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Photoactive yellow protein (E-PYP) is a blue light photoreceptor,
implicated in a negative phototactic response in Ectothiorho-
dospira halophila, that also serves as a model for the Per–Arnt–Sim
superfamily of signaling molecules. Because no biological signaling
partner for E-PYP has been identified, it has not been possible to
correlate any of its photocycle intermediates with a relevant
signaling state. However, the PYP domain (Ppr-PYP) from the
sensor histidine kinase Ppr in Rhodospirillum centenum, which
regulates the catalytic activity of Ppr by blue light absorption, may
allow such issues to be addressed. Here we report the crystal
structure of Ppr-PYP at 2 Å resolution. This domain has the same
absorption spectrum and similar photocycle kinetics as full length
Ppr, but a blue-shifted absorbance and considerably slower pho-
tocycle than E-PYP. Although the overall fold of Ppr-PYP resembles
that of E-PYP, a novel conformation of the �4–�5 loop results in
inaccessibility of Met-100, thought to catalyze chromophore rei-
somerization, to the chromophore. This conformation also exposes
a highly conserved molecular surface that could interact with
downstream signaling partners. Other structural differences in the
�3–�4 and �4–�5 loops are consistent with these regions playing
significant roles in the control of photocycle dynamics and, by
comparison to other sensory Per–Arnt–Sim domains, in signal
transduction. Because of its direct linkage to a measurable biolog-
ical output, Ppr-PYP serves as an excellent system for understand-
ing how changes in photocycle dynamics affect signaling by PYPs.

Photoactive yellow proteins (PYPs) are 14-kDa water-soluble
blue-light photoreceptors thought to mediate negative pho-

totactic responses in purple bacteria (1). PYPs are members of
the Per–Arnt–Sim (PAS) domain superfamily, an ��� structure
found through all kingdoms of life, for which PYP from Ecto-
thiorhodospira halophila (E-PYP) serves as the structural pro-
totype (2). PAS domains are found in signaling and sensory
proteins and are often involved in mediating protein–protein
interactions. In bacteria they can act as sensors of light, redox
potential, or oxygen concentration in the sensor histidine kinases
of two-component signal transduction systems (3). The PAS
domain is extremely versatile: it can accommodate different
ligands such as heme in the oxygen sensor FixL (4) or flavin
mononucleotide (5) and flavin adenine dinucleotide (6, 7) in the
subclass of PAS domains known as light-oxygen-voltage do-
mains. PAS domains can relay signals originating at these
chemically diverse ligands to different classes of effector do-
mains, such as histidine or serine�threonine kinases. In PYPs, a
conserved cysteine residue is covalently linked to a 4-hydroxy-
cinnamic acid chromophore (8), which, on the absorption of a
blue light photon, undergoes a fully reversible photocycle char-
acterized by trans–cis isomerization about its C2–C3 double
bond. This photocycle is associated with structural transitions in
the protein (9–13) that presumably are associated with differ-
ential levels of biological signaling activity to yet-to-be identified
downstream regulatory partners.

Because of its favorable spectroscopic properties and putative
biological role, E-PYP has become a well-studied system for

understanding how light absorption results in biological signal-
ing. In the dark or ground state, the deprotonated 4-hydroxy-
cinnamic acid chromophore is completely shielded from solvent
in the chromophore binding pocket and is stabilized in the trans
configuration by participation of its phenolate oxygen in a distal
hydrogen bonding network consisting of Tyr-42, Glu-46 and
Thr-50. After excitation by blue light, the ground state, whose
maximal absorption is at 446 nm, converts through a series of
red-shifted intermediates I0, I0

‡, and I1, in picoseconds, hundreds
of picoseconds, and nanoseconds respectively (14), before de-
caying to a blue-shifted intermediate I2, which completes the
photocycle by reverting to the ground state in hundreds of
milliseconds (15). Because it is the longest-lived state in the
photocycle, I2 is considered to be the ‘‘signaling state’’ of E-PYP
and is associated with structural heterogeneity (12), partial
protein unfolding (16), and transient exposure of hydrophobic
residues (17, 18). The photocycle and its intermediates have been
studied by a number of crystallographic (9–11, 19, 20) and
spectroscopic methods (12, 14, 15, 21–24). Although these
studies have contributed a great deal to understanding the
photocycle dynamics of E-PYP, a unified picture of the photo-
cycle and its intermediates has yet to emerge; sometimes con-
tradictory results have been obtained by using these different
methodologies, and it has not been possible to correlate any of
its spectroscopic states with a biologically relevant signaling
state.

The identification of the novel photoreceptor Ppr from Rho-
dospirillum centenum, which has a PYP domain linked to bac-
teriophytochrome and histidine kinase domains (25), may enable
us to understand how PYPs are able to generate and transmit
biological signals to effector domains and how such signaling
activity is associated with photocycle dynamics. In Ppr, absorp-
tion of blue light by its PYP domain results in inhibition of its
histidine kinase activity. A R. centenum Ppr knockout showed no
defects in phototaxis but had lower levels of expression of
chalcone synthase, an enzyme involved in photoprotection
through flavonoid biosynthesis (25). Although the PYP domain
of Ppr (Ppr-PYP) is 45% identical in sequence to E-PYP and has
similar or identical residues to all those suggested to be critical
to absorption spectra and photocycle dynamics in E-PYP (26,
27), Ppr-PYP has a considerably slower photocycle than E-PYP
(25). Furthermore, as Ppr-PYP controls the activity of a histidine
kinase, its study affords not only the opportunity to understand
the signaling mechanism of PYPs, but of the entire class of
PAS-domain-regulated sensor histidine kinases, which are ubiq-
uitous in bacteria (28).
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Here we report a room temperature crystal structure of
Ppr-PYP at 2.0-Å resolution. We identify critical differences in
conformation that are responsible for the slow photocycle
kinetics of Ppr-PYP and regions of conformational variability
that correspond to those important to signal transduction in
other sensory PAS domains. We propose a model for signaling
by PYP that links structural changes associated with its photo-
cycle to a biological signaling state.

Materials and Methods
Protein Expression and Purification. From a plasmid encoding
full-length Ppr (25), PCR amplification was performed by using
N- and C-terminal primers encoding residues 1–129. The PCR
product was ligated into the TOPO TrcHis vector (Invitrogen)
to generate a construct of Ppr-PYP with an N-terminal hexa-
histidine tag and enterokinase cut site. This construct was
transformed into Escherichia coli TOP10F cells (Invitrogen),
which were grown to an OD600 of 0.5 at 37°C, 225 rpm in a shaker,
before induction with 1 mM IPTG. After growth for a further
4 h, the cells were spun down and lysed. The chromophore was
then reconstituted with the apoprotein as described (29). After
centrifugation, the supernatant containing Ppr-PYP was applied
to a chelating fast f low Sepharose resin charged with Ni2�

(Amersham Pharmacia), followed by dialysis against 10 mM Tris
(pH 8.0) and anion exchange chromatography using high per-
formance Q Sepharose (Amersham Pharmacia). After incuba-
tion with bovine enterokinase (Boehringer Mannheim) and a
second round of anion exchange chromatography, purity was
assessed optically (OD434�OD280) and by SDS�PAGE. Electro-
spray ionization mass spectrometry revealed that the purified
component consisted of residues 5–129.

Crystallization and Data Collection. Crystals were grown by the
hanging drop vapor diffusion method in which 5 �l drops
consisting of 1 �l of 12 mg�ml protein solution and 4 �l of a
reservoir solution of 36% polyethylene glycol 6000, 10 mM
N-(2-acetamido)-2-aminoethanesulfonic acid) (pH 7.0) were
equilibrated to that solution. Crystals grew in bunches of rods
(200 �m � 50 �m � 30 �m), which were split with a sharp blade
and individually mounted in capillaries. Monochromatic oscil-

lation data were collected at room temperature at BioCARS
beamline 14BM-C at the Advanced Photon Source, Argonne, IL.
(Room temperature was used to allow for time-resolved crys-
tallographic studies of Ppr-PYP.) The crystals initially diffracted
to �1.7-Å resolution, but because of radiation damage, the
resolution limit was �2.0 Å after �80° of data collection. Data
from three crystals were indexed and then scaled together by
using HKLSUITE (30).

Structure Determination. Molecular replacement was performed
by using EPMR (31) with a search model of residues 23–124 of
E-PYP (PDB ID code 2phy) in which all nonidentical residues
were replaced by alanine and the 4-hydroxycinnamic acid chro-
mophore was removed. A successful molecular replacement
solution for three molecules resulted in the reappearance of
density consistent with the chromophore. Refinement was car-
ried out by using CNS (32). After initial stages in which 3-fold
noncrystallographic symmetry constraints were applied, the
three molecules were refined independently with rounds of
simulated annealing, conjugate gradient, and individual B factor
minimizations followed by identification of water molecules.
Strong chromophore geometry restraints were based on a struc-
ture of ground state E-PYP at 1.0-Å resolution collected at room
temperature (S. Anderson, personal communication). Model
building was performed in O (33) and XTALVIEW (34). Figures

Fig. 1. Crystal structure of Ppr-PYP. (A) A simulated annealing composite
omit map at 2.0� level of the �1–�2 turn of chain B. (B) Chain B of Ppr-PYP with
secondary structure labeled according to ref. 20.

Table 1. Data and refinement statistics

Resolution range, Å 40–2.0 (2.04–2.00)
�I��(I)� 23.2 (3.2)
Rmerge 0.080 (0.379)
Unique reflections 19,047
Completeness, % 93.2 (78.9)
Redundancy 4.2
Space group P21

a, b, c, Å 34.56, 143.07, 36.45
�, �, �, ° 90, 117.96, 90
No. of monomers in the asymmetric unit 3
Rwork, % 24.5
Rfree, % 26.9
B, Å2 43
rmsd bond lengths, Å 0.015
rmsd angles, ° 1.54
Water molecules 114
Ramachandran plot, %

Most favorable 89.2
Allowed 10.8
Not allowed 0

Last resolution shell statistics are shown in parentheses. The test set was
composed of 10% of all reflections, and Rfree was calculated with the formula
for Rcryst using only test set reflections. Rmerge � �hkl(�Ihkl 	 �I����hklIhkl). Rcryst �
�hkl (�Fobs� 	 �Fcalc���hkl�Fobs�).

1650 � www.pnas.org�cgi�doi�10.1073�pnas.0336353100 Rajagopal and Moffat



were prepared with RIBBONS (35) and GRASP (36). The sequence
numbering for E-PYP will be used when referring to corre-
sponding residues in Ppr-PYP.

Absorption Spectroscopy. Absorption spectra of Ppr-PYP in 10
mM Tris, pH 8.0 were recorded on a Perkin–Elmer Lambda 6
UV�Vis spectrophotometer. An absorption spectrum of wild-
type E-PYP under similar conditions was provided by S. Ander-
son. Spectroscopy of crystals and solution was performed by
using a previously described apparatus (37, 38) with a xenon light
monitoring beam and a diode array detector (Ocean Optics,
Dunedin, FL). Data could not be recorded below �370 nm
because of absorption by glass components in this system.

Least-Squares Superpositions and Surface Area Calculations. Pair-
wise least-squares superpositions of C� atomic coordinates were
performed by using the CCP4 program LSQKAB (39). Because
chain B was the most complete model of the three chains of
Ppr-PYP (see Results and Discussion), it was selected for com-
parison with the ground state structure of E-PYP. Deviations
between E-PYP and Ppr-PYP were considered statistically sig-
nificant if they were greater than the sum of the average rms
deviation (rmsd) between the three chains of Ppr-PYP plus two
standard deviations of that value (0.96 Å), a very conservative
cutoff. Solvent accessible surface area calculations were per-
formed by using the CCP4 program AREAIMOL (39), using a solvent
sphere radius of 1.6 Å.

Results and Discussion
Crystal Structure of Ppr-PYP. Crystals of Ppr-PYP grew in space
group P21 with three molecules in the asymmetric unit, which we
refer to as chains A, B, and C. P21 crystals of Ppr-PYP and P63
crystals of E-PYP each have �30% solvent content; however, the
crystal packing constraints are looser in Ppr-PYP, because only
43% of its solvent-accessible surface area is buried in packing
interfaces compared with 55% in E-PYP. The N termini of all
three chains and the �4–�5 loop of the C chain, which are
flexible during E-PYP’s photocycle (12), are largely disordered.
The moderately high values of R factor, B values, and rmsd bond
lengths (Table 1) can be attributed to data collection at room
temperature, the merging of data from multiple crystals, and the
inability to model portions of the molecule. The quality of the
final model is illustrated in a simulated annealing composite omit
map of the �1–�2 turn of chain B (Fig. 1A).

The structure of chain B of Ppr-PYP is shown in Fig. 1B.
Ppr-PYP maintains the conserved structural elements of PYPs
(25, 40) with high conservation in those residues forming its two
hydrophobic cores and the chromophore binding pocket (20, 25,
40) and low homology in the two-helix N-terminal cap, which has
been identified as a region of enhanced flexibility in an E-PYP
photostationary state (21). All PYPs contain residues Cys-69,
required for chromophore attachment, and Arg-52, which acts as
a gate to the chromophore binding pocket. In the distal hydro-
gen-bonding network, Tyr-42 and Glu-46 are conserved in all
PYPs, but not Thr-50, which is a Ser in Ppr-PYP. Residue
Met-100, thought to catalyze chromophore reisomerization in
E-PYP (27), is not highly conserved in PYPs, but is found in
Ppr-PYP.

Structural Variability in Ppr-PYP and E-PYP. Least-squares pairwise
superpositions of the three chains of Ppr-PYP with one another
and of chain B with E-PYP allows the identification of those
regions with the greatest conformational variability in Ppr-PYP
and between Ppr-PYP and E-PYP, respectively. A plot of the C�
rmsd by residue and a listing of the mean C� rmsds between
these chains after superposition are shown in Fig. 2A. The three
chains of Ppr-PYP are very similar to one another: none of the
deviations, excluding those in the N termini and the �4–�5 loop
in chain C, are statistically significant (see Materials and Meth-
ods). A superposition of Ppr-PYP with E-PYP shows much more
pronounced differences (Fig. 2B). In addition to the highly
variable N-terminal cap, three regions of Ppr-PYP have statis-
tically significant differences in their coordinates from E-PYP:
the �3-�4 region containing the conserved Arg-52, the �5–�4
loop, and the �4–�5 loop containing Met-100. All of these
regions are flexible in E-PYP (10, 22, 41); the first and third are
adjacent to the chromophore.

Structural changes in the �4–�5 and �3–�4 loops would be
expected to affect photocycle dynamics because of the presence
of critical residues in those regions (26, 27). As in E-PYP, the
�4–�5 loop is f lexible in Ppr-PYP, evidenced by high B factors
in this region in chains A and B and its disorder in chain C. The
disorder of the �4–�5 loop of chain C is caused by a weak
packing interaction between it and the N-terminal helices of
chain A, which are similarly disordered. This interaction is
maintained between the �4–�5 loops of chains A and B and the
N termini of symmetry-related chains B and C, respectively. In
chains A and B, the �4–�5 loop of Ppr-PYP adopts a novel

Fig. 2. Differences between PYP molecules. (A) C� rmsds after pairwise superpositions of the A and B chains (blue; mean rmsd, 0.28 Å), C and B chains (red;
mean rmsd, 0.34 Å), A and C chains (green; mean rmsd, 0.42 Å), and E-PYP and B chain (cyan; mean rmsd, 0.80 Å). Those deviations �0.96 Å (thin black line) are
considered to be statistically significant. (B) Superposition of B chain of Ppr-PYP (red) and E-PYP (blue). The N and C termini, the Cys-69 required for chromophore
attachment, and the three loops that have statistically significant differences between E-PYP and Ppr-PYP are labeled.
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conformation (Fig. 3A), unlike any reported structure of E-PYP
(20, 22, 41–43). Large differences between the dihedral angles of
residues 97–100 of Ppr-PYP and E-PYP make the �4–�5 loop of
Ppr-PYP a type III tight turn. In E-PYP, Tyr-98 takes a position
that fully limits solvent accessibility to the chromophore, but in
Ppr-PYP, Phe-98 has flipped up and taken a position closer to
the aromatic ring of the chromophore, a position occupied by
Met-100 in E-PYP (Fig. 3B). This limits the access of Met-100
to the chromophore and also results in increased solvent acces-
sibility of the carbonyl oxygen of the chromophore, which in the
crystal forms a packing interface in chains A and B. In the �3–�4
loop, Gly-47 and Gly-51 have been suggested to play roles in the
control of photocycle dynamics in E-PYP (43). Gly-47 is replaced
by a Ser in Ppr-PYP, and Ppr-PYP’s loop conformation is more

similar to that of a Gly-47-Ser mutant of E-PYP than to wild-type
E-PYP (43). The largest structural shift in the �3–�4 loop is at
the highly conserved Pro-54, though unlike the �4–�5 loop,
there are no significant differences in dihedral angles between
Ppr-PYP and E-PYP (data not shown).

The �4–�5 loop conformation of Ppr-PYP would affect the
photocycle dynamics considerably, as residue Met-100 has been
proposed to play a role in catalyzing chromophore reisomeriza-
tion. Mutations of this residue slow the rate of decay from I2 to
the ground state by two to three orders of magnitude (27, 44).
Barring the access of Met-100 to the chromophore and changing
the stability of the chromophore binding pocket by radically
altering the conformation of the �4–�5 loop would be expected
to slow the photocycle considerably. Although associated with
smaller kinetic effects than the �4–�5 loop, the �3–�4 loop
conformation would also contribute to the slower recovery
kinetics of Ppr-PYP because the conformation observed here
results in a four-fold slowing of the rate of I2 to ground state
decay in a Gly47Ser E-PYP mutant. A combination of both of
these effects likely contributes to the slower photocycle kinetics
of Ppr-PYP.

The Chromophore Binding Pocket. The ground state absorption
spectrum of Ppr-PYP is similar to that of full-length Ppr with a
maximal absorption at 434 nm (25), a 12 nm blue shift relative
to, but maintaining the same qualitative form as, the wild-type
E-PYP spectrum (Fig. 4A). It does not have an extra absorption
peak at 350 nm, such as those observed in E-PYP Met-100
mutants, arising from a population of protonated trans chro-
mophore because of destabilization of the chromophore binding
pocket (27, 44). Ppr-PYP also maintains the slow photocycle
kinetics of full-length Ppr relative to E-PYP in solution (data not
shown). The absorption spectrum of Ppr-PYP in a crystalline
state is very similar to that of solution, with a maximum at 431
nm (Fig. 4B), consistent with the chromophore-binding pocket
adopting a similar conformation in solution and in the crystal.
Fig. 5 shows the chromophore binding pockets of Ppr-PYP and
E-PYP after a least squares superposition of their chro-
mophores. There are no statistically significant differences be-
tween their distal hydrogen bonding networks at this resolution.
However, two hydrogen bonds that could affect photocycle
dynamics are present in E-PYP but absent in Ppr-PYP: one
between the hydroxyl of Tyr-94 and the backbone carbonyl
oxygen of Cys-69 and another between the side chain of Arg-52
and the backbone carbonyl of Phe-98. As noted above, the
position taken by Met-100 in E-PYP is occupied by Phe-98 in
Ppr-PYP, a polarizable aromatic side chain that would change
the local dielectric environment. Also, hydrogen bonding by
water to the proximal carbonyl oxygen, which is solvent-
accessible in Ppr-PYP (see above), could also contribute to a
blue shift in absorption because of resonance stabilization
between quinonic and phenolic forms of the chromophore (19).

Fig. 3. Conformation of the �4–�5 loop. Views from below (A) and the side
(B) of the �4–�5 loop of Ppr-PYP (red) and E-PYP (blue), after superposition as
in Fig. 2B.

Fig. 4. Absorption spectra of Ppr-PYP and E-PYP. (A) Absorption spectra of
Ppr-PYP (dash) and E-PYP (line) in solution. (B) Absorption spectra of Ppr-PYP
in solution (dash) and in P21 crystals (line).
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However, it is difficult to correlate the structural changes
observed in this structure with the specific and nonspecific
protein environmental effects that affect chromophore absorp-
tion in PYPs (45, 46).

Conformational Substates and Signaling in PYPs. E-PYP should also
be capable of adopting the conformation of the �4–�5 loop
found in Ppr-PYP because the sequence similarity between the
two is high in this region and replacement of Phe-98 by Tyr in
Ppr-PYP does not result in any steric clashes. This conformation
exposes �80 Å2 of additional solvent accessible surface area
relative to E-PYP (Fig. 6), an area sufficient to bind Nile Red,
a hydrophobic dye, to a region adjacent to the chromophore in
the I2 state of E-PYP (18). Furthermore, a hydrogen bond, which
is present in ground state E-PYP between the side chain of
Arg-52 and the backbone carbonyl oxygen of residue 98 (Fig. 5),
is not present in Ppr-PYP and in the I2 state (10), which would
destabilize the ground state E-PYP conformation and favor a
loop conformation such as that observed in Ppr-PYP. Both lines
of evidence are consistent with the conformational substate
favored in the ground state of Ppr-PYP being more ‘‘I2-like’’ than
the ground state of E-PYP. This finding is also consistent with
the slower photocycle kinetics of Ppr-PYP compared with
E-PYP, as energetic stabilization of I2 relative to the ground
state would result in slower thermal reisomerization of the
chromophore. We believe that the structure observed here is a
partially activated conformational substate that Ppr-PYP is
capable of adopting some of the time in solution.

The surface exposed in this substate is not unusual in terms of
electrostatic potential (Fig. 6 Left) or hydrophobicity (data not
shown), but is highly conserved in all PYPs (Fig. 6 Right). This
surface is dissected by the �4–�5 loop in E-PYP (Fig. 6A Right)
but is fully contiguous in Ppr-PYP (Fig. 6B Right), allowing the
PYP to interact with signaling partners through a more extended,
conserved surface. Possible signaling partners include histidine
kinases such as that found in Ppr, and other effector domains
that are commonly controlled by PAS domains (3). A similar role
has been proposed for this surface in E-PYP (2) and in the
light-oxygen-voltage domains (47), a subset of photosensory

PAS domains that bind flavins and control a wide variety of
effector domains.

Comparison of Ppr-PYP with other sensory PAS domains
identifies additional structural features in common in this su-
perfamily. The three regions of Ppr-PYP that show statistically
significant displacements in C� coordinates from E-PYP corre-
spond to null mutants of the Aer redox sensor, a PAS domain
that binds flavin adenine dinucleotide (FAD). Mutations that
retain the ability to bind FAD but are unable to signal map to
the �3–�4, �5–�4, and �4–�5 loops of Ppr-PYP (48), suggesting
that the structural variability observed in these loops is related
to biological activity. Null mutations of Aer that lie in the �3–�4
and �4–�5 regions are consistent with the formation of a
biologically-relevant molecular surface by those loops. The
�5–�4 loop of E-PYP corresponds to the FG loop of the
oxygen-sensing domain of the sensor histidine kinase FixL,
where mutations result in a protein that can still bind heme but
is incapable of sensing oxygen (49). This loop has also been
proposed to mediate an interaction between the PAS domain
and serine�threonine kinase of the human protein PAS kinase
(50). The similarities to other PAS domains suggest that there is
some conservation of mechanism in this diverse family of
sensory proteins. Such conservation likely involves the impor-
tance of these loops in controlling the dynamics of the protein
and its activation to a competent signaling state.

These findings are consistent with a model for signaling in
PYPs in which, on absorption of blue light, Arg-52 is pushed out
of the chromophore-binding pocket (10, 11), and the hydrogen
bond with Tyr-98 is broken. This allows the �4–�5 loop to adopt
an altered conformation in I2 and expose a new molecular
surface that exhibits altered interaction with a signaling partner.
This could lead to higher or lower affinity in Ppr-PYP for the Ppr
histidine kinase, resulting in a modulation of its activity. Al-
though experiments to test the biological significance of muta-
tions in these critical regions are not possible in E-PYP, they can
be performed by using the full-length Ppr sensor histidine kinase.
Ppr can therefore serve as an excellent system for bridging
research on the photocycle dynamics of PYPs to that on the
mechanism of PAS-mediated signal transduction.

Fig. 5. Chromophore binding pockets. Chain B of Ppr-PYP (red) and E-PYP
(blue) after a least-squares superposition of their hydroxycinnamic acid
chromophores.

Fig. 6. Molecular surfaces of E-PYP (A) and Ppr-PYP (B). (Left) Residues
color-coded by electrostatic potential with red denoting negative and blue
denoting positive potential (36). Secondary structure elements are labeled
according to Fig. 1. (Right) Residues identical in all PYPs (40) are colored green.
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