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ABSTRACT: A gene for photoactive yellow protein (PYP) was previously cloned fromRhodobacter
capsulatus(Rc), and we have now found it to be associated with genes for gas vesicle formation in the
recently completed genome sequence. However, the PYP had not been characterized as a protein. We
have now produced the recombinant RcPYP inEscherichia colias a glutathione-S-transferase (GST)
fusion protein, along with the biosynthetic enzymes, resulting in the formation of holo-RcPYP following
cleavage of the GST tag. The absorption spectrum (with characteristic peaks at 435 and 375 nm) and the
photocycle kinetics, initiated by a laser flash at 445 nm, are generally similar to those ofRhodobacter
sphaeroides(RsPYP) but are significantly different from those of the prototypic PYP fromHalorhodospira
halophila(HhPYP), which has a single peak at 446 nm and has slower recovery. RcPYP also is photoactive
when excited with near-ultraviolet laser light, but the end point is then above the preflash baseline. This
suggests that some of the PYP chromophore is present in the cis-protonated conformation in the resting
state. The excess 435 nm form in RcPYP, built up from repetitive 365 nm laser flashes, returns to the
preflash baseline with an estimated half-life of 2 h, which is markedly slower than that for the same
reaction in RsPYP. Met100 has been reported to facilitate cis-trans isomerization in HhPYP, yet both
Rc and RsPYPs have Lys and Gly substitutions at positions 99 and 100 (using HhPYP numbering
throughout) and have 100-fold faster recovery kinetics than does HhPYP. However, the G100M and K99Q
mutations of RcPYP have virtually no effect on kinetics. Apparently, the RcPYP M100 is in a different
conformation, as was recently found for the PYP domain ofRhodocista centenariaPpr. The cumulative
results show that the twoRhodobacterPYPs are clearly distinct from the other species of PYP that have
been characterized. These properties also suggest a different functional role, that we postulate to be in
regulation of gas vesicle genes, which are known to be light-regulated in other species.

Photoactive yellow protein (PYP) was originally isolated
from Halorhodospira halophila(1, 2). It is a small water-
soluble cytoplasmic protein that is thought to be a blue-light
photoreceptor in this organism. PYP has been reported in
several other purple bacterial species, includingRhodothal-
lasium salexigens, Halochromatium salexigens, Rhodobacter
sphaeroides, Rhodobacter capsulatus, andRhodocista cen-
tenaria(3-6). TheRc. centenariaPYP was found to be part
of a larger polypeptide (Ppr) additionally containing phyto-
chrome and histidine kinase domains. Gene deletion ofR.
centenaria pprresults in loss of light-induced regulation of
a chalcone synthase homologue (6). We have also found that
the genome sequence ofThermochromatium tepidum(Inte-
grated Genomics) encodes a homologue of Ppr. However,

the C-terminal domain comprises a presumed GGDEF/EAL
type of diguanylate cyclase phosphodiesterase involved in
the formation and/or hydrolysis of cyclic nucleotides (7).

Due to its structural and functional features, PYP is
generally seen as the prototype for the PAS1 domain family
of signaling proteins, which has members in all kingdoms
of life (8, 9). The chromophore of PYP was shown to be a
p-hydroxycinnamic acid thioester of cysteine 69 (10-12).
The 1.4 Å crystal structure of HhPYP indicates that the
chromophore is in the anionic trans conformation in the
ground state of the protein (13). The photocycle is triggered
by the absorption of blue light (λmax ) 446 nm) and initially
results in a trans-to-cis isomerization, concomitant with the
conversion of the ground-state P into I0 (e2 ps), and
subsequently into I0

‡ (220 ps), both absorbing at 510 nm
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(14, 15). I0
‡ converts to the red-shifted I1 intermediate in

about 3 ns (λmax ) 465 nm). In about 200µs, the chro-
mophore becomes protonated with loss of visible absorbance
to form intermediate I1′, which rearranges in 3 ms (9) to I2
(λmax ) 350 nm), a process accompanied by partial unfolding
of the protein (16, 17). The I2 intermediate decays to the
ground state with a lifetime of about 140 ms. In the
convention we have adopted, I2 is the final intermediate
before recovery begins and is thought to be the signaling
state.

A pyp-homologous gene fromRhodobacter capsulatuswas
cloned by Jiang and Bauer (5), and the genome sequence
has now been nearly completed (18; www.Integratedgenom-
ics.com), which allows determination of the genetic context
of the PYP. Recently, we described the heterologous produc-
tion of Hr. halophila PYP (HhPYP) inEscherichia coli,
through coexpression of the biosynthetic genes fromRb.
capsulatus(19). In the present study, we describe the use of
the same biosynthetic system to heterologously produceRb.
capsulatusholo-PYP (RcPYP*). Initially, experiments failed
to chemically reconstitute PYP following the procedure
described by Imamoto et al. (20) and Genick et al. (21). After
this problem was overcome by construction of a fusion
protein, we purified holo-PYP and determined that the
RcPYP* was, in some respects, quite different from HhPYP
but has some of the spectroscopic and kinetic features of
the Rb. sphaeroidesPYP (RsPYP) (4, 22). RsPYP differs
from HhPYP in two very important respects: it displays a
secondary peak at 360 nm that is both temperature and pH
dependent, and the photobleached protein recovers 100-fold
faster than HhPYP. This study was initiated to determine
whether these characteristics are unique to RsPYP or define
a distinct subgroup of the PYP family. The apparent
discrepancy between rapid kinetics of recovery of the RsPYP
and the amino acid sequence, which suggests that it and the
RcPYP should be slower than HhPYP, was addressed by
site-directed mutagenesis of the RcPYP.

MATERIALS AND METHODS

Plasmid Construction.All molecular cloning experiments
were performed according to Sambrook et al. (23). Thepyp
gene fromRb. capsulatus(DSMZ 1710, type strain) was
cloned into the pGEX-4T-2 vector (Amersham Biosciences,
Uppsala, Sweden) as a downstream fusion with the gene for
glutathione-S-transferase (GST), since expression of thepyp
gene alone led to insoluble protein. The following primers
were used for PCR amplification of thepyp fragment:
BamHIPYP (CGGGATCCATGGAAATCATTCCGTTCGG)
and PYPNotI (GGAAAAAAGCGGCCGCT CAGGCCCG-
CTTCAGGAAG). BamHI andNotI restriction sites (under-
lined) were introduced into thepypgene, allowing us to clone
it in frame with thegstsequence of the pGEX-4T-2 vector.
This resulted in the pGEX-4T(pyp) construct, which has a
ColE1 origin of replication and a carbenicillin resistance-
encoding gene. Thegst and pyp are separated by a 24-bp
region that encodes a thrombin recognition site (SDLVPRGS,
where cleavage is between Arg and Gly). The RcPYP is one
residue shorter than HhPYP and the recombinant protein is
two residues longer than wild-type (including the initiator
Met), which we will designate RcPYP*. To avoid confusion,
we will also use the HhPYP numbering throughout.

Mutagenesis Experiments.The Quick Change PCR mu-
tagenesis kit (Strategene) was used to create the K99Q and
G100M mutants. The pGEX-4T(pyp) construct served as
template, in a PCR reaction with the following primers: for
PYPG100M, TCAATTACAAGATGGCCGAAGTGG (and
complement as reverse primer), and for PYPK99Q, CAAT-
TACCAGGGCGCC (and complement as reverse primer).
The mutated bases are underlined. The reaction was per-
formed following the instructions of the manufacturer, but
additional elongation times (up to 6 min/kb for 20 cycles)
had to be applied to achieve enough product. The mutated
genes were expressed and the resulting proteins purified in
a manner analogous to that described below for the wild-
type. Mutagenesis was confirmed by DNA sequencing of
the genes and molecular mass analysis of the purified
proteins.

Protein Expression and Purification. Escherichia coli
BL21(DE3) Star was transformed with both pGEX-4T-
2(pyp) and pACYC(talpcl) by the use of electroporation. The
latter plasmid, containing the genes for the biosynthetic
enzymes, was described earlier (19). One-liter cultures of
co-transformants were grown at 28°C on carbenicillin (Cb,
100 µg/mL) and chloramphenicol (Cm, 25µg/mL) as
antibiotics. When the cells reached an OD600 of approxi-
mately 0.7, they were induced with IPTG to a final
concentration of 0.5 mM. After 16 h of induction, the cells
were pelleted by centrifugation. Pellets were resuspended
in 10 mL of Tris-HCl buffer (20 mM, pH 9.0) and
fractionated by two freeze-thaw steps, followed by soni-
cation. After centrifugation, the supernatants were dialyzed
and loaded onto a 10 mL Q-Sepharose fast-flow column
(Amersham Biosciences). Elution was performed using Tris-
HCl buffer (50mM, pH 9.0) with increasing NaCl (with steps
of 50 mM, 100 mM, 250 mM, 350 mM, 500 mM, and 1
M). The GST-PYP eluted mainly with 250 mM NaCl. After
concentration of the yellow-colored fractions on Ultrafree-
15 centrifugal filters (Millipore, Bedford, MA), the sample
was applied to a Superdex 75 size exclusion column (Hiload
16/60, Amersham Biosciences), which was connected to an
ÄKTA explorer HPLC system (Amersham Biosciences). The
running buffer consisted of 100 mM Tris-HCl, pH 9.0,
supplemented with 100 mM NaCl. After this step, the yellow
samples were concentrated on Ultrafree-15 centrifugal filters.
The GST-PYP fusion protein was digested with thrombin
(Sigma-Aldrich, St. Louis, MO) for about 16 h at 15°C in
Tris-HCl buffer, pH 8.5, and 50 mM NaCl. Using these
conditions, approximately 5µg of protein was cleaved with
1 unit of thrombin. Samples of the cleavage reaction were
taken at several time intervals and analyzed on SDS-PAGE
to ensure that the reaction had gone to completion. Subse-
quently, the size exclusion step was repeated as described
above to separate PYP from GST. At this point the PYP
had a purity above 95%, based on Coomassie brilliant blue
stained gels, with a yield of 1 mg of holo-PYP per liter of
culture. The filter-sterilized protein was indefinitely stable
at 4 °C.

Mass Spectrometry.Molecular mass analysis was per-
formed on a Q-TOF mass spectrometer (Micromass, Manches-
ter, UK) equipped with a nano-electrospray source. Approxi-
mately 5-10 pmol of protein was dissolved in 5µL of 50%
ACN/0.1% HCOOH and loaded into a nanospray capillary.
RcPYP contains two cysteine residues, either of which might
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bind chromophore. To identify the chromophore-binding
residue, the holo-PYP was digested with trypsin in 50 mM
NH4HCO3 for 4 h. The ratio of trypsin to holo-PYP was
1:40 (w/w). The peptide mixture was directly submitted to
nano-electrospray without prior purification. Peptides were
fragmented with collision- induced dissociation using argon
as the collision gas.

UV/Vis Spectroscopy.Absorption spectra were obtained
by using a UVIKON spectrophotometer (Kontron, Herts,
UK). Samples were measured in Tris buffer at varying
concentrations and pH, or in universal buffer (20 mM MES/
MOPS/Bicine), according to the preceding purification step.

Time-ResolVed Spectroscopy.The laser flash photolysis
apparatus and data analysis protocol were as described
previously (2, 24).

RESULTS

Rb. capsulatus pyp and Its Genomic Organization.The
organization ofpyp and its two biosynthetic genes in the
Rb. capsulatusgenome is shown in Figure 1. The two
biosynthetic genes,tal andpcl, are in close proximity to the
pypgene. Furthermore, these three genes are flanked by those
for gas vesicle formation. Gas vesicles are flotation devices

that bring cells to the surface of the water, where light and
oxygen are abundant. Gas vesicles are known to be induced
at low light intensities and repressed at high intensities in
some species. Because PYP is a light sensor, it is plausible
that it could be involved in regulation of the gas vesicles.
Homologues to all of thegVp genes minimally required for
the formation of gas vesicles in halobacteria (25) are present,
although agVpChomologue, which is involved in providing
strength and shape to the gas vesicles, has not been found.
The genes appear to be organized in at least four different
transcriptional units.Pyp, pcl, and three other genes are
oriented in one direction, whereastal and three other ORFs
are oriented in the opposite direction upstream of PYP.GVpN
throughgVpK, including 10 other genes, are all oriented in
the same direction, but downstream of and opposite topyp.
GVpA, which encodes the main structural unit of the gas
vesicle, is immediately downstream oftal in the opposite
orientation.

Although we found nopyp homologue in the complete
Rb. sphaeroidesgenome sequence (Joint Genome Institute,
strain ATH 2.4.1), the gas vesicle genes seem to be present
in the same orientation as inRb. capsulatus, and one of the
biosynthetic enzymes of PYP (tal) is clustered with them

FIGURE 1: Genomic organization around thepypgene inRb. capsulatus(A; 15,5 kbp fragment). The orientation of each gene is indicated
by arrows, and the gene size (bp) is indicated on top and the intergenic region (bp) below the gene. Genes that show homology togVp genes
are marked in blue. In theRb. sphaeroidesgenome (B), thegVp genes show the same distribution, but the PYP and pCL-containing region
between TAL andgVpK (marked with a black line above the sequence) is lacking. TheRb. sphaeroides pypand surrounding genes, reported
from strain NCIB 8253 (4), are also presented.
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(Figure 1). The RsPYP was cloned from strain NCIB 8253
(4). It is likely that the absence ofpyp in Rb. sphaeroides
strain 2.4.1 is due to deletion through many years of
nonselective cultivation in the laboratory.

Heterologous Production of holo-PYP*.After amplifica-
tion of thepyp-homologous ORF fromRb. capsulatus(strain
DSMZ 1710), the DNA fragment was sequenced and found
to be the same as that available on the Internet (www.Inte-
gratedgenomics.com). An alignment of the RcPYP translated
sequence with the previously characterized PYP’s can be
found in the work of Jiang et al. (6). There is 38% identity
between the RcPYP and those from the halophilic species,
Hr. halophila, Rt. salexigens, and Hc. salexigens, but the
largest identity was found with the PYP sequence fromRb.
sphaeroides(76%).

The Rb. capsulatus pypgene was cloned into the high-
copy pGEX-4T-2 expression vector. The resulting pGEX-
4T(pyp) allows tightly inducible expression of the apo-PYP
gene withgst fused to the 5′ end. The reason for using this
fusion construct was to improve the solubility of the produced
PYP and to facilitate reconstitution with chromophore.
Expressing theRb. capsulatus pypwithout the fusedgst
(using pET11a and pET15b vectors) resulted in the produc-
tion of 90-95% of the apo-PYP as insoluble protein. The
fusion with GST improved the solubility of the apo-PYP up
to an estimated 60% of the total (data not shown).

The cloned genes encoding the two biosynthetic enzymes
of PYP were described earlier (19). The pACYC(talpcl)
plasmid was cotransformed with pGEX-4T(pyp) intoE. coli
BL21(DE3) Star. After induction of cotransformants contain-
ing all three genes, the holo-PYP* was purified fromE. coli.
The yield of GST-RcPYP after the first anion-exchange step
on a Q-Sepharose FF column was significantly lower than
the yield reported for the HhPYP when the heterologous
production system was used. This appears to be a conse-
quence of instability of RcPYP during purification.

After purification by size exclusion, the protein was
cleaved with thrombin to remove the GST-tag. After
overnight digestion, all of the GST-PYP was cleaved into
GST and PYP*. There was no change in the absorption
spectrum of the PYP* after removal of the GST, except at
280 nm where GST absorbs. This indicates that the effect
of the GST tag on the PYP* conformation is negligible. To
separate the PYP* from GST after cleavage, a second size
exclusion step was performed. At that point purity was
greater than 95%. However, when the protein was frozen at
-20 °C and thawed, about half of the purified RcPYP did
not redissolve, which reflects its instability.

Mass Spectrometry.To ascertain that the GST-PYP had a
single p-hydroxycinnamic acid chromophore covalently
bound to the protein as opposed to binding at both cysteines
(C69 and C118), we analyzed the partially purified protein
by mass spectrometry. In the first step of purification, the
protein mass was measured in its denatured state by use of
an electrospray Q-TOF mass spectrometer. The observed
mass was 40 390 Da, which is 147 Da larger than the
theoretically calculated mass of the GST-apo-PYP, but
identical to GST-holo-PYP, consistent with a single chro-
mophore covalently bound to the polypeptide. There was no
evidence of any protein lacking the chromophore, or any
doubly reconstituted species, nor is it likely that these species
would have been separated at such an early stage of

purification. The fact that no apo-PYP could be detected at
this point is different from what was found for the HhPYP
(19), where an apo-PYP fraction was removed only after
additional purification.

Since the RcPYP sequence contains Cys residues at
positions 69 and 118 (in contrast to HhPYP, which has only
C69), we investigated to which of these residues the
p-hydroxycinnamic acid is attached. This was done by
digesting the protein with trypsin and analyzing the resulting
peptides by MS/MS. The extra 147 Da was associated with
the peptide that contains the C69 residue. This experiment
clearly showed that all of the chromophore was attached to
C69 and not to the cysteine residue at position 118.

Mass analysis of the thrombin-cleaved PYP* showed that
the protein contains an extra GlySer dipeptide, as was
expected considering that the thrombin cleavage site was not
engineered precisely at the N-terminus of PYP. N-terminal
sequencing of the first six residues (GSMEII...) also con-
firmed the presence of these additional two residues. Neither
mass spectrometry nor N-terminal sequencing showed any
evidence for different N-termini that might have resulted
from incorrect cleavage by thrombin.

Spectral Characterization.The absorption spectrum of
purified RcPYP* is shown in Figure 2. Besides the absor-
bance peak at 435 nm, which is similar to the 446 nm peak
for Hh and RsPYPs, there is a relatively large absorbance
with an estimated maximum at 375 nm. This spectrum was
unaffected by overnight incubation in the dark or by exposure
to room light. At first sight, the absorption spectrum
resembles that of the Y42F mutant of HhPYP (26-28). In
this mutant, a 391 nm spectral shoulder on the 458 nm
maximum, due to a second, less stable chromophore con-
formation in the ground state, was found to be pH- and
temperature-dependent and strongly affected by chaotropes
and kosmotropes (27). The 375 nm peak of RcPYP* is
relatively larger than the 360 nm peak of RsPYP (under the
same conditions of pH and temperature). This may account
in part for the shift of the characteristic 446 nm peak of Hh
and RsPYP to 435 nm in RcPYP*. The 375 to 435 nm ratio
of RcPYP* is 1.04 in Tris-HCl (pH 8.0) at room temperature.

It had previously been shown that the 446 nm peak of
RsPYP increases in magnitude with increasing temperature
while the 360 nm peak decreases (4). The same was found
to be true for RcPYP* in the 5-30 °C range, as can be seen
in Figure 2A. At 5°C, the 375 nm peak is relatively larger,
while above 20°C, the 435 nm peak is increased above the
375 nm maximum. This temperature effect, with an isosbestic
point at 415 nm, was found to be reversible at least up to 25
°C but, at temperatures above 30°C, a slight, irreversible
denaturation of the protein occurs which further increases
with temperature. Such a thermal effect was not observed
for HhPYP, whose 446 nm absorption peak was not
significantly changed by temperature up to about 80°C (29,
30).

It was reported that the RsPYP spectrum is dependent on
pH (4). The pH effect was fit with two pK’s, at 6.5 (n ) 1)
and 3.8 (n ) 2). The 446 nm form is favored at pH values
above 6.5, and the 360 nm form is favored at pH values
between 6.5 and 3.8, below which the protein is converted
to a 345 nm form, corresponding to the absorbance of
denatured protein. When a similar experiment is performed
with RcPYP*, the protein begins to precipitate irreversibly
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below pH 5.5. However, above pH 5.5, a similar increase
of the 435 nm form could be observed (Figure 2B). Upon
further increasing the pH to 10.6, only a single absorption
peak is visible with RcPYP*, which absorbs at 420 nm. This
peak gradually shifts to shorter wavelengths with increasing
pH, which is indicative of denaturation and base-catalyzed
hydrolysis of chromophore. Above pH 11.0, the protein
begins to precipitate, while the wavelength maximum reaches
a value of 345 nm, and practically no 435 or 420 nm
absorption is left. From these experiments and those with
RsPYP, it appears that, at both low pH (below pH 4) and
high pH (above pH 10.5), a new species with a single
characteristic absorption at 345 nm can be formed with the
RhodobacterPYPs. These forms most likely correspond to
protonated and/or free hydrolyzed chromophore. However,
the pH 10.6, 420 nm form is like the alkaline spectral forms

of HhPYP, as described by Meyer et al. (28), which were
ascribed to the ionization of E46.

The effect of chaotropes and kosmotropes on the spectrum
of HhPYP mutant Y42F was reported by Brudler and co-
workers (27). The 458 nm peak was shown to be favored in
the presence of kosmotropes such as ammonium sulfate, but
the 391 nm form was favored in the presence of chaotropes
such as ammonium chloride. At high concentrations of
chaotrope, the 391 nm form was converted to a 350 nm
species. To investigate whether the 375 nm peak of RcPYP*
behaves in a similar way, we studied the changes in its
absorption spectrum in the presence of the same ammonium
salts. Figure 3A shows the effect of the chaotrope NH4Cl,
in which the 435 nm form dramatically diminishes without
changing its wavelength maximum, as shown in Figure 3B,
while the 375 nm form is favored and gradually shifts its
maximum toward 350 nm, as shown in Figure 3C. At a
concentration of 4 M NH4Cl, some of the protein was lost
due to precipitation. The effect of the kosmotrope, am-
monium sulfate, which is known to make proteins more
compact by salting out hydrophobic residues, is given in
Figure 4. Although precipitation of the protein above 1.0 M
(NH4)2SO4 interferes with the measurement, it can clearly
be seen that there is a relative increase in the absorption of
the 435 nm form.

Photocycle Kinetics.To investigate the kinetics of the
photocycle and the nature of the 375 nm absorption peak,
we performed microsecond laser flash photolysis experiments
with RcPYP*. In HhPYP, there is a biphasic bleach of
absorbance at 446 nm, followed by recovery. In RcPYP*, a
similar kinetic pattern was observed, although both the
second bleach phase and the recovery kinetics at 435 nm
are faster than in HhPYP (2, 21) by factors of 10 and 100,
respectively, as shown in Figure 5. The fastest phase of
bleach is beyond the time resolution of the instrumentation
we used and was not measured. An analogous result was
seen with the RsPYP, where bleach and recovery are faster
than in HhPYP (4). Table 1 gives the bleach (corresponding
to I1 f I2) and recovery (I2 f P) kinetics with several
excitation and detection wavelengths. We also examined the
time-resolved difference spectra (in the 390-550 nm region).
The first excitation wavelength we tested was 445 nm. The
amplitude for the faster formation of I1 (complete in<20
µs) and slower (200µs) bleach to form I2 was plotted as
shown in Figure 6. Concomitant with the expected bleach
of the 435 nm form, there appears to be minor bleaching of
a component in the 390-410 nm region, which can be seen
as a shoulder on the 435 nm bleach. This may correspond
to bleaching of a component in the 375 nm band. This
shoulder was not observed in the RsPYP difference spectrum
(4), but that may be due to the smaller contribution of the
intermediate spectral form to the ground-state spectrum and
to its wavelength maximum at 360 nm, which is similar to
that of bleached protein.

The pH dependence of the RcPYP* recovery reaction is
shown in Figure 7. Only small changes in the rate of recovery
could be detected between pH 5.6 and 9.4. This is similar to
but less pronounced than the case for HhPYP, where there
was also a bell-shaped pH dependence (21), but with
markedly different amplitudes (700-890 s-1 for RcPYP*
and 0-6.3 s-1 for HhPYP). The pH dependence for RsPYP
was not reported. The pKa values calculated for RcPYP* (pK1

FIGURE 2: (A) Temperature dependence of the absorption spectrum
of RcPYP*. While the temperature is increased from 5 to 30°C,
the magnitude of the 375 nm peak decreases and that of the 435
nm peak increases. At higher temperature, irreversible protein
denaturation becomes significant and interferes with the experiment.
The thermal experiment was performed in universal buffer (20 mM
MES/20 mM MOPS/20 mM Bicine) at pH 9.0. The relatively large
absorption at 260 nm is due to the buffer (the ratio of 280 to 435
nm absorbance of pure protein is actually 1). (B) pH dependence
of the absorption spectrum of RcPYP*. Increasing the pH from
5.5 to 10.6 leads to an increase of the 435 nm absorption. It can
also be seen that, above pH 10, both the 435 and the 375 nm forms
are replaced by a single form with an absorption maximum at 420
nm at pH 10.6, and at 410 nm at pH 11.3. At pH 12 the maximum
shifts toward 345 nm, which corresponds to the fully denatured
form. All measurements were performed in universal buffer.
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) 6.7 and pK2 ) 9.6) are comparable to the values for
HhPYP (pK1 ) 6.4 and pK2 ) 9.4), which suggests that the
same groups are responsible for the pH dependence of the
recovery reaction. These were reported to be due to the E46
carboxyl and the chromophore hydroxyl in the photobleached
protein (28). The highest value of the recovery rate for the
RcPYP* was at pH 8.1 (k ) 890 ( 30 s-1), similar to the
optimum of pH 8 for HhPYP. As stated above, the protein
tends to precipitate below pH 5.5 and to be converted to
another spectral form above pH 9.5, which precludes
measurements outside that range.

To determine whether the 375 nm absorbance peak of
RcPYP* is also photoactive, we excited the protein with 386
nm light, which is between the two maxima at 375 and 435
nm and which should excite both bands. The rates of
recovery at 435 nm are in the same range as with 445 nm
excitation, where only the 435 nm peak should be active
(see Figure 8A and Table 1). This indicates either that only
the 435 nm band is bleached and subsequently recovers or
that the kinetics are essentially the same for the two species.
However, the recovery of 435 nm absorbance returns to a
new baseline, which is significantly higher than the preflash
baseline. The ratio of “recovery above baseline” to bleach
is 0.24. A difference spectrum with time points taken around
9 ms after the bleach also shows that there is formation of
the 435 nm form at the expense of the 375 nm form (data
not shown).

In the experiments of Figure 8A, where we used light
excitation at 386 nm, there was still bleaching at 435 nm
which, as stated above, may have been due to spectral
overlap. To minimize the effect of the spectral overlap, we
used a different laser dye to excite the sample at 365 nm.
The rate constants at 435 and 375 nm for 365 nm excitation
are given in Table 1, while the recovery kinetics at both
wavelengths are shown in Figure 8B and C. The rate of
recovery at 375 nm is higher (approximately 1100 s-1) than
what we had seen at 435 nm (approximately 600 s-1). This
might indicate that RcPYP* is able to perform two photo-

FIGURE 3: (A) Effect of increasing concentration of the chaotrope
NH4Cl on the absorption spectrum of RcPYP* in Tris-HCl (50 mM,
pH 8.0) at 20°C. (B) The 435 nm maximum as a function of NH4-
Cl concentration. (C) The continuous change in absorption maxi-
mum of 375 nm to 350 nm as a function of NH4Cl concentration.

FIGURE 4: (A) Effect of increasing the concentration of the
kosmotrope (NH4)2SO4 on the absorption spectrum of RcPYP* in
Tris-HCl (50 mM, pH8.0) at 20°C. (B) The 435 nm absorbance
as a function of the salt concentration.
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cycles in which the recovery reaction of a component excited
by 365 nm light is slightly faster than the 445 nm excited
photocycle. A difference spectrum with time points taken 9
ms after the 365 nm flash gives results similar to those seen
with the 386 nm excitation, with formation of the 435 nm
form at the expense of the 375 nm form. We can see from
Figure 8C that the ratio of “recovery above baseline” to
bleach has increased to 0.50 with 365 nm excitation. This
implies that, in fact, less of the 435 nm peak is bleached at
the shorter excitation wavelength. Additionally, we can see
from Figure 8B that the 375 nm form recovers to a new
baseline, in this case slightly below the preflash baseline.
These results indicate that during the excitation with 365

nm, and also to a lesser extent with 386 nm laser light, a
shorter wavelength absorbing form of RcPYP* can be
converted into the 435 nm form. A similar result was
previously observed with the RsPYP and attributed to a cis-
protonated form of the chromophore (22).

Steady-state absorption experiments show that after re-
peatedly illuminating the sample for several minutes with
365 nm light as in the experiment described above, a large
fraction of the 350-375 nm absorption is indeed converted
into the 435 nm form. However, the 435 nm absorbance
returns to the preflash baseline at room temperature, but it

FIGURE 5: (A) Bleach and (B) recovery of RcPYP* measured at
435 nm, after excitation with 445 nm laser light (at time 0). The
prominent negative spike in panel A is a laser artifact. The sample
contained RcPYP* with an absorption at 435 nm of 0.2. Measure-
ments were performed at pH 8.0 in universal buffer. Kinetic values
derived from these plots are given in Table 1. The RcPYP* fully
recovered to the preflash baseline in less than 10 ms, which is
approximately 100 times faster than for HhPYP (compare to ref
2).

Table 1: Rates of Recovery and Bleaching at Different Excitation
and Detection Wavelengths forRhodobacter capsulatusPYPa

excitation
at 445 nm

excitation
at 386 nm

excitation
at 365 nm

recovery, 440 nm 820 s-1 628 s-1 574 s-1

bleach, 440 nm 2.0× 104 s-1 (not visible) (not visible)
recovery, 375 nm 1100 s-1

bleach, 375 nm (not visible)
a Data were collected in universal buffer, pH 8.0, at room temperature.

FIGURE 6: Difference absorption spectra of RcPYP* after 445 nm
laser excitation. Black dots are data points taken after 20µs, white
triangles after 200µs. Besides the expected bleaching of the 435
nm form, there is a shoulder around 410 nm which is visible after
both 20µs and 200µs. Due to the high noise level, data points
below 390 nm could not be accurately measured. The protein
concentration is higher than that in the experiment of Figure 5.

FIGURE 7: Effect of pH on the kinetics of the recovery reaction of
RcPYP* after 445 nm laser excitation. The buffer consisted of 20
mM MES, 20 mM HEPES, and 20 mM glycine. Measurements
were performed at room temperature. Precipitation of the sample
interfered below pH 5.5. The pH effect on the kinetics appears to
have a bell-shaped form, but is much less pronounced than for
HhPYP. The data were fitted with the Henderson-Haselbach
equation with two pK’s and with the two endpoints fixed at 700
s-1. The resulting pK values are 6.7 and 9.6. The optimum rate
constant was 890 s-1.
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is a relatively slow process with an extrapolated half-life of
120-150 min. After overnight incubation in the spectro-
photometer, the sample was almost completely denatured.
In RsPYP, the excess 435 nm absorbance resulting from a
laser flash at 330 nm recovered to the preflash baseline with
a midpoint of approximately 25 min (22), i.e., 5-6 times
faster than in RcPYP*.

Characterization of G100M and K99Q Mutants.De-
vanathan et al. (31) showed that the M100A mutation in
HhPYP leads to a 1000-fold decrease in the recovery rate
following flash illumination compared to wild-type PYP,
suggesting that M100 facilitates the conversion of cis
chromophore into the trans form. Both RsPYP and RcPYP
have a naturally occurring G100 substitution, but surprisingly,
their recovery to the ground state following a laser flash
occurs 100-fold faster than for HhPYP (see above, and ref
4). Another difference is that room light does not affect the
375 or 435 nm absorption amplitudes of either RsPYP or
RcPYP*, as opposed to the M100A mutant of HhPYP. To
further investigate this phenomenon, we mutated the Gly at
position 100 in RcPYP* to a Met. The absorption spectrum
of the mutant after purification is given in Figure 9. The
375 nm peak is clearly diminished but is still significant. At
the same time, this diminished absorbance at 375 nm shifts
the absorption maximum of 435 nm in wild-type RcPYP*
to 441 nm in the G100M mutant. The 375 to 435-441 nm
ratio has shifted from 1.0 for wild-type to 0.64 for G100M
(at 20°C, pH 9.0), which suggests that M100 has a role in
stabilizing the longer wavelength absorbing form of PYP.
This could result from a decrease in exposure of the
chromophore to solvent in the G100M mutant. It does not
necessarily indicate that the M100 is any closer to the
chromophore in the ground state. However, the rate constants
for bleach and recovery of G100M with different excitation
wavelengths do not significantly vary from those of WT.
This result is surprising, considering the large effect M100
has in HhPYP. In searching for an explanation for this
phenomenon, we hypothesized that the nearby K99 in
RcPYP* (Q99 in HhPYP) might also facilitate cis-trans
isomerization by stabilizing partial negative charge at the
two carbons of the double bond in the transition state. We
thus constructed the K99Q mutation of RcPYP* and purified
the protein as described for the wild-type. The absorption
spectrum of K99Q (Figure 9) looks very much like that of
wild-type RcPYP* and was not affected by exposure to room
light or overnight incubation in the dark. Results of the flash
photolysis experiments with K99Q RcPYP* also closely

FIGURE 8: (A) Recovery of RcPYP* at 435 nm after excitation
with 386 nm laser light (at time 0). After the bleach, RcPYP*
recovers to a new baseline which is significantly higher than before
the laser flash. (B) Recovery of RcPYP* after 365 nm laser light
excitation, detected at 375 nm and (C) at 435 nm. In each, there is
recovery to a new baseline, different from the preflash baseline.
At 375 nm, the recovery is below the preflash baseline, while at
435 nm, the recovery ends above it. The ratio of “recovery above
baseline” to bleach in (C) is higher than in (A). All measurements
were performed in universal buffer, pH 8.0, at room temperature.

FIGURE 9: Absorption spectrum of the G100M (solid line) and the
K99Q mutant (dashed line) of RcPYP* in Tris-HCl buffer (20mM,
pH 9.0) at 10°C. When compared to wild-type (Figure 2), the 375
nm absorption peak of the G100M mutant has significantly
decreased in size. The 375 to 435 nm ratio of the K99Q mutant
has not changed compared to wild-type (1.08 at 10°C and pH 9.0).
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resemble those of wild-type, which indicates that K99 does
not have a significant role in the photocycle.

DISCUSSION

Protein Production and Purification.TheRb. capsulatus
pyp gene was discovered by Jiang and Bauer (5), but the
hypothetical PYP protein had not been characterized until
now. The expression system we developed forHr. halophila
pyp through coexpression of the RcPYP biosynthetic genes
(19) was also used here for the RcPYP. However, our initial
attempts either with or without a His tag resulted in protein
that was mostly colorless and insoluble. Incorporation of a
glutathione-sulfur-transferase fusion had the desired effect
of making the PYP more soluble and capable of binding
chromophore. The GST tag was removed from purified
protein in a subsequent treatment with thrombin, resulting
in soluble PYP*. On the other hand, the closely related
RsPYP was successfully produced as the apo-protein in the
soluble state with a His tag, the PYP was chemically
reconstituted with chromophore, and the His tag was
subsequently removed (4). This suggests that the RsPYP is
intrinsically more stable than RcPYP. The spectral properties,
including the much larger absorbance ratio of 375 to 435
nm, the effects of denaturants in converting the 435 nm form
to a shorter wavelength species, and the loss of color and
precipitation below pH 5.5, also suggest that RcPYP* is less
stable than is RsPYP since the latter only loses its color with
a pKa of 3.8 (4). In addition, about 50% of the purified
RcPYP* does not redissolve when a sample is thawed after
storage at-20 °C.

Spectral Properties.RcPYP* and RsPYP are spectrally
similar in having two peaks at room temperature in pH 7
buffer. Although the ratio of 375 (or 360) to 435 (or 446)
nm differs between Rc and Rs PYP (compare Figure 1 in
ref 4 to the spectrum of purified RcPYP*), the two peaks
show a significant temperature and pH dependence in both
species, where the shorter wavelength form is favored at
lower temperature and pH. The spectra are also similar to
those of the HhPYP mutant Y42F that has an intermediate
spectral form, which is also dependent on pH, but responds
in the opposite way to temperature, that is, the shorter
wavelength form is favored at higher temperature (27). It
has been reported that WT HhPYP and mutants in the
vicinity of the chromophore, except those with substitutions
at position E46, can adopt an intermediate spectral form like
that in Y42F, absorbing anywhere between 400 and 350 nm
(28). It has been suggested that the chromophore in the
intermediate spectral form is in an environment of higher
and variable dielectric constant and that E46 may accept an
additional hydrogen bond from a water molecule (28).
However, this does not explain the inverse temperature effect
in theRhodobacterPYPs. It rather suggests that the 375 nm
absorbance of RcPYP* may be a mixture of the intermediate
spectral form first observed in HhPYP Y42F, because of the
continuously variable wavelength, and a conformer which
has the chromophore in the cis conformation (presumably
with an absorbance maximum at 350 nm), because of the
partial photoconversion of the shorter wavelength form to
the longer wavelength form, as previously shown for RsPYP
(22). If this is the case, it is probably the cis conformer which
changes its conformation with temperature in the same way

as in RsPYP. Additionally, we showed that the RcPYP* 435
and 375 nm absorbing forms are affected by both chaotropes
and kosmotropes in a similar way as in the Y42F HhPYP
mutant. Kosmotropes favor the 435 nm form, while in the
presence of chaotropic salts it is disfavored. At high
concentrations of chaotrope, the RcPYP* changes its two
characteristic absorption peaks to a form absorbing at 350
nm, which corresponds to fully protonated chromophore that
is presumably exposed to solvent. While kosmotropes are
known to “salt out” hydrophobic residues and therefore are
generally used as protein stabilizers, chaotropes interact with
the charged groups and dipoles of proteins and, in this way,
reduce the number of water clusters in the first hydration
shell (“salting in”), resulting in destabilization of the protein
(32).

Kinetic Properties.It was reported that the RsPYP is
bleached more rapidly by a laser flash than is HhPYP and
that the recovery is also 100-fold faster (4). We found that
the RcPYP* is bleached 10-fold faster by a laser flash at
445 nm and that the recovery is 100-fold faster than in
HhPYP. Thus, Rc and RsPYP appear to be similar in this
regard. It was previously shown that the HhPYP mutant
M100A has a very slow recovery, being 1000-fold less than
for WT protein (15). This was ascribed to catalysis of cis-
trans isomerization by the polarizable Met100 sulfur, which
resides over the chromophore aromatic ring in the I2

intermediate. That is, the electron-rich sulfur can stabilize
the partial positive charge on the aromatic ring in the
transition state. Although the slow recovery could also be
due to destabilization of the protein, other destabilizing
mutations do not affect the recovery kinetics so dramatically
(9). Additional HhPYP mutations at position M100, such as
M100L, behave similarly to M100A (33), which indicates
that the slower recovery effect is specifically due to loss of
the thioether moiety of M100 and not solely to reduced
stability. Both RsPYP and RcPYP* proteins have G100
substitutions, which were expected to result in significantly
slower, not faster, recovery. It has been suggested that T50A
and V66I substitutions in RcPYP* and RsPYP relative to
HhPYP, in addition to the M100G substitution, might result
in greater exposure of the chromophore to solvent (22).
However, based on the presented kinetic results, it is
unknown what compensating substitutions may have oc-
curred to speed up the recovery in theRhodobacterspecies
studied.

We found that the G100M mutant of RcPYP* has an
absorption spectrum similar to that of wild-type but that the
441 nm peak is more pronounced, which suggests that M100
has a stabilizing function in shifting the equilibrium toward
the longer wavelength form. In both Rs and RcPYP*, there
is a K99 residue, spatially close to G100, which might also
reside over the chromophore and stabilize the partial negative
charge on the chromophore double bond to catalyze the
isomerization. However, the K99Q mutant of RcPYP* has
virtually the same absorption spectrum as WT, yet it was
not sensitive to room light as was the case with HhPYP
M100A, and it had recovery kinetics similar to those of wild-
type RcPYP*. This suggests that neither K99 nor M100
catalyzes isomerization of the chromophore in these species.
This may be a result of the protein adopting a different
conformation of the loop containing these residues, which
is distinct from the conformation in HhPYP (13) and R.

Rhodobacter capsulatusPYP Biochemistry, Vol. 43, No. 7, 20041817



centenariaPpr (34), that results in very fast recovery of Rc
and RsPYPs.

When the RcPYP* is excited by shorter wavelength laser
light at 386 or 365 nm, the kinetics monitored at 435 nm do
not change appreciably, but the end point of the recovery is
above the preflash baseline, more so for 365 nm light than
for 386 nm light. This is different from the HhPYP Y42F
mutant, which shows identical behavior with 365 nm
excitation and with 445 nm excitation (27), but is similar to
what was recently reported for RsPYP (22). Combining the
spectral and kinetic studies, the simplest model is one with
three species in the dark state. These would include the 440
nm conformer, the 375 conformer, and a population contain-
ing the cis form of the chromophore (presumably absorbing
at 350 nm). When excited by a laser flash, the 375 and 440
nm conformers bleach, forming a cis form which then
recovers in the dark with a rate constant in the 600-800 s-1

range. The cis form present in the dark is converted by light
excitation to a trans form which absorbs in the 440 nm region
and decays with a half-life of about 2 h.

The amount of cis conformation chromophore in WT
HhPYP is too small to be measured, and the dark equilibrium
for mutant M100A is also in favor of the trans form.
However, we believe that it is the equilibrium between the
cis and trans chromophores that is uniquely affected by
temperature in the Rc and RsPYP. That is, an increase in
temperature converts the cis form (absorbing at 350 nm) to
the 440 nm absorbing species. It remains to be determined
how similar the cis form may be to the photoproduced I2

intermediate, which is also in the cis conformation and
exposed to solvent. Because the recovery above baseline is
larger with 365 nm than for 386 nm excitation and is virtually
nonexistent with 445 nm excitation, we believe that the
postulated cis form is also protonated and absorbs closer to
350 nm than to 375 nm. Thus, the kinetics with 445 nm
excitation may be dominated by the normal bleach/recovery
at 375/440 nm. However, the chromophore in the cis
conformation, which is photoisomerized by excitation at
shorter wavelengths, has faster kinetics than the normal
recovery. That there is indeed a dark temperature-dependent
equilibrium between cis and trans conformations is shown
by the fact that the excess 435 nm absorbance produced by
a laser flash at short wavelengths in RcPYP* only slowly
returns to the preflash baseline over a period of hours. This
occurs significantly faster in RsPYP than in RcPYP*. The
results suggest that the differences in energy levels for the
three forms of RcPYP* are smaller and that the trans form
of the chromophore can switch to the cis form in the dark
more readily than in HhPYP.

RsPYP can also be photoexcited at 360 nm (22), with some
of the results being very similar to those obtained with
RcPYP*, although they were interpreted in a different way.
The 360 nm form was proposed to be different from the
HhPYP Y42F 391 nm shoulder, and when excited with 360
nm light gives rise to a new 435 nm form which was said to
be different from the ground state 446 nm form. The 435
nm species returns back to the 360 nm form in a few minutes.
Essentially, it was proposed that there are two photocycles
in this PYP (one initiated by 445 nm excitation and one by
UV-light excitation (330( 50 nm)) that occur independently.
Surprisingly, when the photocycle kinetics were studied at
446 nm, an incomplete recovery of the RsPYP to the preflash

baseline after 445 nm excitation was seen. The incomplete
recovery was attributed to an unintended photoactivation of
the 360 nm (second) photocycle, and by using a 450( 7
nm band-pass filter, the recovery could be brought to
completion. If the same were true for RcPYP*, then
incomplete recovery would be expected to be even more
pronounced, since the 375 and 435 nm peaks have greater
overlap. On the contrary, in the RcPYP* experiments, the
recovery was fully complete within 10 ms (see Figure 5B).

Further experiments with RcPYP* will have to be con-
ducted to determine whether the excess 435 nm absorption
seen after 365 nm excitation is truly the 435 nm absorbing
form of the ground state as we propose, or whether it is a
new species with a similar absorption spectrum which cannot
be resolved, as proposed for the 360 nm photocycle of
RsPYP. In other words, the two photocycles may not be
independent and a light-induced conversion of one ground
state to the other might occur as in the HhPYP M100A
mutant. Due to the energy barrier between the two ground
states, a return to the prestimulus level would occur through
a slow (e.g., overnight) dark process. Regardless of the
mechanistic details, it is clear that RsPYP and RcPYP* both
show particular features that appear to be restricted to this
subgroup of the PYP family, such as the presence of a
significant amount of intermediate spectral form in the WT
protein, the presence of a dark cis/trans equilibrium, and a
unique mechanism for recovery.

Genetic Context of PYP.Besides these spectral and kinetic
distinctions, we found that the genes for PYP, TAL, and pCL
are clustered with 9-13 genes for gas vesicle formation in
Rb. capsulatus. The gene for TAL is clustered with the same
gVp genes in the same orientation inRb. sphaeroidesstrain
2.4.1. Apparently, the genes for PYP and pCL have been
deleted through years of nonselective growth of this strain.
To our knowledge it is not known that anyRhodobacter
species are capable of producing gas vesicles, and until
recently no observations were made of gas vesicles in any
purple nonsulfur bacteria (35). It remains to be determined
whether and under what circumstances PYP or thegVp genes
may be expressed inRhodobacterspecies. Gas vesicle
formation has been studied more thoroughly in halobacterial
species than in any other (36). However, the transcriptional
regulatorsgVpEandgVpD, found inHaloferaxVolcanii (37),
seem to be absent inRhodobacter, nor is there a PYP in
halobacteria based upon BLAST searches. Anaerobic condi-
tions, darkness, and stationary growth stage favor gas vesicle
formation in the halobacteria and should also favor their
formation inRhodobacter, which is both photosynthetic and
aerobic. We postulate thatRhodobactergas vesicles and PYP
are also produced under similar conditions and that PYP acts
as a transcriptional repressor under high light conditions. We
are currently testing these hypotheses through the use of
reporter genes.

CONCLUSIONS

1. The RcPYP is less stable but has spectral and kinetic
properties similar to those of RsPYP, both of which are
significantly different from HhPYP and near homologues.
This indicates that theRhodobacterPYPs constitute a
subgroup distinct from that of the three halophiles, which
have virtually identical spectral and kinetic properties despite
large sequence differences.
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2. The faster recovery following illumination inRhodo-
bacterPYPs indicates that higher light intensity is necessary
to maintain the same steady-state concentration of the
signaling state; i.e., it is less sensitive to light quantity than
in the halophiles. However, the broader wavelength maxima
indicate that it is more sensitive to light quality, both of which
suggest that the functional role may be different.

3. The conformation of the beta 4-5 loop, which contains
residues K99 and M100, is different in theRhodobacter
PYPs, as indicated by mutagenesis, and this suggests a
distinct functional role. This loop is thought to be important
because it is located at the gateway for isomerization of the
chromophore.

4. The observation of gas vesicle genes and their associa-
tion with those for PYP in theRhodobacterspecies as well
as known regulation ofgVp by light in other species suggests
that the role of PYP is in regulation of cell buoyancy.
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