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Abstract

The bacterium Caulobacter crescentus encodes a two-component signalling protein, LovK, that
contains an N-terminal photosensory LOV domain coupled to a C-terminal histidine kinase. LovK
binds a flavin cofactor, undergoes a reversible photocycle, and displays regulated ATPase and
autophosphorylation activity in response to visible light. Femtosecond to nanosecond visible
absorption spectroscopy demonstrates congruence between full-length LovK and isolated LOV
domains in the mechanism and kinetics of light-dependent cysteinyl-C4(a) adduct formation and
rupture, while steady-state absorption and fluorescence line narrowing (FLN) spectroscopies reveal
unique features in the electronic structure of the LovK flavin cofactor. In agreement with other sensor
histidine kinases, ATP binds specifically to LovK with micromolar affinity. However, ATP binding
to the histidine kinase domain of LovK has no apparent effect on global protein structure as assessed
by differential Fourier transform infrared (FTIR) spectroscopy. Cysteinyl adduct formation results
in only minor changes in the structure of LovK as determined by differential FTIR. This study
provides insight into the structural underpinnings of LOV-mediated signal transduction in the context
of a full-length histidine kinase. In particular, the data provide evidence for a model in which small
changes in the tertiary/quaternary structure of LovK, as triggered by photon detection in the N-
terminal LOV sensory domain, are sufficient to regulate histidine kinase activity.

Bacterial cells must detect and adapt to a broad range of chemical and physical signals in their
environment to survive. Two-component signalling systems, comprised of sensor histidine
kinases and their cognate response regulator proteins, provide the primary sensory/signaling
link between changes in the intra- and extracellular environment of the cell and the genetic
control circuitry regulating cell adaptation (1). Despite the abundance of annotated two-
component signalling genes and their importance in the regulation of microbial biology, our
understanding of the functions, interactions, and regulatory mechanisms of two-component
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proteins remains rudimentary. We know little of the physical and chemical identity of the
signals to which sensor histidine kinases respond, nor do we generally understand how signal
detection translates into regulation of histidine kinase activity. However, recent biochemical
and structural studies on natural and engineered sensor kinases provide an emerging picture of
how signal detection by a sensory domain regulates activity of the histidine kinase domain.

Visible light is an environmental signal that has been largely ignored by those who study cell
regulation in chemotrophic bacteria. Indeed, until recently there had been little reason to believe
that visible light was a relevant regulatory input for most bacterial species. However, genome
mining across a range of gram-positive and gram-negative chemotrophs has identified dozens
of histidine kinases that contain putative photosensory LOV domains (2-7). Originally defined
as the loci for visible photon absorption in the plant photoreceptors known as phototropins
(8,9), photosensory LOV domains are now known to be conserved in varied proteins across
the plant, fungal, bacterial, and archaeal kingdoms (2). The genome of the aquatic o-
proteobacterium Caulobacter crescentus encodes a cytoplasmic LOV histidine kinase, LovK,
that functions as a regulator of cell surface physiology (10). LovK has the spectroscopic
hallmarks of a LOV protein, including flavin cofactor binding and a reversible photocycle
involving light-dependent formation of a cysteinyl-C4(a) adduct (3,10). Additionally, the
kinase activity of purified LovK is regulated by light (10).

Light is a signal that can be acutely controlled, making it an excellent experimental switch to
probe molecular mechanisms of signal detection and transduction. While there is extensive
data on the structure and dynamics of individual photosensory LOV domains isolated from
their natural protein context (11), the biochemical and biophysical properties of full-length,
multi-domain LOV proteins are not well characterized. The simple, two-domain protein, LovK,
provides an excellent model to probe the molecular mechanism of LOV-mediated signal
transduction on multiple time and length scales in the context of a sensor histidine kinase. We
have applied a range of spectroscopic tools to the study of LovK dynamics upon blue light
absorption. Here we demonstrate that the mechanism and Kinetics of cysteinyl-C4(a) adduct
formation and rupture are generally conserved between full-length LovK and isolated LOV
domains from other bacterial and plant species. Moreover, we define unique features in the
ground-state electronic structure of the FMN cofactor bound to LovK, and describe light-
dependent protein structural changes in this photosensory histidine kinase.

Materials and Methods

Protein expression and purification

The LovK sensor histidine kinase (gene number CCNA_00287) was amplified from
chromosomal DNA of C. crescentus strain NA1000. This gene was cloned into the EcoRI and
Hindll1 sites of pET28a (Novagen, Madison, WI) to create the overexpression strain FC410
previously described (10). FC410 was grown at 37°C in 4 liters of LB broth and 30 pg/mL of
Kanamycin to an ODggq of 0.4 (1 cm path length) at which point the temperature was lowered
to 20°C and the cells were induced with 500 uM isopropyl-beta-D-thiogalactopyranoside
(IPTG) for 4 hours. Cells were lysed in 20 mM Tris-HCI (pH 8.0), 200 mM NaCl, 1 mM EDTA,
100 mM imidazole. The recombinant His6-LovK protein was purified using Ni2* Chelating
Resin (GE Amersham Pharmacia, Piscataway, NJ). Affinity purified LovK was dialyzed
overnight against 20 mM Tris-HCI (pH = 8.0), 20 mM NaCl, 100 mM imidazole and further
purified via Q-Sepharose (GE Amersham Pharmacia, Piscataway, NJ) anion exchange. A 50
milliliter volume of purified fractions from Q-Sepharose was concentrated to a volume of 600
plina Centriprep 3000 Dalton molecular weight cutoff concentrator (Millipore, Billerica, MA).
At this concentration, a portion of LovK forms an unstable precipitate; we spun this
concentrated protein sample at 15,000 x g for 10 minutes to produce a clarified, concentrated,
and stable sample.
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Residues 407-563 of A. sativa photl (i.e. the LOV2 domain) were expressed as previously
described (12). Briefly, cells were grown at 37 °C to an ODggq of 0.4, induced with 500 pM
isopropyl p-d-thiogalactoside, and grown for an additional 14 h after induction at 20 °C. Cells
were lysed via sonication in 20 mM Tris-HCI (pH 8.0), 150 mM NacCl. photl LOV2 was
purified on Ni-NTA resin (Qiagen, Valencia, CA) and protein was concentrated in a Centriprep
3000 Dalton molecular weight cutoff concentrator (Millipore, Billerica, MA).

Steady-state absorption spectroscopy

Steady-state absorption spectra were recorded on a commercial spectrometer (Perkin-Elmer,
Groningen, Netherlands) at 25°C. To measure the lit-state spectra, a blue LED (emitting at 470
nm; 5 mW output power) was used for photoconversion at saturating intensity.

Fluorescence Anisotropy Analysis of LovK-ATP-BODYPI binding

Fluorescence anisotropy assays of adenosine 5'-triphosphate, BODIPY® TR 2'-(or-3')-O-(N-
(2-aminoethyl)urethane) (Invitrogen Molecular Probes, Carlsbad, CA) binding to LovK were
conducted at 25°C using a Fluoromax-3 fluorimeter (JY-Horiba). We hereafter refer to this
fluorescent ATP analog as BODYPI-ATP. Anisotropy at eight LovK concentrations was
measured with a constant BODYPI-ATP concentration of 100 nM; the average of two
independent sets of measurements is shown. Experimental error at each point was ~5%.
Anisotropy raw data were transformed into fractional saturation according to

Y= [ATPB()DYPI _ LOVK] / ([ATPB()DYPI _ LOVK] + [ATPBODYPIFrcc]

Fitting with Hill equation yields the dissociation constant (Kq) and Hill coefficient (n)
according to

log ®=log Ky+nlog [LovK], where ®=Y/(1-Y)

Femtosecond transient absorption spectroscopy

Prior to the experiment, concentrated LovK was dissolved in 20 mM Tris, 150 mM NacCl, 100
mM imidazole at pH 8.0. For the time-resolved experiments, the absorbance of the samples
was adjusted to 0.3 mm~1 at 447 nm. The samples were loaded in a flow system containing a
cuvette with a path length of 1 mm, and flowed at a speed of approximately 5 cm/s by means
of a peristaltic pump. The flow cuvette was mounted on a shaker that continuously vibrated
the cuvette sideways at a frequency of 20 Hz with an amplitude of 1 mm.

Femtosecond transient absorption spectroscopy was carried out with an amplified Ti:sapphire
laser system (Coherent Legend USP, operating at 1 kHz) described earlier (13). Part of the
output of the amplifier was frequency-doubled in a nonlinear crystal and used as a pump beam.
A white-light continuum was generated by focusing the rest of the output of the regenerative
amplifier at 800 nm on a 1 mm sapphire crystal, and used as a probe beam. The pump and the
probe beam were focused on the sample cuvette at a spot with a diameter of 150 um.
Femtosecond time delays between the pump and probe were controlled by a delay line covering
delays up to 4 ns. The pump and probe were polarized parallel. After passing through the
sample, the probe beam was dispersed by a polychromator and projected on a 256 element
diode array detector.

The time-resolved spectra were analyzed with a global analysis program using a kinetic model
consisting of sequentially interconverting species, i.e., 1 — 2 — 3 — ... (14), in which the
arrows indicate successive monoexponential decays of increasing time constants; these

Biochemistry. Author manuscript; available in PMC 2011 June 15.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Alexandre et al.

Page 4

constants can be regarded as the lifetime of each species. Associated with each species are a
lifetime and a difference spectrum, denoted the evolution-associated difference spectrum
(EADS). The first EADS corresponds to the time-zero difference spectrum. This procedure
enables us to visualize clearly the evolution of the (excited) states of the system. The instrument
response function was fit to a Gaussian (120 fs full width at half-maximum). To illustrate our
observations optimally, we present them in the form of EADS instead of raw time-resolved
spectra.

Fluorescence line narrowing (FLN) spectroscopy

Fluorescence Line Narrowing (FLN) spectra were measured on a U1000 double
monochromator (Jobin Yvon, Longjumeau, France) equipped with an ultra-sensitive, deep-
depleted, front illuminated CCD (Jobin Yvon). For FLN measurements the LovK sample was
dissolved in 20 mM Tris, 50 mM NaCl at pH 8.0 and concentrated to an OD of 60 cm ™1 using
a Centricon spin concentrator (Millipore, Billerica, MA) with a 3000 molecular weight cutoff
filter. Prior to measurement, a 5 pL drop of concentrated protein was deposited on a cover slip
and mounted on the cryostat tube; samples were maintained at 10 K in a helium flow cryostat
(Air Liquide, Sassenage, France). The laser power for FLN experiment was less than 100
microwatts. Excitation at 488.1 nm for FLN was provided by an Innova 100 argon laser
(Coqerent, Palo Alto, Calif.). The LovK spectrum was obtained at a spectral resolution of 1
cm .

Differential FTIR spectroscopy

Infrared difference spectra were recorded on an FTIR spectrometer (IFS 66s Bruker) equipped
with a nitrogen cooled photovoltaic MCT detector (20 MHz, KV 100, Kolmar Technologies).
A blue LED (emitting at 470 nm; 5 mW output power) was used for photoconversion at
saturating intensity. Low-temperature spectra were measured using a Optisat DN cryostat
(Oxford) with an 1TC4 temperature controller (Oxford) and liquid nitrogen as the coolant. A
dark-adapted protein sample was cooled to the set temperature and, after a full equilibration
of 15 min, background (FT~2 of Iy) and sample (FT 2 of I) interferograms were recorded before
and after switching on the blue light, respectively. Background and sample interferograms are
the average of 500 and 2000 interferograms, recorded at 4 cm™~1 resolution, respectively. After
Fourier transform the resultant absorption spectrum represents the light minus dark FTIR
difference spectrum. The sample was brought to room temperature between measurements at
different temperatures. Two recordings have been averaged for each temperature. The FTIR
sample was made with a drop of 2 uL of OD 50 nm Of about 60 cm™ (~4 mM LovK in 20 mM
Tris/HCI pH 8, 50 mM NaCl) spread between two tightly fixed CaF, windows without any
spacer and greased for tightness.

Results and Discussion

Comparative steady-state absorption spectroscopy of LovK and phot1l-LOV2

The steady-state absorption spectra of purified C. crescentus LovK before and after
illumination with blue light were measured and compared to absorption spectra of the well-
characterized LOV2 domain of Avena sativa phototropinl (phot1-LOV2). The maximum
visible flavin absorption peak of LovK is at 447 nm with vibronic peaks at 474 nm and 426
nm. These bands are attributed to a Sg-S transition in the isoalloxazine moiety (15) and are
qualitatively identical to that measured for phot1-LOV2 (Figure 1A). The near-UV flavin
absorption band of LovK, can be attributed to So-So / Sp-S, transitions (16,17), and is blue-
shifted relative to phot1-LOV2. Both LovK and phot1-LOV2 have two peaks in this
wavelength range with similar gaps: 371/355 nm and 376/360 nm, respectively (Figure 1A).
The light minus dark difference absorption spectra of LovK and phot1-LOV2 show that the
absorption peak indicative of cysteinyl-C4(a) adduct formation in the illuminated state (18) is
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also blue-shifted in LovK (Figures 1B and 1C). The structural and chemical basis of this
hypsochromicity is not known, but may be a result of slight differences in the conformation
and dynamics of the isoalloxazine moiety, and/or in composition of the residues of the FMN
binding pocket in LovK relative to phot1-LOV2.

Characterization of nucleotide binding to LovkK

We utilized fluorescence anisotropy to measure the dissociation constant (Kq) of purified full-
length LovK and the fluorescent ATP analog, BODYPI-ATP (see Materials and Methods).
BODYPI-ATP was excited at 590 nm and fluorescence anisotropy measured between 618 and
625 nm (AEM.., =621.5 nm) at a resolution of 1 nm. Anisotropy changes of BODIPY-ATP
fluorescence expressed as a fractional saturation function of LovK concentration show a typical
saturation curve (Figure 2). The Kq of LovK with BODYPI-ATP equals [LovK] at which
Y=0.5, according to Y=[LovK]/(K4+[LoVvK])

BODYPI-ATP binds LovK with a Ky of 3.8 uM and a Hill coefficient of 1.0, evidencing a
single binding site for BODYPI-ATP on LovK. Binding competition experiments using an
excess of non-fluorescent ATP (1 mM) result in a reversal of the anisotropy changes after 20
min. This indicates that BODYPI-ATP is displaced from LovK due to competition for the same
binding site. The measured affinity of LovK for BODYPI-ATP is =15-fold tighter than the
affinity of the natural ATP nucleotide for the osmosensor histidine kinase, EnvZ, of
Escherichia coli (19), =50-fold tighter than the affinity of ATP for the E. coli chemotaxis
histidine kinase, CheA (20), and ~10-fold tighter than BODYPI-GTP for the STAS domain of
full length LOV-YtvA from Bacillus subtilis (21). However, the affinity of BODYPI-ATP for
LovK is similar to published affinities of the fluorescent ATP analog 2'(3")-O-(trinitrophenyl)
adenosine 5'-trisphosphate (TNP-ATP) for the CheA and EnvZ histidine kinases of E. coli
(19,22). Thus, the addition of hydrophobic fluorescent moieties via 2’ or 3’ linkage to the
nucleotide sugar does not appear to perturb nucleotide binding specificity but confers higher
binding affinity with histidine kinases. We did not observe hydrolysis or a change in affinity
of BODYPI-ATP with LovK upon illumination with blue light, which is inconsistent with the
known light-regulated kinase activity of LovK. However, previous structural work on
Thermatoga maritima CheA bound to TNP-ATP (23) suggests that the presence of a 2'/3'-
covalent-linked fluorescent moiety such as BODYPI affects the conformation of bound ATP,
and thus perturbs the capacity of histidine kinases to hydrolyze the nucleotide y-phosphate.
We could not detect a measurable change in LovK structure upon nucleotide binding by
difference Fourier Transform Infrared (FTIR) Spectroscopy (see Materials and Methods).

Dark state recovery of LovK in presence of base catalysts

The rate of thermal recovery from the covalent cysteinyl-C4(a) adduct state back to the non-
bonded “dark” state is dramatically enhanced by the presence of low-molecular weight bases
such as imidazole or 4-dimethylaminopyridine (DMAP) (24,25). Although the exact
mechanism of base-mediated rate enhancement has not been established, the linear and non-
saturable relationship between recovery rate and base concentration (24) suggests a
bimolecular reaction involving a direct general base effect on N5 of the flavin cofactor. A
previous study has reported that LovK dark recovery from the cysteinyl-C4(a) adduct state (see
Figure 1C) is slow in presence of 10 mM imidazole, being best fitted as the sum of two
exponential decays with recovery half-times of 1.7 h and 32 h (10). In the absence of imidazole
(across a range of buffer and salt conditions) LovK precipitates, and exhibits an apparent dark
recovery that is~20 times slower. However, this recovery rate could not be accurately measured
due to sample scattering. To stabilize the protein, we have measured dark recovery of LovK
at 450 nm after full photoconversion of the sample with a blue LED (Empax = 470 nm) in the
presence of 750 mM imidazole and 500 mM DMAP. In agreement with previous data on full-
length LovK, asingle exponent is insufficient to fit these data (Figure 3). Decay from the adduct
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state in the presence of 750 mM imidazole can be fitted by two exponents with rates that
correspond to half-lives of 3 (30%) and 23 (70%) minutes. LovK recovery is biexponential
and further accelerated in presence of 500 mM DMAP, a catalyst that is more basic than
imidazole, with rates that correspond to half-lives of 2 (50%) and 10 min (50%). The relative
decay rate enhancement by DMAP in LovK is in agreement with previous data on phot1-LOV2
(24).

Conservation of singlet-excited state FMN dynamics in a multi-domain LOV histidine kinase

Femtosecond transient absorption measurements were carried out on LovK at pH 8 at 25°C.
The sample was excited at 400 nm and the time-resolved absorbance changes were monitored
over a wavelength range of 420 to 705 nm. Global analysis of the time-resolved data
demonstrates that two components are required for an adequate description of FMN excitation
dynamics between 150 fs and 4 ns. The first component has a lifetime of 2 ns; the second
component does not decay on the time scale of our experiment (4 ns). Each component is
characterized by an evolution associated difference spectrum (EADS) and an associated
lifetime. The resulting EADS and kinetic traces at selected wavelengths are shown in Figure
4. The first EADS can be assigned to the initially created singlet excited state of FMN. It shows
a broad bleach band extending from 430 to 500 nm that exhibits vibronic structure near 450
and 475 nm. This negative band corresponds to the loss of FMN ground state absorption upon
photoexcitation. The first EADS is further characterized by a pronounced stimulated emission
band centred at 534 nm, sharp excited state absorption (ESA) at 505 nm, and broad ESA at
wavelengths longer than 620 nm. These spectral features are generally found for the singlet
excited state of oxidized flavins, in solution as well as bound to a protein (26-31). The FMN
singlet excited state evolves in 2 ns to the second EADS, which does not decay in the 4 ns time
window of the experiment. The second EADS is assigned to the FMN triplet state, and is
characterized by very broad ESA with two maxima near 515 and 650 nm and a minimum near
550 nm. The ratio (AOD4505"9!€/AOD 450 T"PIet )1 reflects the quantum yield of triplet state
formation and is estimated to be ~0.7, similar to that found in photl LOV2 domains (12,32),
Chlamydomonas phot LOV1 (33) and Bacillus YtvA (34). The singlet excited-state lifetime
of 2 ns and the EADS spectral shape of the singlet and triplet state of FMN bound to LovK
agree well with femtosecond transient absorption data collected on isolated LOV2 domains of
plant phototropins (12). Ultrafast IR and (time-resolved) FTIR experiments on plant LOV?2
domains were consistent with an unprotonated FMN triplet as the primary photoproduct
(35-37). The strictly single-exponential decay of ~2 ns observed in LovK, plant photl LOV?2
and Chlamydomonas phot LOV1 is consistent with an intersystem crossing process on FMN
as the primary photochemical reaction, enhanced by the presence of the nearby conserved
cysteine (12,38,39). This contrasts with the situation in other flavin-binding photoreceptors
such as BLUF domains and cryptochromes, where rapid, multiphasic electron transfer
processes from aromatic side chains quench the flavin singlet-excited state on the picosecond
timescale (27,28,40-45). Our time-resolved analysis of LovK thus demonstrates that FMN
excited state dynamics are highly congruent in a taxonomically diverse range of isolated LOV
domains (12,32,34,46) and in full-length multi-domain LOV proteins, such as LovK.

Probing the ground-state electronic structure of the LovK flavin cofactor by FLN
spectroscopy

We next characterized vibrational modes of LovK FMN in the dark state. The high level of
fluorescence of LovK complicates analysis of the electronic structure of FMN by resonance
Raman spectroscopy. Fluorescence line narrowing (FLN) spectroscopy permits measurement
of high quality vibrational patterns of inherently fluorescent molecules, such as oxidized FMN
bound to LovK (38). The FLN spectrum of LovK was obtained at 10 K using a narrow 488.1
nm excitation. The spectrum of phot1-LOV2 was measured under the same conditions (38)
and used for comparison. Whereas visible absorption spectroscopy revealed only small
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differences between LovK and phot1-LOV2, the FLN vibrational spectra reveal significant
differences in the fine structure of FMN (Figure 5). LovK exhibits a unique vibrational
signature between 1100 and 600 cm™2: phot1-LOV2 and Adiantum capillus-veneris phy3-
LOV2 (38) have very similar band profiles in this region, while the spectrum of LovK is
downshifted in this spectral window (Figure 5B). Specifically, bands at 1068, 831, and 616
cm~1 are downshifted by 2 cm™1, and bands at 739 and the 713 cm ™1 are downshifted 4 and 8
cm~1, respectively (Figures 5A and 5B). A similar downshift of 5 to 2 cm™1 is also observed
in LovK between 1540 and 1100 cm™ at bands 1161, 1222, 1251,,, 1353,,, 1403, and
1493, cm™1. However bands at 1042, 1181 and 1275 cm™2 overlap in LovK and phot1-LOV2
(Figure 5B). In addition, the 1465-1420 spectral region reveals shifted bands, but the line shape
is too complex to conclusively attribute band positions.

Only one of the two C=N stretch bands, assigned to C10a=N1 (38), is distinct. This band is
centred at 1547 cm 1 in LovK and 1551 cm 2 in phot1-LOV?2 (Figure 5C). LovK exhibits C=C
and C4a=N5 frequencies at 1632 cm L and 1582 cm™1, respectively, which are similar to phot1-
LOV2butsignificantly different than phot1-LOV2 C39A. This result indicates the ICT/quinoid
character of the FMN in LovK is comparable to phot1-LOV2 (38). In the C=0 region (Figure
5D) the signals are very small but bands at 1717 and 1700 cm™1, which appear as shoulders of
the band centred at 1710 cm™1, can be detected. We assign the bands at 1718 cm ™1 and 1700
cm 1 to two C(4)=0 conformers under different hydrogen bonding conditions (47); the broad
band at 1710 cm ™1 is not a vibrational band but is rather assigned as a residual of the baseline
subtraction.

In conclusion, FLN spectroscopy demonstrates that the overall environment of the FMN
cofactor binding site is similar in LovK and phot1-LOV2. However, there are clear differences
in electronic configuration of the isoalloxazine moiety between these bacterial and plant protein
photoreceptors. C=C and C4a=N5 bands are very similar, whereas C10a=N1 and lower
stretching frequency modes involving mainly N3, C4, C10a, N10, N1 and C2 (38) show a
lower double bond character indicating different electronic density in this region of the
isoalloxazine moiety. Below 1000 cm™ the bands can be assigned to ring deformation,
evidencing a different distortion of the isoalloxazine ring of the FMN in LovK.

The effect of cysteinyl-adduct formation on vibrational state of the LovK flavin cofactor

Light minus dark Fourier transform infrared (FTIR) spectra of LovK exhibit the classical
bandshift pattern for adduct formation (Figure 6A) (48). Adduct formation bandshifts are not
temperature dependent except for 1250-1247 (—) /1302-1306 (+) cm ™1 and 1554(-)/1542(+)
cm1. These latter bands have an atypical temperature dependence in which the C=N stretch
doublet ratio at 1580-1550 cm ™1 is reversed at room temperature (RT) relative to low
temperature. The atypically strong temperature dependence of the adduct marker bands at 1582
(-) and —1554(-)/1540(+) cm ™1 are assigned to stretch modes of C4a=N5 coupled to C10a=N1
in the dark state and C10a=N1 alone in the adduct state. We propose this is due to alternative
adduct state conformations at different temperatures. The adduct band at 1540 cm ™1 downshifts
2 cm~ 1 between 150K and RT. A significant contribution of Amide Il signal in this spectral
region, above 150K, is excluded due to the small structural changes observed at RT.

Asobserved in the Bacillus LOV-STAS protein, YtvA (48), the C=N stretch doublet 1580-1550
cm L ratio is approximately 1. In addition, the C10a=N1 stretching frequency of LovK at 1540
cmLis upshifted by 6 cm ™1 in the adduct state relative to phot1-LOV2 (Figure 6B) evidencing
a more localized C10a=N1 bond in the LovK adduct state. The observed differences in C=N
stretches in LovK and YtvA relative to phot1-LOV2 may be associated with the blue-shifted
absorbance of the adduct species in the bacterial LOV proteins, LovK and YtvA. While the
structural and chemical bases of these relative spectral shifts are not known, they may be a
result of an altered protein-flavin hydrogen bond network.
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Light-dependent changes in LovK protein structure

Differential Fourier transform infrared spectroscopy (FTIR) is a well-established method to
monitor changes in the secondary structure of proteins before and after some physical or
biochemical perturbation. Inthe case of LOV domains, FTIR can provide insight into the effects
of photon absorption and subsequent cysteinyl-flavin adduct formation on protein structure.
Moreover, this method permits one to monitor the temperature dependence of light-dependent
changes in LOV secondary structure.

Overall, the FTIR light minus dark spectrum of LovK at 25°C resembles C. reinhardtii phot-
LOV2, A. capillus-veneris phy3-LOV1 and B. subtilis YtvA, which exhibit weak protein
structural changes upon blue-light illumination (48). The C(4)=0 frequency of LovK at 1726
cm1 and weak B-sheet bands at 1635(-)/1613(+)cm ™1 are indicative of small structural
changes upon illumination (Figure 6) (49). The C(4)=0 band in the lit state at 1726 cm ™ is
also consistent with small changes in B-sheet structure; this band is upshifted to 1730 cm™1 in
phot1-LOV2 and phy3-LOV2 domains at RT where more extensive light-dependent p-sheet
motions occur. The temperature dependence of the p-sheet bands near 1635 cm™1 between 150
and 300 K evidences a model in which the majority of this light-induced change in LovK
protein structure takes place outside the LOV domain. Specifically, the C(4)=0 band is
temperature independent within this temperature range evidencing a similar hydrogen bond
strength between C(4)=0 and GIn133/Asn112, which is inconsistent with substantial B-sheet
motion in the LOV domain of LovK. Unfortunately, this hypothesis could not be explicitly
tested by comparison with the isolated LOV domain of LovK due to problems with protein
stability at the concentrations needed for FTIR spectroscopy. FTIR data on full-length LovK
suggest a tightening of B-sheet involving a relatively small number of amino acids. Moreover,
the absence of a strong band near 1645 cm ™1 excludes large changes in the structure of a-helix
upon illumination, as is observed in Jo. of phot1-LOV2 (47) (Figure 6B).

As in A. sativa phot1-LOV?2, the C(2)=0 stretch is at 1676(—) cm™1 in the dark state while the
C(4)=0 stretches at 1716 and 1698 (—) cm™1 are both upshifted by 4 cm™ (Figure 6B). These
upshifts are indicative of weaker hydrogen bonding between C(4)=0 and GIn133/Asn112 in
dark state LovK relative to what is observed between orthologous residues and C(4)=0 in
phot1-LOV2. The positive band at 1688 cm ™1 is upshifted by 3 cm™ indicating a weaker C(2)
=0 hydrogen bond to Asn102 in the lit state. Thus Asn102 is either positioned further away
from C(2)=0 in LovK relative to photl-LOV2 or is more dynamic/disordered than in photl-
LOV2.

In phy3-LOV1 (50) and the phy3-LOV2 Q1029L mutant (49), the positive band at 1707
cm~1 and corresponding bands at 1695 and 1692 cm ™~ are moderately temperature dependent,
and are assignable to loop regions of the structure (49-51). LovK, like phy3-LOV1 and the
phy3-LOV2 Q1029L mutant, is one of the few LOV proteins that does not show evidence of
loop tightening upon adduct formation at RT. Rather, LovK loop bands in the lit state are
upshifted by 10-15 cm™1 relative to phy3-LOV domains providing evidence for considerably
stronger loop loosening in LovK upon photon absorption and adduct formation than in phy3-
LOV1 and phy3-LOV2 Q1029L (49). It is notable that LovK encodes a leucine residue at
position 114, which corresponds to a phenylalanine in phy3-LOV2 (F1010) and a leucine in
phy3-LOV1. The single amino acid change F1010L in phy3-LOV2 is known to strongly
attenuate the large structural rearrangements that occur in phy3-LOV?2 in response to adduct
formation (52). Notably, mutation of this site in B. subtilis YtvA disrupts communication
between the N-terminal LOV domain and the C-terminal STAS domain. The exact role of this
residue in LOV signalling has yet to be elucidated, and may vary across protein systems (53).

With the exception of weak B-sheet strengthening upon illumination, the FTIR light minus
dark difference spectrum of LovK globally resembles that of the LOV1 domain of the chimeric
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phytochrome-phototropin protein, phy3 (50). It may be that there are common structural and
dynamic features between LOV-mediated signal transduction by the LOV domain of LovK
and the LOV1 domain of phy3. The LovK light minus dark spectrum also closely resembles
that of YtvA-LOV (48), suggesting a common mode of signal propagation between bacterial
LOV-STAS and LOV-histidine kinase proteins that requires only minor changes in the overall
structure of the protein. This can be contrasted with plant phototropin LOV2 domains which
exhibit larger structural changes in B-sheet and a-helix structure prior to kinase activation
(Figure 6B) (54), which eventually propagates to affect structural change in the serine/
threonine kinase domain (55). Thus, these data support an emerging picture of heterogeneity
in the structural mechanisms through which LOV domains can regulate various output
domains.
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Abbreviations

LoV light oxygen voltage

ATP adenosine triphosphate

FLN fluorescence line narrowing

FTIR Fourier transform infrared

IPTG isopropyl-beta-D-thiogalactopyranoside
LED light-emitting diode

EADS evolution-associated difference spectrum

Fourier transform

CCD charge-coupled device

FMN flavin mononucleotide

STAS sulfate transporter anti-sigma factor antagonist domain
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Figure 1.

(A) Absorption spectra of C. crescentus LovK (red) and A. sativa phot1-LOV2 (blue). (B)
Cartoon illustrating light-dependent adduct formation between LovK residue C70 and C(4a)
of the FMN isoalloxazine moiety. (C) Light minus dark difference absorption spectra of C.
crescentus LovK (red) and A. sativa phot1-LOV?2 (blue). Absorption maxima for the adduct
species in LovK (390 nm) and phot1-LOV2 (397 nm) are labelled
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Figure 2.

Measuring LovK ATP binding affinity by fluorescence anisotropy. The dependence of signal
from the fluorescent ATP analog, BODIPY-ATP, on the concentration of LovK is shown in
terms of fraction of LovK bound to BODIPY-ATP. Data are fit to the Hill equation (black line;
see Materials and Methods).
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Figure 3.
Dark recovery kinetics of LovK from the cysteinyl-C4(a) adduct state in the presence of 500

mM DMAP (black dots) and 800 mM imidazole (white dots). Biexponential fits to the data
are shown as a black line (DMAP) and gray line (imidazole).
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Figure 4.

(A) EADS of LovK pumped at 400 nm and monitored from femtoseconds to nanoseconds.
FMN singlet excited state (black line) decays to a triplet state (gray line) in 2 ns with a yield
of about 70%. (B) Kinetic absorption traces at 446, 536 and 614 nm of LovK pumped at 400
nm; fit in black line.
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Figure 5.

Fluorescence line narrowing (FLN) spectra of LovK (upper black line) and phot1-LOV2 (lower
gray line) in different spectral regions (A) 850-610 cm™1, (B) 1510-1000 cm™1, (C) 1650-1525
cm~1and (D) 1730-1690 cm™1.
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Figure 6.
(A) Low temperature FTIR light minus dark spectra recorded at 150 (black), 200 (red) and 300

K (blue). (B) Comparison of light minus dark FTIR spectrum of LovK (blue line) with Phot1-
LOV?2 (red line) at 300K.
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