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ABSTRACT: Organisms adapt their physiologies in response to the quality and quantity of environmental
light. Members of a recently identified photoreceptor protein family, BLUF domain proteins, use a flavin
chromophore to sense blue light. Herein, we report that PapB, which contains a BLUF domain, controls the
biofilm formation of the purple photosynthetic bacterium Rhodopseudomonas palustris. Purified PapB
undergoes a typical BLUF-type photocycle, and light-excited PapB enhances the phosphodiesterase activity
of the EAL domain protein, PapA, which degrades the second messenger, cyclic dimeric GMP (c-di-GMP).
PapB directly interacts with PapA in vitro in a light-independent manner and induces a conformational
change in the preformed PapA-PapB complex. A PapA-PapB docking simulation, as well as a site-directed
mutagenesis study, identified amino acids partially responsible for the interaction between the PapA EAL
domain and the two C-terminal R-helices of the PapB BLUF domain. Thus, the conformational change,
which involves the C-terminalR-helices, transfers the flavin-sensed blue light signal to PapA.Deletion of papB
in R. palustris enhances biofilm formation under high-intensity blue light conditions, indicating that PapB
functions as a blue light sensor, which negatively regulates biofilm formation. These results demonstrate that
R. palustris can control biofilm formation via a blue light-dependent modulation of its c-di-GMP level by the
BLUF domain protein, PapB.

Microorganisms often adapt their physiologies to their envi-
ronments. Cyclic dimericGMP (c-di-GMP)1 is a bacterial second
messenger involved in certain complex physiological pro-
cesses (1-5). It was first identified as an activator of cellulose
synthase in Acetobacter xylinum (6). Later, it was shown to
be ubiquitously present in bacteria and associated with cell
motility, biofilm formation, virulence, and cell cycle progression
(1-4, 7-11). This second messenger is synthesized by diguany-
late cyclases and is degraded by phosphodiesterases (1-5). En-
zymes that catalyze the synthesis and hydrolysis of c-di-GMP
contain the GGDEF (Gly-Gly-Asp-Glu-Phe) and EAL (Glu-
Ala-Leu) domains, respectively (1-5, 12-16). Several different
c-di-GMP receptors have been identified, including the PilZ
domain proteins (9-11, 17, 18). It was also found that c-di-
GMP binds to a ribozyme class in mRNA for controlling gene
expression (19-22). Despite the recent identification of enzymes
responsible for c-di-GMP synthesis and hydrolysis, as well as
the identification of the downstream components that respond
to changes in c-di-GMP levels, how signal input proteins control
cellular c-di-GMP levels is poorly understood. Interestingly,

a GGDEF domain or an EAL domain often exists in the same
protein as its corresponding sensory or regulatory domain, e.g.,
a light sensor domain (1-5).

Various blue light receptors are distributed among prokary-
otes and eukaryotes (23, 24). Sensors of blue light using flavin
(BLUF) photoreceptors use a flavin chromophore to modulate
many physiological activities in various microorganisms (25, 26).
A notable feature of BLUF domains is that they functionally
interact with various output proteins. AppA, a BLUF domain
protein from the purple bacterium Rhodobacter sphaeroides,
modulates the DNA binding activity of the transcriptional factor
PpsR to control photosynthesis gene expression (27-29). The
cyanobacterial BLUF domain protein, PixD/Slr1694, interacts
with the response regulator-like protein, PixE, to control photo-
taxis response (30-32). The Escherichia coli BLUF domain
protein, YcgF, interacts with the MerR-like transcription factor,
YcgE, to control biofilm formation in an extra-host envi-
ronment (33-35). Biochemical analyses indicated that these
interactions are light-dependent; each BLUF protein binds
to its partner protein in the dark, and upon illumination, the
complex dissociates (27, 34, 36). Thus, some BLUF proteins
control various physiological processes by modulating the activ-
ities of transcription factors in a blue light-dependent fashion.

Several other BLUF protein families control the enzymatic
activities of the output domains. Specifically, PAC from the green
algaeEuglena gracilis has two BLUF domains and two adenylate
cyclase domains and requires blue light illumination for its
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adenylate cyclase activity (37). BlrP1 from Klebsiella pneumoniae
has a BLUF domain and an EAL domain, and the latter’s ability
to hydrolyze c-di-GMP is induced by blue light (38). Thus, BLUF
domains also function as light-sensing modules that activate an
enzymatic domain in response to a blue light signal. However,
how the signals are transferred from the BLUF domains to the
output domains is not well understood.

Recently, blue light-dependent biofilm formation has been
found in some nonphototrophic bacteria, such as E. coli (34),
Caulobacter crescentus (39), and the deep sea bacterium Idiomarina
loihiensis (40). Given the fact that these organisms live in
very different environmental conditions, physiological meanings of
the biofilm formation in response to blue light could differ among
the bacteria, although the functions are not well understood. In the
case of photosynthetic bacteria, control of blue light-dependent
biofilm formation, if possible, may be complex, because they also
need to sense light to control photosynthesis. However, blue light-
dependent biofilm formation has not been found and characterized
in any phototrophic bacteria.

For this study, we investigated some of the biochemical and
physiological aspects of the blue light-controlled c-di-GMP
degradation pathway that involves the BLUF domain protein,
PapB, and the EAL domain protein, PapA, from the purple
photosynthetic bacterium Rhodopseudomonas palustris. In re-
sponse to blue light, PapB increased the c-di-GMP hydrolysis
activity of PapA,which inhibited biofilm formation.Additionally,
a light-induced intermolecular conformational change between
the BLUF and EAL domains of these two proteins was necessary
for c-di-GMP hydrolysis activity enhancement.

MATERIALS AND METHODS

Bacterial Strains and Growth Conditions. The R. palustris
strain, CGA009, was the WT strain. This strain and its mutated
forms, ΔpapA, ΔpapB, and ΔpapApapB, were cultured in TYS
medium containing 0.5% (w/v) bactotryptone, 0.1% (w/v) yeast
extract, and 0.2% (w/v) disodium succinate. E. coli strains were
cultured at 37 �C in Luria-Bertani medium. When appropriate,
kanamycin was present at 100 mg/L in the R. palustris cultures.
For the E. coli cultures, kanamycin was present at 50 mg/L and
ampicillin was present at 100 mg/L.
Expression and Purification of R. palustris PapA

and PapB. The nucleotide sequences of R. palustris papA and
papB and the corresponding amino acid sequences for PapA
(RPA0521) and PapB (RPA0522) were retrieved from the
CyanoBase database at the KAZUSA DNA Research Institute
website (http://genome.kazusa.or.jp/cyanobase/). Expression
plasmids for His-tagged PapA and nontagged PapB were con-
structed as follows. The coding regions for PapA and PapB were
PCR amplified using R. palustris genomic DNA as the template
and the following primers: for papA, 50-GGGGGGGCATATG-
GGGGTAGTAGTCTCAGTCATC-30 (NdeI) and 50-GG-
GAATTCGAGAGACTGACTTCCGTTGCC-30 (EcoRI); and
for papB, 50-GGGGGGGCATATGCCGAGCGAGCTGTAT-
CG-30 (NdeI) and 50-GGGAATTCTTAGGCGGCGCGGGC-
TTCTTC-30 (EcoRI). The underlined sequences lead to restric-
tion sites in the PCR products. Amplified DNA fragments for
papA and papB were digested with NdeI and EcoRI, and the
products were cloned into an NdeI- and EcoRI-digested pET28a
vector (Merck) and a pTYB12 vector (New England Biolabs),
respectively. The inserted DNA sequences were confirmed by
sequencing, and the plasmids were named pETPapA and pTY-
PapB, respectively. Expression plasmids for the two mutants,

PapA L510A and PapB R130A, in which PapA Leu510 and
PapB Arg130 were each replaced with Ala, were generated
using standard PCR-mediated site-directed mutagenesis with
pETPapA and pTYPapB as templateDNAs and complementary
primers that contained mismatches so that the codons for Leu
and Arg were converted to ones for Ala. The plasmids were each
transferred into E. coli BL21(DE3) cells, and the proteins were
expressed after induction with isopropyl 1-thio-D-galactopyrano-
side (final concentration of 1 mM) at 16 �C. The His-tagged
PapA was purified using His-bind resin (Merck), and PapB was
purified using chitin beads (New England Biolabs) according to
the manufacturer’s instructions. We found that purified PapB
binds different flavin molecules, including riboflavin, flavin
mononucleotide, and FAD, so that before purification, cell-free
extract was incubated with a large molar excess of FAD (Sigma),
which results in replacement of the flavins to FAD as described
previously (41). Purified His-tagged PapA was dialyzed against
10 mMTris-HCl (pH 8.0) and 200 mMNaCl. Purified PapB was
dialyzed against 10 mMTris-HCl (pH 8.0) and 5 mMNaCl. For
concentration measurements, the absorption at 280 nm and a
molar extinction coefficient of 41500 cm-1, determined from its
amino acid sequence, were used for PapA, and the absorbance of
the flavin chromophore at 450 nm and a molar extinction
coefficient of 11300 cm-1 were used for PapB.
Phosphodiesterase Assay. c-di-GMP was synthesized as

described previously (42). For the c-di-GMP phosphodiesterase
activity assay, solutions that contained 50 mM Tris-HCl (pH
8.0), 10 mM MgCl2, 0.5 mM ethylenediaminetetraacetic acid,
50 mM NaCl, and 100 μM c-di-GMP with or without 3.2 μM
purified PapB were used. The reactions were started by the
addition of purified PapA (final concentration of 1.6 μM). The
reaction mixtures were incubated at room temperature in the
dark or under a halogen lamp (∼900 μmol m-2 s-1). After 0,
20, 60, and 120 min, 100 μL samples were withdrawn from the
reaction mixtures. To terminate a reaction, 10 μL of 100 μM
CaCl2 was added to the reaction mixture, which was then
boiled for 2 min. After centrifugation at 15000g for 10 min, the
supernatants were filtered through SUPREC-01 (TaKaRa),
and the eluates were analyzed by HPLC (Hitachi). The mix-
tures were each separated over a Supelcosil LC-18-T column
[150 mm � 4.6 mm (Supelco)] with the gradient program de-
scribed previously (16). Nucleotide absorbance was detected
at 254 nm.
Analytical Ultracentrifugation. Sedimentation velocity ex-

periments were performed with an Optima XL-I analytical ultra-
centrifuge (Beckman-Coulter) and an eight-hole An-50Ti rotor
at 40000 rpm and 20 �C in a buffer containing 10 mM Tris-HCl
(pH 8.0) and 40 mM NaCl. Moving boundary absorbances
were recorded at 280 nmwithout delays between successive scans.
The distribution of sedimentation coefficient c(S) was obtained
using SEDFIT (43), and subsequently, c(S) was converted into
the distribution of molecular weight c(M) assuming that the
frictional ratio, f/f0, is common to all the molecular species
present in solution (43).
In Vitro Pull-Down Assay. The pull-down assay was

performed as described previously (36). Briefly, purified His-
tagged PapA (50 μg) was incubated with His-bind resin (Merck)
for 10 min in 10 mM Tris-HCl (pH 7.5) and 100 mMNaCl. The
resin was poured into a column, and then a solution of purified
PapB (50 μM) was cycled through the column five times in the
absence or presence of light (900 μmol m-2 s-1). After the resin
had been washed twice with the same buffer, the recovered
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proteinswere subjected to sodiumdodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE).
Construction of the R. palustrisMutated Strains,ΔpapA,

ΔpapB, and ΔpapApapB. The R. palustris papA-disrupted
strain, ΔpapA, was constructed as follows. The DNA fragment
that included papA and the 500 up- and downstream base pairs
was PCR-amplified using genomic DNA as the template and
the sets of primer pairs 50-GGTTCGAGCTCATGGGGGTAG-
TCTCAGTC-30 (primer 1) and 50-CGGGATCCAAACTCAT-
CAGCCTCGATC-30 (primer 2), and 50-CGGGATCCGGGC-
TTCGAGGCGCTGC-30 (primer 3) and 50-GCTCTAGATCA-
GAGACTGACTTCCGTTG-30 (primer 4), for the up- and
downstream regions, respectively. The two PCR products were
digested with SacI and XbaI and then cloned into a SacI- and
XbaI-digested pZJD29A vector (44). The plasmid was digested
with BamHI, and the 1.5 kb BamHI-digested kanamycin-resis-
tant cassette from pBSL86 (45) was inserted into the BamHI site.
This plasmidwas transferred intoR. palustris cells by conjugation
with the mobilizing strain S17-1 lysogenized with λpir (46).
Kanamycin-resistant colonies found on plated agar that con-
tained 5% sucrose were selected as double-crossover candidates,
and the chromosomal insertion was confirmed by PCR. The
R. palustris papB-disrupted strain, ΔpapB, was constructed as
follows. The DNA fragment that included papB and the 500 up-
and downstream base pairs was PCR amplified using genomic
DNAas the template and the primer pairs 50-GGGCCGAGCTC-
GGGCTTCGAGGCGCTGC-30 (primer 5) and 50-CGGGATC-
CGGTCAGAGACTGACTTCCGTTG-30 (primer 6), and 50-
CGGGATCCTATCGCTGCGTGTACTAC-30 (primer 7) and
50-GCTCTAGATTAGGCGGCGCGGGCTTC-30 (primer 8),
for the up- and downstream regions, respectively. The two
PCR products were digested with SacI and XbaI and then
cloned into a SacI- and XbaI-digested pZJD29A vector (44).
Other procedures were the same as those used to construct
ΔpapA as described above. The R. palustris papA/papB-
disrupted strain, ΔpapApapB, was constructed as follows.
The DNA fragment that included papA, papB, the 500 bp region
upstream of papA, and the 500 bp region downstream of papB
was PCR amplified using genomic DNA as the template. The
primers used for the up- and downstream base pairs were primers
1 and 2 and primers 7 and 8, respectively. The two PCR products
were digested with SacI and XbaI and then cloned into a SacI-
and XbaI-digested pZJD29A vector (44). Other procedures were
the same as those used to construct ΔpapA as described above.
Biofilm Formation Assay. R. palustris strains that had been

cultured to stationary phase were subcultured in 3 mL of fresh
medium (30-fold dilution) and grown statically for 70 h in the
dark or under a light-emitting diode [blue light, λmax=470 nm
(Sanyo)] at an intensity of 50 μmol m-2 s-1 (low blue light) or
250 μmol m-2 s-1 (high blue light). Biofilms were visualized after
the slow addition of 0.1% crystal violet (1 mL) (Wako), after
incubation for 1 h, and after being washed with deionized water.
The staining was quantified via addition of 2 mL of ethanol,
vigorous mixing, and then measurement of the absorbance at
600 nm. The value forWTgrown in the darkwas set to 1.0 in each
measurement, and the experiment was performed four times.
BindingModel for PapB and the EAL Domain in PapA.

A PapB structure that contained a flavin mononucleotide was
constructed using the coordinates of the K. pneumoniae BlrP1
X-ray structure (2.05 Å resolution; Protein Data Bank entry
3GFZ) by homology modeling. The BLUF domain of BlrP1
(residues 1-142) was used as the structural template for the PapB

model. Sequence alignment of PapB (residues 4-147) with the
BlrP1 BLUF domain was performed using ClustalW2 (47)
(Figure 3 of the Supporting Information). The atomic coordi-
nates of the flavinmononucleotide in the BLUF domain of BlrP1
were included during the modeling procedure. The PapB model
was built with Homology Modeling for HyperChem (48). Simi-
larly, the homology model for the monomeric EAL domain of
PapA (residues 298-558) that contained c-di-GMP was con-
structed from the EAL domain of BlrP1 (residues 143-400). The
PapA EAL homodimer was obtained by superposition of the CR
atoms of the two monomers onto the two EAL domains in the
BlrP1 homodimer structure. The simulation for PapB docked
into the PapA homodimer was performed using ZDOCK (49). A
second PapB model was docked into the best PapB-(PapA)2
structure usingPapAdimer symmetry as a guide. Allmodelswere
refined using theOPLS force field, and the qualities of themodels
were assessed using RAMPAGE (50) to confirm that the proper
amino acid conformations existed.

RESULTS

PapA and PapB Activities. To investigate how BLUF
domains control the activities of enzyme domains, we first
searched for an ORF that specified a protein with a BLUF
domain that could potentially interact with an enzymatic domain
of a second protein. TheR. palustrisORF, RPA0522, was chosen
for this purpose.RPA0522 encodes a small single-domain protein
(∼16.5 kDa) with a sequence that is similar to those of BLUF
domains. RPA0522 and ORF RPA0521 are part of the same
operon (Figure 1 of the Supporting Information), which sug-
gested that they may interact functionally (25). The primary
structure of RPA0521 indicated that it is a multidomain protein
(∼61.8 kDa) with regions at its N- and C-termini that are similar
in sequence to GGDEF and EAL domains, respectively. How-
ever, the two glycines that are part of GGDEF motifs are not
conserved in RPA0521; the EADEF sequence is present instead.
Conversely, the C-terminal EALmotif in RPA0521 is conserved.
These observations suggested that RPA0521 functions as a
c-di-GMP phosphodiesterase and that it does not have c-di-
GMP synthase activity. We hypothesized that RPA0522,
because it contains a BLUF domain, controls the enzymatic
activity of RPA0521 in a blue light-dependent manner. We
named the proteins PapA (RPA0521) and PapB (RPA0522)
(photo-activated phosphodiesterase A and B, respectively).

Recombinant PapA and PapB were expressed in E. coli and
were affinity purified. Figure 1A shows the UV-visible absorp-
tion spectra of purified PapB under dark and light conditions.
The spectrum of dark-adapted PapB has two broad peaks,
centered at 386 and 445 nm (Figure 1A, black line), which arise
from the oxidized flavin chromophore and are very similar in
shape to the spectra found for other BLUF proteins (27, 31, 33).
PapB underwent a typical BLUF-type photocycle; the absorp-
tion spectrum shifted by ∼10 nm to longer wavelengths upon
light illumination (Figure 1A, red line). The PapB difference
spectra (light - dark) are also very similar to those reported for
other BLUF proteins (Figure 1B) (27, 31, 33). The kinetics
indicated that the light-induced spectrum of PapB decayed to
that of the dark state with simple first-order kinetics [Figure 2A
(9)]. The half-time for the light-induced state at pH 8.0 was
∼4 s, which is similar to that found for the BLUF protein PixD
(∼5 s) (31). These observations indicated that the spectral
properties of PapB are those typical for BLUF proteins.
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We next examined the enzymatic activity of PapA. Purified
PapAwas mixed with c-di-GMP, and the reaction products were
analyzed by HPLC. If PapA had a c-di-GMP-specific phospho-
diesterase activity, the linear dimeric GMP (l-di-GMP) would
be detected. As expected, the level of l-di-GMP increased with
incubation time (Figure 3A), which indicated that PapA is a c-di-
GMP-specific phosphodiesterase. We also assayed for c-di-GMP
synthase activity. For this purpose, purified PapA was mixed
with GTP, and the reaction products were analyzed. However,
we did not detect c-di-GMP (Figure 3B). Thus, the PapA
N-terminal GGDEF-like domain cannot catalyze the synthesis
of c-di-GMP.

Recently, it was found that a GGDEF-like domain that lacks
c-di-GMP synthase activity has a regulatory function (51). Spe-
cifically, the C. crescentus ORF, CC3396, contains a GEDEF
sequence (instead ofGGDEF) and bindsGTPwith aKd of 4 μM.
When GTP is bound, the C-terminal EAL domain of CC3396 is
activated as a phosphodiesterase. Given these observations, we
hypothesized that the PapA phosphodiesterase activity might be
allosterically controlled in a similar manner byGTP, even though
there are two amino acid substitutions in the GGDEF motif
(changed to EADEF). We assayed for PapA phosphodiesterase
activity in the presence ofGTP.However, PapAwas not activated
by GTP; the specific phosphodiesterase activities ((standard
error) of PapA in the absence and presence of 50 μM GTP are
0.40 ( 0.01 and 0.41 ( 0.01 nmol min-1 nmol-1, respectively.

We next assayed for PapA phosphodiesterase activity in the
presence of PapB. In the dark, the phosphodiesterase activity
of PapA was not affected by PapB; the activity was identical
to that found when PapB was not present (Table 1). However, in
the light (∼900 μmol m-2 s-1), the PapA phosphodiesterase
activity significantly increased (∼2.5-fold) when PapB was pre-
sent (Table 1). Thus, photoactivated PapB functioned as an
enhancer for PapA phosphodiesterase activity.
A Direct Protein-Protein Interaction between PapA

and PapB. Our phosphodiesterase assays indicated that PapB
functionally interacted with PapA in a light-dependent manner.

To better characterize the interaction, we determined the oligo-
merization status of the proteins. Analytical ultracentrifugation

FIGURE 1: Spectral analysis of PapB. (A) UV-visible absorption
spectra of dark-adapted (black) and light-adapted (red) PapB.
(B)Difference spectra for PapB (light- dark). Spectra were recorded
0 (black), 5 (red), 10 (green), and 30 s (blue) after irradiation with
white light (900 μmol m-2 s-1).

FIGURE 2: Decay kinetics of the light-induced absorption spectrum
(recorded at 495 nm) of (A) WT PapB and (B) R130A. The proteins
were dissolved in 10mMTris-HCl (pH 8.0) containing 68mMNaCl.
The kinetics were measured in the absence (9) and presence (2) of
PapA. (C) Half-times for dark decay of light state PapB were mea-
sured in the presence of different concentrations of PapA. The PapB
concentration is 15 μM in each measurement. In the inset, the X-axis
is in a logarithmic scale.

FIGURE 3: HPLC profiles showing (A) the hydrolysis of c-di-GMP
by PapA and (B) the lack of c-di-GMP synthetic activity associated
with PapA.
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analysis indicated that the sedimentation coefficient c(S) values
of PapA and PapB were 1.89 and 5.54, respectively (Table 2).
The solution molecular masses of PapA and PapB were then
calculated and determined to be 123.9 and 18.5 kDa, respectively
(for details, see Materials and Methods). Given their amino acid
sequences, the predicted molecular masses for PapA and PapB
were 61.8 and 16.5 kDa, respectively. Thus, PapA existed as a
dimer and PapB as a monomer. The analytical ultracentrifuga-
tion analysis was also performed with PapA in the presence of an
excess of PapB (1.9-7.5-fold). As shown in Table 2, two distinct
peaks were observed. One shows a c(S) value (∼1.85) almost
identical to that observed for PapB only (1.89), suggesting that it
is a peak for monomeric PapB. The other peak shows various
c(S) values (from 5.85 to 6.20) depending on the PapB concen-
tration; higher c(S) values could be seen with larger PapB:PapA
ratios. This is a typical property for the reaction boundary of
protein complexes that is observed when multimeric states are in
fast equilibrium as compared with the time of experiment (52).
Thus, the second peak (peak 3) is estimated to be a reaction
boundary component of the PapA-PapB complex.

Wenext characterized the PapA-PapB interactionwith a pull-
down experiment using the purified proteins. For this assay, His-
tagged PapA was bound to a Ni column, and then a solution
of untagged PapB was passed through the column. After being
washed, the proteins bound to the Ni column were eluted
with buffer containing imidazole. When His-tagged PapA was
not present, PapB did not bind to the column; conversely, when
PapA was bound to the column, PapB was detected in the
imidazole-containing eluate (Figure 4A, left), which indicated
that PapB specifically interacted with PapA. The same experi-
ment was also performed in the light [∼900 μmol m-2 s-1

(Figure 4A, right)], and light did not significantly affect the
interaction; PapB still bound to PapA on the column. Notably,
the intensity of the light was the same as that used for the PapA
phosphodiesterase assay, for which PapB enhanced PapA activ-
ity (Table 1).

Given that the interaction between PapA and PapB is light-
independent, we considered whether the binding of PapA to
PapB would influence the rate at which light-activated PapB

decayed to its dark state. We therefore measured the decay
kinetics of the red-shifted PapB-bound flavin absorption in the
presence of PapA. Although the absorption spectrum of PapB
was not changed by the addition of PapA (data not shown), the
decay kinetics of the red-shifted spectrum was significantly
affected. Specifically, when an equimolar amount of PapA was
mixed with PapB, the decay kinetics for light-activated PapB
increased ∼2-fold [Figure 2A (2)], which indicated that, when
PapAbinds, a conformational change occurs in PapB that affects
the structural dynamics of PapB. The half-time for the darkdecay
of the light-activated PapB (15 μM) was also measured at
different concentrations of PapA (Figure 2C). The decay kinetics
of PapB was clearly PapA-dependent, and the acceleration of the
dark decay was nearly saturated with an equimolar amount of
PapA (15 μM). Given that PapA and PapB exist as a monomer
and dimer, respectively (Table 2), it is suggested that two PapB
monomers bind to a PapA dimer.

We next performed a PapA-PapB docking simulation. To
model the PapB (BLUF) and PapA (EAL) structures, we used
the BlrP1 crystal structure as the template. BlrP1 is a homodimer,
and each subunit contains a BLUF domain and an EAL
domain (38). The BLUF domain of one BlrP1 subunit interacts
with the EAL domain of the other subunit.We hypothesized that
PapB might interact with PapA via the latter’s EAL domain,
because PapB directly controls the phosphodiesterase activity of
PapA. For PapB (residues 4-147), the BlrP1 BLUF domain
(residues 1-142) served as the template (38), and the obtained
PapB structure has a typical BLUF domain fold, composed of an

Table 1: Effect of PapB on PapA Phosphodiesterase Activitya

condition specific activity

PapA only (dark) 0.40( 0.01

PapA and PapB (dark) 0.41( 0.02

PapA and PapB (light) 1.01( 0.05

aThe activities are reported as nanomoles of c-di-GMP hydrolyzed per
minute per nanomole of protein. Light was provided by a halogen lamp
with an intensity of ∼900 μmol m-2 s-1.

Table 2: c(S) Values of Peaksa in the Analytical Ultracentrifugation

Analysis of PapA, PapB, and the PapA-PapB Mixture

PapA:PapB ratio peak 1 peak 2 peak 3

0.0:1.0 1.89 NDb NDb

1.0:0.0 NDb 5.54 NDb

1.0:1.9 1.83 NDb 5.86

1.0:3.7 1.85 NDb 6.02

1.0:7.5 1.87 NDb 6.20

aPeaks 1, 2, and 3 are ascribed to the PapB monomer, the PapA dimer,
and the reaction boundary of the PapA-PapB complex, respectively (for
details, see the text). bNot detected.

FIGURE 4: PapB interacts with PapA in a light-independent manner.
(A) Pull-down assays that used His-tagged PapA and PapB or
R130A. Purified WT PapB and R130A were each separately applied
to aNi column that contained boundHis-taggedWTPapA. (B) Pull-
down assays that usedHis-taggedPapAorL510AandPapB.Purified
WTPapBwasapplied toNi columns that containedboundWTPapA
or L510A. For all assays, after the column had been washed, bound
proteins were separated and identified by SDS-PAGE. The experi-
ments were performed under dark and light conditions.
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Rþβ sandwich with the flavin flanked by the two long R-helices
(Figure 5A). The positions of two C-terminal R-helices are
parallel to the β-sheet, which is a structural feature found
for the BlrP1 BLUF domain (38, 53). For other BLUF do-
mains (54-60), the two C-terminal R-helices are oriented
perpendicular to the β-sheet. The model of the EAL domain
of PapA (residues 298-558) was constructed using the EAL
domain of BlrP1 (residues 143-400) as the template. The
docking simulation was then performed with ZDOCK (49),
and we obtained several possible structures (Figure 2 of the
Supporting Information). Figure 5B shows the best structure
for PapB bound to the PapA EAL domain. The PapB
C-terminal R-helices interacted with the connector region be-
tween the two EAL surfaces that form the interface. The docked
PapB-PapA structurewas superimposed on the crystal structure
of BlrP1 (Figure 5D). Although the sequence identities between
the BlrP1 and PapB BLUF domains and the BlrP1 and PapA
EAL domains are each only ∼20% (Figure 3 of the Supporting
Information), the superimposition was good (root-mean-square
deviation value of 6.42 Å). Notably, we did not need to refer to
the BlrP1 structure to dock PapA and PapB.

We next tested experimentally whether the docked structure
was a true representation of the PapA-PapB complex. Specifi-
cally, in the docked complex, the PapBArg130 side chain and the
PapA Leu510 backbone carboxyl oxygen are within hydrogen
bonding distance (Figure 5C). The corresponding amino acids
are conserved in the EAL domains of PapA andBlrP1, and in the
BLUF domains of PapB and BlrP1 (Figure 3 of the Supporting
Information). Furthermore, a similar orientation of the residues
is present in the BlrP1 crystal structure (38), which suggests that
these residues help stabilize the domain-domain interaction.We
assessed the role of this possible hydrogen bond by site-directed
mutagenesis. First, Arg130 of PapB was mutated to Ala, and the
ability of the mutant (R130A) to bind PapA was characterized.

As shown in Figure 4A, R130A bound poorly to PapA, which
indicated that Arg130 is necessary for a strong interaction with
PapA.We also analyzed the role of Leu510 of PapA by mutating
it to Ala. As shown in Figure 4B, the mutation did not alter the
ability of PapA to bind to PapB.

We next recorded the decay kinetics of the R130A photocycle
after illumination. The dark and light absorption spectra of
R130A were identical to those of WT PapB (data not shown).
However, the decay kinetics of light-activated R130A was very
different from that of WT. Specifically, the light-induced spec-
trum of R130A decayed biphasically; the half-times for the first
and second phases at pH 8.0 were ∼6 and ∼3 s, respectively
[Figure 2B (9)]. Addition of an equimolar amount of PapA
slightly accelerated the rate at which R130A decayed to the dark
state [Figure 2B (2)], although the effect was weaker than that
observed for WT (Figure 2A).
Analyses of the Effects of PapA and PapB on Biofilm

Formation. Our in vitro analyses indicated that PapA functions
as a phosphodiesterase that degrades c-di-GMP and that PapB,
in response to blue light, enhances PapA activity. To assess the
effects these proteins have on biofilm formation, we constructed
R. palustris knockout mutants that lacked PapA (ΔpapA), PapB
(ΔpapB), or both proteins (ΔpapApapB) and characterized their
phenotypes.Wedetermined the effects of blue light irradiation on
the abilities of the WT and mutated strains to form biofilms,
because the levels of cellular c-di-GMP control biofilm formation
in some bacterial species (1-5), although this ability had not been
reported previously for R. palustris. In the dark, the WT and
mutated strains did not form significant biofilms (Figure 6A).
Conversely, when illuminated with blue light (λmax = 450 nm),
the WT and all mutated strains enhanced biofilm formation
(Figure 6A,B). Quantitative analysis indicated that the levels of
biofilm formation of ΔpapB and ΔpapApapB under high-blue
light conditions (250 μmol m-2 s-1) were significantly higher
than those observed for WT (Figure 6B). Thus, PapB inhibited
biofilm formation in response to the high intensity of blue light.
TheΔpapAmutant also enhanced biofilm formation by blue light
illumination; however, the extent of biofilm formation under
high-blue light conditions was less than that observed for ΔpapB
and ΔpapApapB (Figure 6B).

DISCUSSION

c-di-GMP is an important secondmessenger for a wide variety
of physiological processes in bacteria (1-8). Although the
enzymes responsible for the synthesis and hydrolysis of c-di-GMP
have beenwell characterized, regulation of their activities is poorly
understood. For the study reported here, we found that the blue
light sensor protein PapB enhances the c-di-GMP hydrolysis
activity of PapA, both of which are from the purple photosyn-
thetic bacterium R. palustris. We also showed that this regulation
is crucial for blue light-dependent control of biofilm formation by
this bacterium. This is the first report correlating a physiological
function with c-di-GMP degradation induced by blue light.

Recently, the crystal structure of the dimeric BLUF protein,
BlrP1, was reported (38). BlrP1 is a photoactivated phospho-
diesterase that has one BLUF and one EAL domain per subunit.
An examination of the BlrP1 structure suggested that the light
signal is transferred from its BLUF to its EAL domain by a con-
formational change at the BLUF domain-EAL domain inter-
face that involves the BLUF domain C-terminal helices of one
monomer, the connector region between the EAL-EAL inter-
face, and the β-strands of the EALdomains. This conformational

FIGURE 5: Homology modeling and a docking simulation. (A) The
PapBmodel used the crystal structure of the BlrP1 BLUF domain as
the template (38). The β-sheet is colored magenta, and the R-helices
are colored blue. (B) Overall view of the docked PapA-PapB
complex. The PapB monomers are colored magenta and green and
the PapA monomers blue and yellow. (C) Positions of PapB R130
and PapA L510 in the docked complex. The distance between the
R130 guanidinium side chain and the backbone carboxyl oxygen of
L510 is 3.3 Å. (D) Superimposition of the modeled PapB-PapA
complex onto theBlrP1 crystal structure (gray). The PapBmonomers
are colored magenta and green and the PapA monomers blue and
yellow.
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change may be a general feature of the activation of phospho-
diesterase activities of EAL domains (38). We showed by a
docking simulation and by biochemical analyses that the PapA
EAL domain and the PapB BLUF domain bind in a manner
similar to that of the corresponding BlrP1 domains (Figure 5D),
which suggests that the light-dependent activation mechanism is
conserved in BlrP1 and the PapA-PapB complex, although the
BLUF domain-EAL domain complex is an intramolecular one
in BlrP1 and an intermolecular one in the PapA-PapB complex.
The intermolecular PapA-PapB complex lends itself as a model
for biochemical analyses of BLUF domain-EAL domain inter-
actions. In the model PapA-PapB complex, there appears to be a
hydrogen bond between Leu510 of PapA and Arg130 of PapB
(Figure 5C). This interaction is also seen in the BlrP1 crystal
structure (38). The R130Amutation in PapB reduced the strength
of the interaction (Figure 4A), which suggested that the R130 side
chain helps maintain the PapB-PapA complex. In contrast, the
PapA L510A mutant bound PapB with an affinity similar to that
ofWTPapA (Figure 4B).Given the fact that the predicted interac-
tion between Arg130 and Leu510 involves the latter’s backbone
carboxyl oxygen (Figure 5C), it appears that the side chain of
Leu510 itself does not influence the PapA-PapB interaction.

PapB is a small protein (∼15 kDa) that contains a single BLUF
domain. Spectroscopic analyses indicated that it shows a typical
BLUF domain photocycle; illumination caused a red shift in the
flavin absorption, which decayed to the ground state in the dark
(Figure 1). This cycle is similar to that of the BLUFprotein PixD/
Slr1694 from the cyanobacterium Synechocystis sp. PCC6803.

PixD contains a single BLUF domain and functionally interacts
with the putative transcription factor, PixE (31, 32, 36). Previous
studies indicated that PixD associates with PixE in a light-
dependent manner such that dark-adapted PixD makes a com-
plex with PixE, and subsequent illumination causes the complex
to dissociate (36, 61). In vivo analysis indicated that this inter-
action is crucial for the light-dependent cell motility of this
cyanobacterium (36). Thus, this protein-protein interaction
itself is important for the transfer of the blue light signal from
PixD to PixE. We showed that PapB also directly interacts
with its partner protein, PapA (Figure 4). However, in this case,
the interaction is not light-dependent; PapB binds PapA under
both dark and light conditions (Figure 4). In fact, in the dark, the
c-di-GMP hydrolysis activity of PapA is not influenced by the
addition of PapB; PapB enhances PapA activity only when it is
exposed to light (Table 1). These results indicated that the initial
PapA-PapB complex does not control PapA activity in response
to blue light. Thus, among BLUF domains, there are at least
two distinct mechanisms for transferring the blue light signal to
downstream regions; one is through a light-dependent interaction
(as shown for the PixD-PixE complex), and the other occurs
by modulating the conformation of the complex (as shown for
the PapB-PapA complex). For the latter, complex formation
is necessary, but not sufficient, for the transduction of the light
signal; a conformational change is also required by the light-
activated PapB.

Two types of BLUF domain conformations have been char-
acterized. For one, the two C-terminal R-helices are oriented
perpendicular to the β-sheet, e.g., in the structure of PixD (60).
For the other, the two C-terminal R-helices are oriented parallel
to the β-sheet, e.g., in BlrP1 (38, 53). The different orientations of
the C-terminal R-helices may specify which output domain(s)
binds to a given BLUF domain.We propose that the two types of
BLUF domains have distinct mechanisms for blue light signal
transduction: one occurs via a light-dependent protein-protein
dissociation and the other via a conformational modulation of
the complex that does not require a light-dependent dissociation
step. These different mechanisms may reflect the coevolution
of the BLUF domain C-terminal R-helices and output module
for transduction of a blue light signal that controls a specific
physiological activity.

For R. palustris, the light-dependent control of biofilm for-
mation via the modulation of the c-di-GMP level may be com-
plex. The WT and all mutant strains tested enhanced biofilm
formation by blue light (Figure 6). It has been established that
c-di-GMP positively regulates biofilm formation (1-5). This
suggests that in R. palustris, an unidentified blue light sensor
protein(s), other than PapB, positively regulates c-di-GMP
synthesis and biofilm formation. However, under high-blue
light conditions, ΔpapB and ΔpapApapB show enhanced biofilm
formation compared to that observed in WT (Figure 6B), sug-
gesting that PapB negatively and dominantly controls biofilm
formation in response to the high intensity of blue light by
activating c-di-GMP hydrolysis activity. Such a complex regula-
tory mechanism involving multiple blue light input cascades may
be needed to increase the dynamic range of the light sensitivity
and thereby fine-tune the control of biofilm formation. Because
the extent of ΔpapA biofilm formation under high-blue light
conditions was lower than that of ΔpapB and ΔpapApapB
(Figure 6B), PapB may also functionally interact with other
c-di-GMP phosphodiesterases to reduce cellular c-di-GMP levels
under high-blue light conditions. Notably, the R. palustris

FIGURE 6: Biofilm formation by theR. palustrisWT,ΔpapA,ΔpapB,
and ΔpapApapB strains. (A) Cells were grown statically for 70 h at
room temperature (∼24 �C) in the dark or under blue light (λmax =
470 nm, 250 μmol m-2 s-1). Biofilm formation was visualized by
crystal violet staining. (B) Crystal violet staining was quantified from
four independent experiments. White, gray, and black bars are for
cells grown in the dark, under low blue light (50 μmol m-2 s-1), and
under high blue light (250 μmol m-2 s-1), respectively. The value for
WTgrown in the darkwas set to 1.0 in eachmeasurement. Error bars
represent the standard deviation of four replications. *P < 0.01 in
a Student’s t-test compared with values for WT grown in the dark.
**P<0.01 in a Student’s t-test compared with values forWT grown
under high-blue light conditions.



10654 Biochemistry, Vol. 49, No. 50, 2010 Kanazawa et al.

genome contains more than 15 genes that encode enzymes
containing EAL domains. Our proposed pathway for modulat-
ing the c-di-GMP levels is illustrated in Figure 7, which illustrates
how the blue light signal is transferred from PapB to c-di-GMP
phosphodiesterases for controlling c-di-GMP degradation.

In summary, we characterized the transduction of the blue
light signal via the intermolecular interaction between the BLUF
domain of PapB and the EAL domain of PapA, which revealed
how the signal is transferred from the light-activated BLUF
domain to its downstream component. A more detailed under-
standing of the PapA-PapB interaction might find use in a
method that allows the artificial control of cellular c-di-GMP
levels by BLUF proteins.

SUPPORTING INFORMATION AVAILABLE

Physical and genetic map of the papA and papB region in the
R. palustris genome, results of protein docking calculations of
PapA and PapB, and amino acid sequence alignments of EAL
domains of PapA and BlrP1 as well as BLUF domains of BlrP1
and PapB. This material is available free of charge via the
Internet at http://pubs.acs.org.
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