catalyzed mechanism for

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

6l.

62.

63.

Purcell et al.

dark state recovery in the Avena sativa phototropin-1 LOV2 domain.
Biochemistry 46, 3129-3137.

Nakasako, M., Iwata, T., Matsuoka, D., and Tokutomi, S. (2004)
Light-induced structural changes of LOV domain-containing poly-
peptides from Arabidopsis phototropin 1 and 2 studied by small-angle
X-ray scattering. Biochemistry 43, 14881-14890.

Marina, A., Waldburger, C. D., and Hendrickson, W. A. (2005)
Structure of the entire cytoplasmic portion of a sensor histidine-
kinase protein. EMBO J. 24, 4247-4259.

Surette, M. G., Levit, M., Liu, Y., Lukat, G., Ninfa, E. G., Ninfa, A.,
and Stock, J. B. (1996) Dimerization is required for the activity of the
protein histidine kinase CheA that mediates signal transduction in
bacterial chemotaxis. J. Biol. Chem. 271, 939-945.

Nakasako, M., Matsuoka, D., Zikihara, K., and Tokutomi, S. (2005)
Quaternary structure of LOV-domain containing polypeptide of
Arabidopsis FKF1 protein. FEBS Lett. 579, 1067-1071.

Yamada, S., Akiyama, S., Sugimoto, H., Kumita, H., Ito, K.,
Fujisawa, T., Nakamura, H., and Shiro, Y. (2006) The signaling
pathway in histidine kinase and the response regulator complex
revealed by X-ray crystallography and solution scattering. J. Mol.
Biol. 362, 123-139.

Evans, K., Grossmann, J. G., Fordham-Skelton, A. P., and Papiz,
M. Z. (2006) Small-angle X-ray scattering reveals the solution struc-
ture of a bacteriophytochrome in the catalytically active Pr state.
J. Mol. Biol. 364, 655-666.

Lupas, A., Van Dyke, M., and Stock, J. (1991) Predicting Coiled Coils
from Protein Sequences. Science 252, 1162-1164.

McDonnell, A. V., Jiang, T., Keating, A. E., and Berger, B. (2006)
Paircoil2: Improved prediction of coiled coils from sequence. Bioin-

formatics 22, 356-358.

Fontana, A., Polverino de Laureto, P., De Filippis, V., Scaramella, E.,
and Zambonin, M. (1997) Probing the partly folded states of proteins
by limited proteolysis. Folding Des. 2, R17-R26.

Gasteiger, E., Gattiker, A., Hoogland, C., Ivanyi, L., Appel, R. D.,
and Bairoch, A. (2003) ExPASy: The proteomics server for in-depth
protein knowledge and analysis. Nucleic Acids Res. 31, 3784-3788.
Martinez-Argudo, 1., Little, R., Shearer, N., Johnson, P., and Dixon,
R. (2004) The NifL-NifA System: A multidomain transcriptional
regulatory complex that integrates environmental signals. J. Bacte-
riol. 186, 601-610.

Taylor, B. L., Rebbapragada, A., and Johnson, M. S. (2001) The
FAD-PAS domain as a sensor for behavioral responses in Escherichia
coli. Antioxid. Redox Signaling 3, 867-879.

Schleicher, E., Kowalczyk, R. M., Kay, C. W., Hegemann, P., Bacher,
A., Fischer, M., Bittl, R., Richter, G., and Weber, S. (2004) On the
reaction mechanism of adduct formation in LOV domains of the plant
blue-light receptor phototropin. J. Am. Chem. Soc. 126, 11067-11076.
Noll, G., Hauska, G., Hegemann, P., Lanzl, K., Noll, T., von Sanden-
Flohe, M., and Dick, B. (2007) Redox properties of LOV domains:
Chemical versus photochemical reduction, and influence on the
photocycle. ChemBioChem 8, 2256-2264.

Hwang, C., Sinskey, A. J., and Lodish, H. F. (1992) Oxidized redox
state of glutathione in the endoplasmic reticulum. Science 257, 1496—
1502.

MacRitchie, D. M., Buelow, D. R., Price, N. L., and Raivio, T. L.
(2008) Two-component signaling and gram negative envelope stress
response systems. Adv. Exp. Med. Biol. 631, 80-110.

Ritz, D., and Beckwith, J. (2001) Roles of thiol-redox pathways in
bacteria. Annu. Rev. Microbiol. 55, 21-48.

Eklow, L., Moldeus, P., and Orrenius, S. (1984) Oxidation of glu-
tathione during hydroperoxide metabolism. A study using isolated
hepatocytes and the glutathione reductase inhibitor 1,3-bis(2-chloro-
ethyl)-1-nitrosourea. Eur. J. Biochem. 138, 459—-463.

Gilbert, H. F. (1990) Molecular and cellular aspects of thiol-disulfide
exchange. Adv. Enzymol. Relat. Areas Mol. Biol. 63, 69-172.

Jones, D. P. (2006) Redefining oxidative stress. Antioxid. Redox
Signaling 8, 1865-1879.

Woodmansee, A. N., and Imlay, J. A. (2002) Reduced flavins promote
oxidative DNA damage in non-respiring Escherichia coli by delivering
electrons to intracellular free iron. J. Biol. Chem. 277, 34055-34066.
Swartz, T. E., Tseng, T. S., Frederickson, M. A., Paris, G., Comerci,
D. J., Rajashekara, G., Kim, J. G., Mudgett, M. B., Splitter, G. A.,
Ugalde, R. A., Goldbaum, F. A., Briggs, W. R., and Bogomolni, R. A.
(2007) Blue-light-activated histidine kinases: Two-component sensors
in bacteria. Science 317, 1090-1093.

Pathak, G. P., Ehrenreich, A., Losi, A., Streit, W. R., and Gdértner,
W. (2009) Novel blue light-sensitive proteins from a metagenomic
approach. Environ. Microbiol. 11, 2388-2899.



