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A Blue Light Inducible Two-Component Signal Transduction System in the
Plant Pathogen Pseudomonas syringae pv. tomato
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ABSTRACT The open reading frame PSPT0O2896 from the plant pathogen Pseudomonas syringae pv. tomato encodes a
protein of 534 amino acids showing all salient features of a blue light-driven two-component system. The N-terminal LOV (light,
oxygen, voltage) domain, potentially binding a flavin chromophore, is followed by a histidine kinase (HK) motif and a response
regulator (RR). The full-length protein (PST-LOV) and, separately, the RR and the LOV+HK part (PST-LOVArR) were
heterologously expressed and functionally characterized. The two LOV proteins showed typical LOV-like spectra and
photochemical reactions, with the blue light-driven, reversible formation of a covalent flavin-cysteine bond. The fluorescence
changes in the lit state of full-length PST-LOV, but not in PST-LOV xrg, indicating a direct interaction between the LOV core
and the RR module. Experiments performed with radioactive ATP uncover the light-driven kinase activity. For both PST-LOV
and PST-LOVrr, much more radioactivity is incorporated when the protein is in the lit state. Furthermore, addition of the
RR domain to the fully phosphorylated PST-LOVgrr leads to a very fast transfer of radioactivity, indicating a highly efficient

HK activity and a tight interaction between PST-LOVrr and RR, possibly facilitated by the LOV core itself.

INTRODUCTION

Light is an energy source and an ever present stimulus on
earth. The short wavelength region, i.e., the ultraviolet (UV)
and blue light range, however, can be harmful to organisms
because of the deleterious effects on DNA (UV range) (1) or
the capability to excite, with high yield, ubiquitously present
photosensitizing compounds, e.g., porphyrins and flavins
(blue light effects) (2). Photoexcitation converts such com-
pounds with high efficiency into the triplet state, which in the
presence of oxygen generates the highly oxidative oxygen
singlet state and other reactive oxygen containing species (3).
Blue light detecting photosensors are thus of the utmost
importance for any organism, allowing the development of
repair systems (4), the formation of protective (shielding)
substances, or—for motile organisms—the escape from
regions with high UV/blue light intensity (5). At least three
systems have been identified recently that fulfill this function.
All are based on flavin derivatives that serve as chromophores
in these photoreceptors. They were named cryptochromes;
light, oxygen, voltage (LOV) proteins; and blue-light-sensing
using flavins (BLUF) proteins (6). The most widely spread of
these flavin-based photoreceptors are the LOV domain-
containing proteins (LOV) (7). They are assumed to be
present in all plants, and prokaryotic genome analysis
revealed the presence of LOV proteins in ~15% of all
sequenced genomes (6). In prokaryotes the light-sensing
LOV module is coupled to diverse effectors domains, such as
kinases (similar to the plant phototropins), phosphodiester-
ases, response regulators (RRs), DNA-binding transcription
factors, and regulators of stress o factors (7,8). The majority
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of LOV domains is found together with histidine kinase (HK)
motifs or with transcription factors in the same open reading
frame (ORF) or arranged in a single operon, allowing an
efficient physiological response of the cell to a light pulse.
This relatively simple, stereotypical structure of photorecep-
tors, together with their instantaneous (=light triggered)
activation or deactivation makes these sensory proteins ex-
cellent candidates to study signal transduction mechanisms.
A considerably large percentage of the bacterial LOV
proteins are members of the histidine protein kinase (HPK)
kinase superfamily (6,8). In bacteria, signal transducing
HPKs, together with phosphoaspartyl RRs, are the key
elements of two-component signal transduction systems (9).
The HPKs generally contain an N-terminal sensing domain
(e.g., LOV) and a C-terminal kinase core, but additional
domains may be present. The kinase core of HPK features the
phosphoaccepting histidine box (H-box) within the homo-
dimerization domain and, downstream to it, the highly
conserved homology boxes of the nucleotide-binding, cata-
Iytic domain (N-, D-, F-, and G-boxes) (10). In response to a
signal, HPKs autophosphorylate the H-box histidine residue
from which the phosphoryl group is transferred to a conserved
aspartic acid residue in the receiver domain of an RR (9).
HPKSs can be further divided into subfamilies according to
their sequence similarity (10). The hybrid HPK-RR LOV
proteins from Pseudomonadales and Xanthomonadales
(y-proteobacteria) are highly homologous and form a distinct
family (6,8). The kinase domain is characteristic of the HPK4
class: besides a typical H-box, these proteins exhibit the PF-
TTK signature in the so-called F-box. Furthermore, their
LOV domains are among those that are most homologous to
(plant) phot-LOVs. Given these features, namely, the asso-
ciation of an ‘‘ideal’” phot-like LOV domain with prototyp-
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ical kinase and RR motifs, they are good candidates to test the
molecular properties of this novel, putatively a blue light-
driven two-component signaling system in bacteria. Addi-
tionally, although there is no report on light-elicited responses
in these organisms, a few links have been established among
plant defense systems, plant photosensors, and bacterial
pathogens belonging to Pseudomonales (11-13), prompting
an investigation of bacterial photosensors in view of their
potential role during the infectivity process.

We present studies on the molecular and spectroscopic
properties of the LOV-HPK-RR hybrid protein (gene name
PSPTO2896) from P. syringae pv. tomato DC3000 (Pst
DC3000), an important plant pathogen whose genome was
recently sequenced (14). The recombinant protein from ORF
PSPT02896 will be named PST-LOV. To this purpose three
protein constructs were built: i), the full protein PST-
LOV2896 encompassing the LOV, HPK, and RR domains;
ii), the truncated PST-LOV2896,rr (comprising the LOV
and HPK domain); and iii), the separated RR.

Pseudomonas syringae has gained remarkable interest due
to its capability to infect a wide variety of plants, exhibiting
strain-to-host specificity with ~50 known pathovars (pv.)
(15). Three strains, P. syringae pv. syringae B728a, P.
syringae pv. tomato DC3000, and P. syringae pv. phaseo-
licola 1448A have been genome sequenced (14,16,17). An
inspection revealed ORFs with strong homology to LOV
domains. The ORF PSPT02896 from the genome of P.
syringae pv. tomato DC3000 encodes a LOV protein of 534
amino acids (PST-LOV), corresponding to a molecular mass
of 58.9 kDa. Sequence alignment reveals a domain archi-
tecture with a typical LOV domain (aa 33-136) containing
all salient amino acids required for flavin-mononucleotide
(FMN) binding, followed by a HK motif and an ATP-
binding domain (aa 154-389). The final part of PST-LOV is
built as an RR domain (aa 409-534), making this protein a
typical two-component system, in this case the HPK activity
being fused to the RR domain (Fig. 1). The HK domain is
characteristic of the HPK4 class (8,10). Although generally
RRs contain one or more output domains downstream of the
receiver domain, in some cases, as in the here investigated
protein, only the receiver domain is present, often fused with
the cognate HPK (hybrid HPK-RR) (10). In this case, no RR-
output domain was identified in the vicinity of this encoding
gene.

Analysis of this protein and the demonstration of light-
induced signal transduction between the two domains would
add blue light as a stimulus to the two-component system,
which is present in many prokaryotic microorganisms.

MATERIALS AND METHODS

Cloning and biochemistry

Pst DC3000 was grown in Luria-Bertani medium overnight at 37°C.
Genomic DNA was isolated with Qiagen DNeasy Tissue kit (Qiagen,
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FIGURE 1 Principal architecture of two-component systems. Both
arrangements that have been used in this study, i.e., the HK and RR as a
fusion protein and as two separate proteins, are shown.

Duesseldorf, Germany). i) Full-length protein: The ORF PSPT0O2896 was
amplified by polymerase chain reaction (PCR) from genomic P. syringae
DNA, using the primers 5'-TCCAGTACATATGTCGGAAAACAAGAC-
CCGTGTCG (forward) and 5'-TACAATCTCGAGTCAGGCAATGCCG-
TTGGGAC (reverse); PCR conditions: 95°C 2 min, 25 times (95°C 30 s,
58°C 45 s, 72°C 2 min), 72°C 10 min, 4°C hold. Both primers contained
restriction sites (shown in bold) for insertion of the PCR product into the
plasmid pET28a (Novagen-Merck, Darmstadt, Germany), which is
furnished at its 5'-end with an octadecanucleotide encoding for a Hisg tag.
Heterologous expression in Escherichia coli BL21 DE3 (Stratagene,
Amsterdam, The Netherlands) was induced by IPTG (30°C, 1 mM, for 6
h). PST-LOV was isolated from the lysed E. coli cells (lysis was by an Ultra-
turrax, IKA, Staufen, Germany, in liquid nitrogen) by passage of the crude
lysate (separated from the cell debris by ultracentrifugation, 368,000 X g,
1 h, 4°C) over a Ni*-resin affinity chromatography column (Prochem,
Englewood, CO). Such obtained protein was practically pure and was used
for further studies without additional purifications. Matrix-assisted laser
desorption ionization (MALDI) spectra were measured with an ABI
Voyager DE Pro MALDI-time-of-flight (TOF), using Sina and 2,5-
dihydroxybenzoic acid as matrix. ii) Truncated proteins: For generation of
protein fragments holding the LOV domain and the HPK motif (aa 1-402),
and separately the RR (aa 403-534), the two parts of PST-LOV were
amplified by PCR from the full-length encoding DNA, using the primers
5'-TCCAGTACATATGTCGGAAAACAAGACCCGTGTCG (LOV and
HPK forward), 5'-CTCGAGTCACGATCCCTGAGGTGA (LOV and
HPK reverse), and 5'-CCATGGATAGACGCCTGGGCAGCA (RR for-
ward), 5'-TACAATCTCGAGGGCAATGCCGT (RR reverse); again, the
restriction site motifs used from cloning into pET28a are shown in bold. The
front part of PST-LOV was furnished with an N-terminal Hisg tag, whereas
the RR domain was followed by a C-terminal Hisq tag. Further procedures,
i.e., cell growth, IPTG-induction, harvest, and purification were performed
as for the full-length protein (see above).

Chromophore composition

The protein-bound chromophore was released by heat denaturation. The
sample was kept at 100°C for 10 min, after which time the sample was
centrifuged to remove denatured protein (14,000 rpm, 20 min). The
supernatant was passed through a Microcon YM3 centrifugal concentrator
(13,000 rpm, 1 h, Millipore, Billerica, MA, molecular weight cutoff 3'000)
and directly used for high performance liquid chromatography (HPLC)
analysis. Each injection was repeated two times to follow statistical errors.
HPLC: A HPLC system from Shimadzu (LC10Ai; Shimadzu Deutschland,
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Duisburg, Germany) was used, employing a 250/4 CI18-RP column
(Macherey and Nagel, Diiren, Germany). The column was equipped with
a precolumn of the same material, and 50 mM ammonium acetate, pH 6
(eluent B) and 70% acetonitrile in B (eluent A) were used as solvents.
Authentic FMN, flavin-adenine dinucleotide (FAD), and riboflavin (pur-
chased from Sigma-Aldrich, St. Louis, MO) were used as reference
compounds. Besides that, spectra of the eluted samples were recorded during
the separation by a diode array detection system. A solvent gradient (t = 0,
5:95 A:B, t = 20 min, 40:60 A:B, t = 22 min, 40:60 A:B, t = 29 min, 5:95
A:B) was applied.

Spectroscopy

All measurements were carried out in phosphate buffer 10 mM, pH = 8,
NaCl 10 mM. Absorption spectra and kinetic traces were recorded at 20°C
with a temperature-controlled Shimadzu UV-2401PC spectrophotometer.
Origin 7.5 (OriginLab, Northampton, MA) was employed for data treatment
and kinetic fitting. Photoequilibrium conditions, with accumulation of the
photoactivated state, were achieved illuminating the sample with a blue light
emitting Led-LenserV8 lamp (Zweibriider Optoelectronics, Solingen,
Germany). Steady-state fluorescence spectra have been recorded with a
temperature-controlled Perkin-Elmer LS-50 luminescence spectrometer
(Perkin-Elmer, Beaconsfield, England). To measure the fluorescence
quantum yield (®g) of the bound flavin chromophore, FMN (Fluka, Neu-
Ulm, Germany) was used as a standard (Pg = 0.26) (18), and measurements
were carried out at 10°C with 450 nm excitation to achieve conditions
similar to the laser-induced optoacoustic spectroscopy (LIOAS) experiments
(vide infra). Other fluorescence measurements (excitation at 295 and 280
nm) were carried out at 20°C.

Laser-induced optoacoustic spectroscopy

For the LIOAS experiments, excitation at 450 nm was achieved by pumping
the frequency-tripled pulse of a neodymium-doped yttrium aluminum garnet
laser (SL 456G, 6-ns pulse duration, 355 nm, Spectron Laser System,
Rugby, Great Britain) into a 8-barium borate optical parametric oscillator
(OPO-C-355, bandwidth 420-515 nm, Laser Technik Vertriebs, Ertestadt-
Friesheim, Germany) as previously described (19). The cuvette holder
FLASH 100 (Quantum Northwest, Spokane, WA) was temperature
controlled to £0.02°C. The signal was detected by a V103-RM ultrasonic
transducer and fed into a 5662 preamplifier (Panametrics, Waltham, MA).
The pulse fluence was varied with a neutral density filter and measured with
a pyroelectric energy meter (RJP735 head connected to a meter RJ7620 from
Laser Precision, Libertyville, IL). The beam was shaped by a 1 X 12 mm slit,
allowing a time resolution of ~60 ns by employing deconvolution
techniques (20). The experiments were performed in the linear regime of
amplitude versus laser fluence, and the total incident energy normally used
was ~20 uJ/pulse (this corresponds to 7.5 X 10~ einstein for 450 nm
excitation, photon energy 265.82 kJ/mol). The sample concentration was
~7.5 uM, corresponding to 0.9 X 10~? mol in the excitation volume V, =
0.12 mL. These conditions correspond to 0.08 photon per protein molecule.
New coccine (Fluka) was used as calorimetric reference (21). The time
evolution of the pressure wave was assumed to be a sum of monoexponential
functions. The deconvolution analysis yielded the fractional amplitudes (¢;)
and the lifetimes (7;) of the transients (Sound Analysis 3000, Quantum
Northwest). The time window was between 20 ns and 5 us. At a given
temperature and for each resolved ith step, the fractional amplitude ¢; is the
sum of the fraction of absorbed energy released as heat («;) and the structural
volume change per absorbed einstein (AV), according to Eq. 1 (22,23)

AV; ¢c,p
Ex B’

E, is the molar excitation energy, B8 = (OV/OT)p/V is the volume
expansion coefficient, c;, is the heat capacity at constant pressure, and p is the

o, =a+ )]
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mass density of the solvent. In this work we used the so-called ‘‘two
temperature”” (TT) method to separate «; from AV; (24). The sample
waveform was acquired at a temperature for which heat transport is zero,
Tg—o = 3.7°C and at a slightly higher temperature Tz~ = 10°C. At Tg_ the
LIOAS signal is only due to AV;. The reference for deconvolution was
recorded at Tg~, and Eqs. 2a and 2b were then used to derive «; and AV;:

AV, = q)i|T¢Ln X EAE (2a)

cply,,
o = QDi|TB>O - (pi|Tﬁ:0' (2b)

To minimize the photoconversion of the dark state and to avoid ex-
perimental artifacts related to the long recovery kinetics of the adduct, we
used low repetition rates for the excitation (1/25 Hz). Under the conditions
employed the absorption decrease at 450 nm was <5% at the end of each
experiment. Two sets of experiments were carried out for each protein, and a
total of eight deconvolution fittings at each temperature.

Size exclusion chromatography

Gel filtration chromatography experiments were performed on a Pharmacia
(Piscataway, NJ) fast protein liquid chromatography apparatus, using a
Superdex 75 HR 10/30 column (Amersham Biosciences, Buckinghamshire,
UK), equilibrated with a Na-phosphate buffer, 10 mM, pH = 8, NaCl = 0.15
M, as previously described (25). Bovine serum albumin (69 kDa),
ovalbumin (42.7 kDa), a-chymotrypsin (25 kDa), myoglobin (16.9 kDa),
and ribonuclease (13.7 kDa) (low Mw calibration kit, Amersham Biosci-
ences) were used for calibration of the column. The proteins were loaded on
the column at a concentration between 1 and 50 uM to give a final
concentration ranging from 0.05 to 2.5 uM at the detection peak, due to
dilution through the column.

Radioactivity experiments

Auto- and transphosphorylation experiments were performed using 2p_y.
ATP (37 mBq 100 ul, Hartmann Analytik, Braunschweig, Germany). A 100
wul reaction buffer (26) contains 20 ug PST-LOV or LOV-HK fragment. The
reactions were performed at room temperature in dark and light separately.
At given time points, 10 ul of the reaction mixture was extracted and
quenched with 10 ul sodium dodecylsulfate (SDS) stop buffer (26). For
transphosphorylation experiments, a 10X excess (m/m) of the RR domain
was added into the reaction tube. Again, 10 ul of the new mixture was
withdrawn at different time points and quenched with 10 wl SDS stop buffer.
After heating at 55°C for 5 min, radioactive proteins were separated on SDS-
polyacrylamide-gel electrophoresis (PAGE) gels, which were kept in a BAS
cassette 2025 (Fujifilm, Tokyo, Japan) for detection of radioactivity.
Autoradiograms were obtained from a fluorescence image analyzer FLA-
3000 (Fujifilm). Spot intensity is read as PSL mm 2 (PSL, photostimulated
luminescence). Pixel size was 50 X 50 um?.

RESULTS AND DISCUSSION

Steady-state absorption measurements and
kinetics of the dark recovery reaction

Heterologous expression of PSPTO2896 and PSPTO2896 Arr
in E. coli BL21 DE3, followed by His tag mediated affinity
purification yielded recombinant proteins of expected size
(MALDI- mass spectrometry: 61,049.2 and 46,299.3, ex-
pected mass: 61,098.4 and 46,367.4, respectively, including
the 20 aa long His tag) with an absorbance spectrum typical
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for an oxidized flavin species (A,,x = 447 nm, Fig. 2) under
dark conditions. Blue light irradiation produced bleaching in
the visible region, with concomitant loss of flavin fluorescence
and appearance of a species absorbing maximally at ~390 nm,
all features characterizing the formation of the covalent adduct
in LOV proteins (27,28). The absorption spectra of purified
PST-LOV agr in the dark- and light-adapted state are shown in
Fig. 2, together with the light-dark difference spectrum.
Similar spectra are obtained for PST-LOV, albeit with a
slightly larger scattering (not shown).

The high UV/Visible ratio in the dark state (Abs,go/
Abs447 = 8.6) indicates that a certain amount of apoprotein is
present (29). The calculated absorption coefficient of apo-
PST-LOV sgg at 280 nm is 22,015 M~ 'em ™! (ProtParam tool
at the ExPASy Proteomics Server http://expasy.org), whereas
for bound FMN itis ~26,250 M~ 'cm ™' (29). From these data
we can estimate that Abs,go/Abssy7; = ~4 for a 1:1 protein/
FMN ratio (no apoprotein present). Therefore, in the sample
shown in Fig. 2 we may estimate that the protein/FMN ratio is
~3.5. The full-length PST-LOV protein shows an even larger
amount of apoprotein, as the protein/FMN ratio is ~4.5 for
the measured Abs,go/Absyy; = 12.5 (ideal ratio Abs,go/
Absyy7; = 4.5 for a 1:1 complex). The full-length protein was
subjected to a chromophore extraction to determine the
chromophore composition (which could influence the spec-
troscopic properties). HPLC analysis showed preferentially
FMN as chromophore (86%), accompanied by some FAD
(13.3%), and a small amount of riboflavin (0.7%). It should be
mentioned that especially older samples show a change of the
latter two flavin derivatives due to decomposition of FAD: a

Absorbance

-0.06

AADs.

-0.12 A

L] M 1 M 1 M
300 400 500 600
x/nm

FIGURE 2 (Top) Absorption and (bottom) absorption difference spectra
(light-dark) of PST-LOVgr before and after blue light irradiation.
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6-month-old sample, kept at —40°C and identically prepared,
showed a composition of 86:4:10 for FMN/FAD/riboflavin.

The absorption spectrum in the visible region is typical for
FMN-binding LOV proteins, showing the three vibrational
bands of the So— S transition (29,30). In the ultraviolet-A
(UVA) range (S, — S transition), the absorption maximum is
red shifted (381 nm) with respect to YtvA (376 nm) and to Cr-
phot-LOV1 and PpSB2-LOV (both showing a broad band
centered at ~360 nm). In riboflavin derivatives this band is
the most sensitive to the polarity of the microenvironment
(31), and it is characteristically different between phot-LOV 1
and LOV2 (shifted more to the red in LOV2) (28). The light-
dark difference spectrum resembles the formation of the
covalent adduct in LOV domains, generating the character-
istic bleaching of the So— S; transition (Fig. 2).

In the dark, the photoadduct slowly reverts to the dark state,
as can be followed by recording the recovery of absorbance at
447 nm, the full-length PST-LOV being slightly faster than the
truncated protein (Fig. 3). The kinetic trace can best be fitted
with a double exponential decay function, yielding an average
life time of 5650 s for the full-length protein and 6210 s for the
truncated protein. We can, however, not exclude that the
biexponential behavior is an artifact due to a slight change in
the scattering during the long-lasting measurements.

The average lifetime for the dark recovery reaction, {7 c.),
is extremely long for both constructs (Table 1), even when
compared to other bacterial LOV proteins (7. = 3200 s for
YtvA, at 20°C) (19).

Fluorescence of the conserved W111

Phot-LOV domains and the vast majority of bacterial LOV
domains carry a single, conserved tryptophan residue localized
on the HB strand (8). The specific function of this residue is
unknown; in YtvA (W103), it is involved in intraprotein inter-
actions (32), most probably via contacts with the N-terminal
cap (A. Losi and V. Buttani, unpublished) and/or with the

0.1

10000 15000 20000

time /s

0 5000

FIGURE 3 Dark-recovery time course (20°C) for full-length PST-LOV
(solid line) and for the truncated protein PST-LOVarr (dashed line), ob-
tained by measuring the absorbance at 447 nm. Experimental data were fitted
by a two-exponential decay function.
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TABLE 1 Kinetic and spectroscopic data of recombinant
proteins PST-LOV and PST-LOV gy from P. syringae pv. tomato

20°C LOV +kinase Full-length protein
Al 27% * 1% 65% * 2.5%
Tl/s 3505 = 33 3950 = 55

A2 73% * 1% 35% * 2.5%
72/s 7210 * 24 8820 * 36
(T)ls* 6210 5650

*<Trcc> = EAI’Tl/IOO

linker region C-terminal to the LOV core (29). The fluores-
cence of W103 in full-length YtvA is blue shifted with respect
to the isolated YtvA-LOV (32), but no major changes are
observed upon formation of the photoadduct. Conversely, in
phot1-LOV2 W491 undergoes conformational changes upon
formation of the photoadduct due to the unfolding of the
linker region (33,34). In PpSB2-LOV the fluorescence of
W97 slightly increases in the photoadduct with a concomitant
broadening of the band, reverting to the original value after
dark conversion of the protein (35).

In PST-LOV gr and PST-LOV, the fluorescence maxi-
mum of W111 (again the only tryptophan in the whole
protein) is localized at ~332 nm, slightly blue shifted with
respect to YtvA (335 nm) (32). Only very small changes are
detectable by selective excitation of the Trp residue with 295
nm light (not shown). Excitation at 280 nm, however, caused
a reversible change for the full-length protein, namely a
slight increase of the fluorescence intensity and a spectral
broadening. This reversible, light-induced change is much
smaller in the truncated PST-LOVgrgr (Fig. 4).

250 1 1 " 1 1 1 1 1 n 1

200 +
150
100

50

250

Fluorescence / a.u.
o

200

150
100
50
0 T T T T T T
300 350 400 450
A/ nm

FIGURE 4 UVA fluorescence of (A) PST-LOV and (B) PST-LOVagrr
after 280 nm excitation in the dark- (thin line) and light- (thick line) adapted
states.
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The fluorescence change observed for PST-LOV may
originate from conformational changes involving tyrosine(s)
that increase energy transfer to W111 in the light state as
suggested for YtvA (32), since these aromatic residues also
are excited at 280 nm. This idea is supported by the fact that
the change is not detected upon selective excitation of W111
at 295 nm. The important observation here is the difference
between the truncated protein, PST-LOV zrg, and the full-
length protein, PST-LOV, the former one showing practi-
cally no change of the fluorescence in the dark or lit state,
whereas the full-length protein exhibits an increase of
fluorescence upon illumination. These data demonstrate an
interaction between the LOV-HK and the RR domains that
changes upon illumination. Most probably this involves one
or more amino acids on the LOV core that change their
conformation or environment upon formation of the photo-
product. A mutation of the tryptophan111 to identify its role in
this process failed and produced only (misfolded) apoprotein
void of any chromophore.

LIOAS measurements

The LIOAS signals at Tg_y = 3.70°C are similar to those
recorded for other LOV proteins (19,30,35,36) with a
transient species formed within 20 ns (time resolution of
the measurement) showing a small contraction (AV; = —0.8
ml/einstein), assigned to the FMN triplet state (PST-LOVr).
The triplet decays with a lifetime of 7, = ~1.5 us into a
long-lived species, assigned to the covalent, blue-shifted
photoadduct (PST-LOV3eq). Different from the LOV pro-
teins previously analyzed, the formation of the adduct does
not correspond to a further, larger contraction but to a very
small expansion, AV, < 0.5 ml/einstein (Table 2).

With the knowledge that the FMN triplet state, both in
solution and in LOV proteins, lies at ~200 kJ/mol
(30,36,37), it is possible to calculate the triplet formation
quantum yield, ®r, from Eq. 3:

ET EF
Or—=1—a, —Pr— 3

T E, a; F E, (3
where Er is the average energy for the fluorescence emission
(232 kJ/mol, 515 nm).

@ = 0.25 is the flavin fluorescence quantum yield, and
E), = 265.8 kJ/mol is the photon energy at 450 nm. The
triplet quantum yield and also the yield of adduct formation
is on the order of 0.45-0.5, typical for LOV proteins. The
energy level of the adduct was calculated by means of Eq. 4
and requires the measure of P39y This was done relative to
YtvA, as previously reported (19).

E E
Qy = (DTE—: - ¢390%~ )
Finally, the molecular volume changes are evaluated by
means of Egs. 5a and 5b:
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TABLE 2 LIOAS data for the PST-LOV proteins

Cao et al.

a; (11 < 20 ns) AV, (mL/mol) (7o us™®) AV, (mL/mol)
PSPT02896,rr 0.34 = 0.03 —1.57 = 0.34 0.16 = 0.02 (1.6 = 0.27) +0.22 = 0.12
PSPT02896 0.44 + 0.03 —1.49 = 0.15 0.13 = 0.03 (1.4 = 0.2) +0.31 = 0.18

The statistical error originates from an averaging of eight values for each temperature.

*Average value at 3.70°C and 10°C.

AV,
AVp ==t
Vi D, (5a)
A
AV390 = AVT + (I)—‘/z (Sb)
390

The results are reported in Table 3 and compared with other
LOV proteins.

The values of @1 and P53 are, within experimental error
(~20%), very similar for all the proteins analyzed, as well as
the high energy level for the adduct that stores ~50% of the
excitation energy. The latter aspect points to a strained
conformation and small conformational changes with respect
to the unphotolyzed state, a peculiar characteristic of LOV
domains (19,35,36). The us decay kinetics of the triplet state
into the adduct indicates that the photocycle is similar to
other LOV proteins (30,38,39). A notable difference is that
the total structural volume change corresponding to the
formation of the adduct, AV3qq, is very small and almost
entirely derives from the formation of the triplet state (Table
3, Egs. 5a and 5b). Actually, the formation of the adduct
corresponds to a small expansion (AV, in Table 2) instead of
being a quite large contraction as in other LOV proteins
(19,35,36). This does not necessarily imply that, as a whole,
the protein conformational changes are smaller. In photore-
ceptors the light-induced AVs recorded by means of the
LIOAS technique may receive different contributions, e.g.,
changes in the protein secondary structure, in hydrogen
bonds (HBs) around the chromophore, or solvation/electro-

TABLE 3 Photophysical and energetic parameters of
PST-LOV proteins

Or  Ezgo/kl/mol P399 AVy/mL/mol AVizge/mL/mol

PST-LOVarg ~ 0.58 144 0.51 25 -2.0
PST-LOV 0.47 149 0.41 -2.9 —21
*PpSB2-LOV  0.46 133 042 174 -16.0
tytvA 0.62 136 049  —0.71 —12.5
YA-LOV  0.69 113 0.55 —-0.67 -17.2
*Cr-phot-LOV1  0.63 171 0.6 —-1.15 —-8.0

The values of Ezg9, AV, and AV3g are affected by the measurement error
(<10%, see Table 2) and by the quantum yield determination, whose error
depends on a variety of factors (e.g., absorption coefficients, reference
standard values, and energy level of the triplet state). Repeated measure-
ments (four) for @39, gave an experimental variation within 8%.
*Full-length SB2 LOV protein from Pseudomonas putida (35).
*Full-length YtvA from Bacillus subtilis and its isolated LOV domain,
YtvA-LOV (19).

*solated LOV1 domain of phototropin from Chlamydomonas reinhardtii
(36).
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striction effects (40). In LOV domains the negative AV,
originates mainly from a rearrangement of the HB network
around the flavin chromophore, which results in an overall
contraction as shown by means of mutagenesis studies on
Cr-phot-LOV1 (36). In the relatively large PST-LOV and
PST-LOVgrgr constructs, other conformational changes of
opposite sign might compensate for this HB rearrangement,
resulting in an overall small expansion. This hypothesis is
supported by a comparison of the results obtained with full-
length YtvA and the isolated YtvA-LOV in that the value of
AV, is more negative in the latter system (19).

Phosphorylation assay

Systems like the PST-LOV protein presented here—com-
posed of input domains ready to detect a broad variety of
incoming stimuli, thereby activating its HK domain, which in
turn activates a signal-transducing RR protein (or protein
domain)—are well known and precisely characterized in many
other prokaryotic organisms (9). Whereas two-component
signal transduction systems are furnished with highly variable
input domains and also induce quite different physiological
responses, the central building blocks, i.e., the HK activity and
the RR (domain), show a remarkable sequential and structural
conservation. The central reaction step is the transfer of a
phosphate group, initially bound upon activation to a fully
conserved histidine of the receptor, to an aspartate residue of
the RR.

An analysis of this reaction with PST-LOV by addition of
ATP would result in a phosphorylated full-length protein
with no insight into the different steps. An attempt to dissect
this reaction would be possible by separating both protein
domains. This approach yielded the truncated LOV-HK
protein (46 kDa) and the RR domain (16 kDa) as indepen-
dently expressed proteins, as described above. For functional
studies, the full-length protein as also a C-terminally
truncated construct consisting only of the LOV domain
and the HK motif was subjected to light-dependent phos-
phorylation assays. The separately expressed RR protein,
added later in the course of the experiment, would allow us to
identify the essential phosphate transfer from HK to RR in a
separate experiment. In both full-length and C-terminally
truncated PST-LOV, radioactive phosphate is incorporated,
but in a much higher yield upon blue light irradiation than
under dark conditions (Fig. 5).

It should be taken into account that the very slow recovery
rate of the dark state impedes the reaction such that any
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FIGURE 5 Assay of phosphorylation activity of PST-LOV. Full-length
and C-terminally truncated protein were incubated with **P-y-ATP (see
Materials and Methods), either in the dark or upon blue light irradiation.
Aliquots were withdrawn at indicated time points and were separated on an
SDS-PAGE electrophoresis gel. The gels were then covered with foil and the
incorporated radioactivity was determined. (A) Full-length protein. From left
to right: time course (0—20 min) of **P-phosphate incorporation under blue
light irradiation and in the dark. The time course of radioactivity
incorporation is shown below. The slight downward deviation of the data
point at 10 min might be due to an experimental (pipetting) error. (B)
C-terminally truncated fragment containing solely the LOV and the HK
domains. This autoradiogram also shows phosphate transfer to the RR after
being added to the reaction mixture. Addition is indicated by an arrow. The
time course of phosphate incorporation (and phosphate transfer) is shown
below. Note that the final data point for the HK domain drops
instantaneously upon RR addition (solid triangle at 10 min).

scattering light accumulates in the lit state and thus mimics
apparent activity of the dark state. The reaction reaches a
plateau for both constructs within ~10 min, indicating that 1),
apparently the residual amount of illuminated sample is fully
phosphorylated and ii), the removal of the RR domain does
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not impede the phosphorylation of the histidine residue in the
HK domain. Addition of the RR to the fully phosphorylated
LOV-HK fragment (Fig. 5 B, arrow) resulted in a practically
instantaneous phosphate transfer to the RR. The apparently
lower radioactivity in the samples of RR taken after very early
time points (2 and 5 min) is due to the experimental conditions
such that a large excess of the RR was added. The ongoing
incorporation of radioactivity into the RR, even after the HK
domain does not show any radioactivity, is due to 32P-y-ATP,
which is still present in the reaction mixture that is rapidly
attached to the RR by the very active HK domain.

Implications from the P. syringae LOV protein for
the transduction mechanism of LOV proteins

The experiments demonstrate a blue light-driven, flavin-
bearing HK activity in prokaryotes, which thereby adds blue
light to the large number of stimuli that are recorded by this
bacterial two-component signal transduction system (41). A
similarly built sensory protein, carrying a photoactive yellow
protein (PYP)-domain has recently been described (42). The
different chromophore structure in both types of proteins
becomes immediately clear from an inspection of the
absorption spectra: broad and unstructured in the PYP-case
and fine structured for the flavin-protein.

A very similar reactivity was recently demonstrated for
red light activated bacterial phytochromes, also furnished
with an HK domain and a separate RR (26,43). These
findings show the modular setup for many bacterial systems,
where a broad variety of input signals induce an ensemble of
output responses, mediated by a highly conserved signal
processing mechanism.

The observation that W111 or a neighboring tyrosine (e.g.,
Y103) is probably in close vicinity to the RR domain implies
the direct interaction of RR with the light-responsive LOV
core. This agrees with the low resolution structure (4.2 A) of
ThKA from Thermotoga maritima, a PAS-HK kinase in
complex with its RR, i.e., a similar architecture to PST-LOV
(44) (the LOV domain is a PAS fold (45)). In this complex the
RR is in direct contact with both the HK and the PAS domain,
and it was suggested that RR not only acts as an efficient
phosphoryl carrier but also exerts a regulative role on the
PAS-sensing domain (e.g., by a feedback regulation of
sensing) (44). It is also conceivable that the LOV core directly
interacts with the HK domain, given the enhancement of the
self-phosphorylation activity upon light-activation, again in
agreement with the structure of ThKA. The highly conserved
W111 and Y103 correspond to W103 and Y95 in YtvA (32)
and are localized on strand HB and Gf3, respectively,
neighboring K105 in the GB-HB loop. K105 in turn is
involved in a salt bridge with E64, a feature of LOV domains
suggested to be important in light-to-signal transduction (7).
Molecular dynamics simulations suggest that light-induced
modifications of the E-K salt bridge are typical for LOV1
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activation and are triggered by a change in HBs between FMN
and N99 (corresponding to N110 in PST-LOV). Note that this
asparagine is directly adjacent to the conserved Trp (46). Con-
versely, LOV2 activation could be mostly related to confor-
mational changes in the HB-I3 loop (46). This preferential
activation for LOV1 and LOV2 via distinct pathways might
be related to their specific role within phototropins, with LOV
being necessary and sufficient to elicit the majority of light-
elicited phot responses and LOV1 probably playing a
regulatory role (47,48). In bacterial LOV proteins, the LOV
domain has intermediate characteristics between LOV1 and
LOV2 (8), in agreement with the data presented here that
point both to a light triggered activation of the kinase activity
and to regulation via interactions with RR; this intermittent
function probably even indicates its ancestry to the LOV
proteins of eukaryotes.

Beyond the biochemical characterization presented here, a
question on the biological role of this protein remains. Such an
approach probably requires the generation of knockout
mutants and investigations on modified pathogenicity of such
constructs. A search of the locus of this gene (PSPTO_2896)
revealed several ORFs encoding signaling or DNA-regulat-
ing proteins which could be involved in signal transduction:
ORF 2901, DNA-binding protein; ORFs 2903, 2906, tran-
scriptional regulators; and ORF 2907, GGDEF domain/EAL
domain protein. However, no detailed investigation has yet
been performed.

CONCLUSION

The results presented here add blue light as a stimulus to the
large family of bacterial two-component signal transduction
systems. The data demonstrate a functional system, showing
light-regulated communication between the various domains
of this protein. The aspect of blue light regulation, employing
receptor structures in P. syringae very similar to those used by
plants, points to a putative role of the bacterial photoreceptors
in light-regulated host pathogen interactions, a research field
with a strong scientific and potentially economic impact. Yet,
only a few reports on that topic are available, clearly demanding
much stronger research activity.

Note added in proof: During the time this manuscript was being processed,
an exciting report from T. Swartz and co-workers showed that an LOV-
kinase regulates infectivity in the animal pathogen Brucella abortus. In the
same work they have characterized the kinase activity of a few other
bacterial LOV proteins (49).
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