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ABSTRACT: Ppr is a unique bacteriophytochrome that bleaches rather than forming a far-red-shifted Pfr state
upon red light activation. Ppr is also unusual in that it has a blue light photoreceptor domain, PYP, which is
N-terminally fused to the bacteriophytochrome domain (Bph). When both photoreceptors are activated by
light, the fast phase of Bph recovery (1 min lifetime) corresponds to the formation of an intramolecular long-
lived complex between the activated PYP domain and the Bph domain (lifetime of 2-3 days). Since this state
is unusually long-lived as compared to other intermediates in the photocycle of both PYP and Bph, we
interpret this as formation of a metastable complex between activated PYP and Bph domains that takes days
to relax. In themetastable complex, the PYP domain is locked in its activated UV absorbing state and the Bph
domain is in a slightly red-shifted state (from 701 to 702 nm), which is photochemically inactive to red or white
light. The amount of metastable complex formed increases with the degree of prior activation of PYP,
reaching a maximum of 50% when PYP is fully activated compared to 0% when no PYP is activated. The
saturation of complex formation at 50% is believed to be due to light-induced heterogeneity within the Ppr
dimer. UV irradiation (365 nm) of the metastable complex state photoreverses the activated PYP and the red-
shifted Bph to the initial dark state within seconds. We therefore postulate that Ppr functions as a UV-red
light sensor and describe the different Ppr states that can be obtained depending on the light quality. Both red
and white light upregulate the autokinase activity, while it is downregulated in the dark. The physiological
state of Ppr ismost likely amixture of three different states, dark, metastable complex, and red light-activated,
with fractional populations whose amounts depend on the light quality of the environment and that regulate
the extent of phosphorylation by the kinase.

Ppr is a naturally occurring hybrid of two photoreceptor
proteins, photoactive yellow protein (PYP)1 and bacteriophyto-
chrome (Bph), with a C-terminal histidine kinase (HK) catalytic
domain. The gene for this PYP-phytochrome-related (Ppr)
protein was discovered in the purple photosynthetic bacterium
Rhodospirillum centenum (1), and more recently in the aerobic
anoxygenic phototrophic bacterium Methylobacterium 4-46
(Joint Genome Institute). However, it was not until recently that

the heterologous production of the fully reconstituted holo-Ppr
was reported (2). It has been shown that deletion of Ppr in
R. centenum results in a loss of light regulation of a polyketide
synthase gene (PKS), homologous to chalcone synthase genes
(CHS) (1). An independent study found that PKS regulation
is strongly correlated with stress-induced cyst formation in
R. centenum (3).R. centenum has an unusual life cycle alternating
among free-swimming, swarming, and cyst-forming cells, de-
pending on whether they are grown in liquid or on solid media
and the availability of nutrients and light (4). Although the
enzymatic product of the R. centenum PKS has not been
determined, in Azotobacter species, a PKS synthesizes a special
lipid that is part of the cyst outer coat (5); thus, a cyst-specific
lipid may also be the product of the R. centenum PKS. Although
an action spectrum is lacking, it is plausible that Ppr is involved in
light regulation of cyst formation in R. centenum. Moreover,
studies with wild-type and Ppr deletionR. centenum strains show
that there is a change in lipidmetabolismuponPpr deletion (6). A
gene for the single-domain PYP protein has been found in 18
bacterial species (refs 2, 7, and 8 and JGI). Three additional
species contain PYP homologues as part of multisensor domain
proteins (refs 2 and 9 and JGI), of which only two, Ppr and Ppd,
have been heterologously produced and reconstituted (2, 9).

The prototypical single-domain PYP from Halorhodospira
halophila is a small blue light sensor that has an absorption
maximum at 446 nm (10). Light excitation initiates a trans-cis
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isomerization of the C7-C8 double bond of the chromophore,
p-hydroxycinnamic acid (pHCA) (11, 12). This is followed by
conformational changes in the protein and protonation of the
chromophore, which result in several spectrally and temporally
distinct intermediates (10, 13). When the chromophore under-
goes a trans-cis photoisomerization around its C9 carbonyl,
PYP enters the I1 state which has an absorbance maximum at
465 nm (14). In ∼120 μs, this intermediate decays to I2, in which
the chromophore ring has moved out toward the solvent and
becomes protonated. After ∼1.5 ms, PYP undergoes a large
conformational change upon formation of the I2

0 state, which
is associated with the exposure of a hydrophobic surface
patch (10, 14, 15). The protein returns to the initial dark state
within ∼1 s. I2

0 absorbs at ∼355 nm and is the longest-lived
intermediate, consistent with, but not proving, that it is the
signaling state that interacts with a thus far unknown reaction
partner. Using Hhal PYP, it has been shown that photoreversal
is possible from several intermediates (I1, I2, and I2

0) in the
photocycle, which accelerates the recovery to the dark state up
to ∼1000-fold (16). The same paper also showed, using time-
resolved photoreversal measurements, that the I2 and I2

0 states
form an equilibrium (designated as an I2-I2

0 equilibrium) and
that changes in this equilibrium could provide valuable informa-
tion about the mechanisms of generating the active state. PYP is
considered to be the structural prototype of PAS (Per-ARNT-
Sim) signaling domains that are involved in sensing a variety of
signals in all domains of life, and these domains have been
proposed to have a common mechanism of intramolecular
signaling (18). The PYP domain from R. centenum has all the
residues conserved that are thought to be important for chro-
mophore interaction and photoactivation; however, a structural
analysis of the isolated domain showed that a residue that is
critical for dark reisomerization, M100, adopts a different
conformation than in the prototypical Hhal single-domain
PYP (17), providing an explanation for the ∼400-fold slower
recovery to the dark state of the PYP domain in Ppr as compared
to Hhal PYP (1, 2).

More than 200 Bph homologues have been found to date
in a wide variety of bacteria (NCBI Genbank database), and
although the vast majority of them appear to occur as a fusion
with a C-terminal histidine kinase domain, several variations are
found, e.g., fusion with GGDEF (diguanylate cyclase) and EAL
(diguanylate phosphodiesterase) domains [Thermochromatium
tepidum Ppd (9)], HK and CheY domains [Rhodopseudomonas
palustris Bph5 (2, 19)], and methyl-accepting chemotaxis protein
signaling domains (20, 21). Almost all of the characterized Bph
proteins show a reversible red-far red transition (between Pr and
Pfr states) like phytochromes from higher organisms, although
there are some exceptions such asRh. palustrisBph3which forms
a reversible blue-shifted Pnr form absorbing at 650 nm (22). In
most cases, Pr is the dark-adapted state, although this is not
universal. The chromophore in Bph that is responsible for
photoactivation is biliverdin IXR (BV) (23, 24), and the primary
photochemical event that occurs in the Pr to Pfr transition is
thought to be isomerization of the C15-C16 double bond
between rings C and D of the bilin chromophore (25-27). Ppr
fromR. centenum has an exceptional Bph in that it does not form
a typical far-red form upon illumination (2). The dark form,
which has a maximum absorbance at 701 nm with a shoulder at
650 nm, becomes bleached when illuminated, resulting in a small
residual broad absorption with a maximum around 660 nm. This
bleached form has a low extinction coefficient compared to the

dark state and does not appear to be photoreversible, which
makes it significantly different from the Pnr in Bph3, which has
a large extinction coefficient and readily photoreverses. The
recovery of the Bph domain to the dark state in Ppr is biphasic
after red light illumination and takes several tens of minutes (28).
However, when the PYP domain also becomes activated (e.g.,
with white light or blue following red light), the recovery to the
dark state becomes triphasic, with an additional faster recovery
phase with a duration of ∼1 min. This appears to be due to an
interaction between activated PYP and Bph, since the fast rate of
the recovery of Bph is similar to the PYP recovery rate and such a
fast recovery phase is absent in both apo-holo-Ppr (which lacks
the PYP chromophore) and recovery after red light illumination
(where PYP is not activated) (28). A presumed interaction
between PYP and Bph domains is also consistent with studies
of the isolated PYP domain that show the importance of the
C-terminal domain for the PYP photocycle (29). On the basis of
these observations, it has been proposed that Ppr has, in the
course of evolution, exchanged its ability for red-far red photo-
conversion to a blue-red photoconversion and the function of
PYP is to accelerate the recovery of Bph to the dark state (28).

Although phytochromes were discovered almost 50 years ago
and a large number of homologues have been characterized in
plants, algae, fungi, and bacteria (30, 31) (for a recent review, see
ref 32), it was not until recently that crystal structures of
bacteriophytochromes became available (33, 34). A structure of
the Pr state of the CBD from Rh. palustris Bph3, combined with
site-directedmutagenesis, demonstrated that the unusual Pr-Pnr
transition can be converted into a classical Pr-Pfr transition by a
single L207Y mutation (35). The residue corresponding to
position 207 is conserved as either Y or F in Bph proteins with
the classic phenotype; however, it is also conserved as F in Ppr,
and therefore not responsible for the unusual bleaching behavior
of the Ppr Bph domain. Recently, two structures were repor-
ted for the three-domain construct (PAS-GAF-PHY) from
Pseudomonas aeruginosa (36) and Synechocystis 6803 Cph1 (37),
both in their respective dark-state conformations. Both structures
reveal that the PHY domain is structurally a member of the PAS
family. The PHYdomain is connected to theGAFdomainwith a
long helical connector; however, a surprising feature of the PHY
domain is a long tonguelike extension that folds back over the
GAF domain to seal off the chromophore binding domain. The
residues shown to be important for the Pr-Pfr transition in the
P. aeruginosa structure [Asp194, Ser459, and Arg453 (36)] are
conserved in Ppr and therefore are not the basis for the lack of
Pfr formation in Ppr either. A high-resolution structure of the
complete phytochromemolecule including the enzymatic domain
is still not available, which leaves the photosensory mechanism
in phytochromes unresolved. A recent SAXS study reported
the modeling of high-resolution homologous structures into the
SAXSdata forRh. palustrisBph and thereby revealed for the first
time the domain organization in Bph and the relative positions of
the chromophores and ATP binding sites in the quaternary
structure (38).

The discovery of a dual photoreceptor protein like Ppr, with
both blue and red light-sensing domains, raises several issues.
Does activation of one domain influence the behavior of the
other domain (allosteric interactions)? How do the various
PAS and GAF domains interact? How are the two input
signals integrated? How do the two photoreceptors regulate
the kinase domain? We have recently reported that the
activated PYP domain appears to accelerate the recovery of
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Bph to the dark state (28). We now present additional

experimental data that show that there are different levels of

interaction between PYP and Bph and provide a preliminary

model of how these interactions affect the activation of the

kinase domain.

MATERIALS AND METHODS

Protein Production. Ppr was heterologously produced in
Escherichia coliBL21(DE3) using the two-plasmid-based biosyn-
thetic system that was described previously (28, 39). Purification
was conducted as described (28), the difference being that the
cells were resuspended in 50 mM phosphate (pH 7.4), 20%
glycerol, and 10 mM NaCl, which was supplemented with
5 mM EDTA, 10 μM leupeptin, and 4 mM PMSF as protease
inhibitors. This increased the stability and lifetime of the Ppr,
although after 1 week at 4 �C, there were indications of
degradation. In some of the preparations, the Calbiochem
protease inhibitor cocktail V (100�) was used, with identical
results. In addition, the lysate was applied to a Q-Sepharose FF
column prior to the TALON column. The sample was loaded on
the anion exchange column in 20mMsodiumphosphate (pH7.4)
with 20% glycerol and 10 μM leupeptin (buffer A). A linear
gradient was applied using an AKTA Purifier (GE Healthcare)
with up to 100% buffer B (buffer A containing 500 mM NaCl).
The green-colored Ppr fractions eluted from the Q-Sepharose
column with a maximum at ∼47% buffer B (∼230 mM NaCl).
This additional purification step significantly reduced the
amount of contaminating isolated PYP domain, which was
previously observed to adsorb to the TALON resin. Before the
sample was applied to the TALON resin, the phosphate con-
centration was increased to 50 mM (pH 7.2). The TALON
purification was also automated by using the AKTA Purifier
with a linear gradient from 0 to 150 mM imidazole. Ppr eluted
from the column in 50 mM phosphate, 400 mM NaCl, 20%
glycerol, and 90-100 mM imidazole. There was still residual
isolated PYP domain that eluted from the TALON column at
slightly higher imidazole concentrations. The overlapping frac-
tions that had an increased 435 nm absorbance were not pooled
and therefore not used for the described experiments.
UV-Vis Spectroscopy. Absorption spectra and kinetics

were recorded using a CARY 300 spectrophotometer. All studies
were conducted in 20% glycerol, 50 mM phosphate, 400 mM
NaCl, and 100 mM imidazole (pH 7.2), unless otherwise in-
dicated. Although 20% glycerol was found to be necessary for
protein stability over several days, there was no significant
difference in the reported spectra and kinetics in fresh samples
without glycerol. The effect of imidazole was determined in the
10-150mM range, and no significant spectral or kinetic changes
were found. Ppr was bleached by a 40 s exposure to white light
(40 W tungsten lamp); subsequent recovery was measured in the
dark. Experiments were also conducted with filters to excite only
the 701 nm region (red light, Corning K-7, 600 nm cutoff), the
434 nm region (blue light, filter K2þ4-72, 460 ( 30 nm), or the
near UV region (365 ( 20 nm, filter 7-37). In some experiments,
specific LEDs were used to obtain narrow-bandwidth illumina-
tion. Absorbance changes were typically measured for up to
300min at 20 �C, and the kinetic data were fit using Sigmaplot 11
(Systat Software, San Jose, CA). Lifetime is defined as the inverse
of the rate constant. To study the longer-lived complex (see
below), absorbance was monitored up to 52 h after illumination.
In experiments where the effect of phosphorylation on the

photobehavior was examined, ATP and MgCl2 were added to
final concentrations of 1 and 5 mM, respectively.
Circular Dichroism Spectroscopy. CD spectra were re-

corded with an upgraded Jasco 500-A spectrometer, as described

previously (40). The measurement was performed at 10 �C to

reduce artifacts from dark reversion during the acquisition of

spectra.
Kinase Assay. Ppr fractions that were pooled from the

TALON purification were concentrated and washed once with
kinase assay buffer [20 mM Tris-HCl (pH 7.8), 100 mM NaCl,
and 6 mM MgCl2]. The concentrated Ppr was then diluted ∼10-
fold to a final concentration of 6 μMinkinase reaction buffer. Six
time points were examined for each light condition (1, 3, 6, 12, 20,
and 30 min). For each light condition, the sample was preillu-
minated for 1min (or kept in the dark for the dark experiment) to
produce the desired state, after which ATP was added to a final
concentration of 1 mM, which contained ∼10% [γ-32P]ATP
(∼2.5 μCi per reaction; Perkin-Elmer). The sample was kept
under continuous illumination during the time course of the
experiment (except for the dark-state sample). In the experiment
where the metastable complex was examined, the sample was
exposed to blue light for 1 min, followed by dark incubation for
400min, after which the kinase reactionwas initiated via addition
of ATP. After each time point, the reaction was quenched by
mixing with SDS gel loading buffer in a 1:1 ratio. Samples were
run on 4 to 20% gels (Precise Hepes gels, Pierce), after which the
gel was placed in front of a phosphor storage image screen and
incubated for 12 h. The image was digitized using a Typhoon
Imager (GE Healthcare), and bands were quantified by volume
using ImageQuant TL.

RESULTS

Activated PYP and Bph Domains Form a Metastable
Complex. The absorption spectra of purified Ppr, the isolated
PYP domain, and apo-holo-Ppr (partially reconstituted Ppr,
with only the Bph chromophore present) were published pre-
viously (2, 28) and are shown in Figure 1A. The holo-Ppr
spectrum appears to be a simple superposition of the spectra of
the separate domains, indicating a lack of interaction between the
chromophores in the dark state. When illuminated with white
light, Ppr shows a bleach of both the PYP absorbance at 435 nm
and the Bph absorbance at 701 and 642 nm, with a slight
broadening of the Soret (400 nm) absorbance peak (28). Illumi-
nationwith red light only bleaches the Bph absorbance at 701 and
642 nm and leads to broadening of the 400 nm peak due to an
absorption change in the tetrapyrrole Soret band. Illumination
with blue light alone results in a bleach of the PYP 434 nm
absorbance and the formation of an I2/I2

0 intermediate absorbing
around 360 nm. Strong blue light will also bleach some of the
Bph via the Soret band at 400 nm, which we estimate to be<1%
under the conditions described here (unless otherwise noted). It
was previously observed that the recovery of both Bph and PYP,
measured at 701 and 435 nm, respectively, is accelerated in white
light as compared to the individual blue and red light conditions.
The kinetic traces for the recoveries up to 300 min are shown in
Figure 2A,B. The corresponding rate constants are summarized
in Table 1. These results are very similar to the earlier reported
values (compare to Table 1 of ref 28). However, after blue light
and white light illumination, there is a large fraction of the PYP
absorbance at 435 nm (∼50%) that has not recovered after the
two initial recovery phases are completed (see vertical axis and
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end values in Figure 2B). The remainder of the recovery is 1 order
of magnitude slower and was monitored over 52 h. The inset of
Figure 2C shows the light minus dark difference spectra of Ppr in
the PYP spectral domain as a function of time after blue light
illumination with an LED emitting at 470 nm. The absorbance
values at 433 nm derived from these spectra are plotted in
Figure 2C and were fitted with a sum of three exponentials.
The fit is colored blue in Figure 2C, and the three corresponding
rate constants are given in Table 1. The fit of these longer time
data was complicated by the lack of an observed end point
(complete return to the baseline was assumed) and possibly some
denaturation of the sample; however, it is clear that the third
phase has a lifetime of several thousand minutes (2-3 days). We
conclude from these results that in addition to the acceleration of
recovery previously observed, approximately half of the PYP in
the Ppr recovers on an extremely slow time scale after either blue
or white light illumination.

The absolute and difference spectra after blue light illumina-
tion and 400 min dark recovery (Figure 1B, blue and red traces,
respectively) indicate that concomitant with the PYP bleach,
there is a small red shift in the 701 nm Bph absorbance, which
appears as a minimum at 688 nm and a maximum at 715 nm in
the difference spectrum (red trace in Figure 1B). This results in a
shift of the observed maximum to 702 nm (blue trace). A very
similar difference spectrum was reported earlier for the initial

blue light bleach (28). The shift at 701 nm was interpreted as an
interaction between the activated PYP and dark-state Bph that
causes a change in the BV chromophore environment, either
through direct interaction at the chromophore binding site
or through structural changes propagated over a longer distance
through the polypeptide chain (28). The data depicted in
Figure 1B show that this shift persists together with the PYP
bleach for at least 400 min and appears to be kinetically

FIGURE 1: (A) UV-vis absorption spectra of dark-stateR. centenum
Ppr (black), the isolated PYP domain (blue), and apo-holo-Ppr
(green). Absorbance maxima are indicated for each peak. (B) UV-
vis spectra of a Ppr dark-state sample (black), a sample that has
recovered for 400 min after blue light activation (blue), and the
resulting difference spectrum (red).

FIGURE 2: Kinetic of recoveryofPpr. (A)Recovery ofPpr after a 40 s
white light (black) or red light (red) illumination monitored at
701 nm. (B) Recovery of Ppr after a 40 s white light (black) or blue
light (blue) illumination, monitored at 435 nm. All plots were fitted
with exponentials, and the resulting rate constants are listed in
Table 1. (C) Recovery of 435 nm absorption of Ppr after a 30 s blue
light illumination (LED at 470 nm) followed for more than 2 days.
TheΔA values at 435 nmare plotted vs time. The inset shows the light
minus dark difference spectra in the PYP absorbance region. From
the bottom to top at 435 nm: immediately after blue light exposure
and after 2, 10, 40, and 121min and 4, 10, 19.5, 29.5, 44.5, and 52 h in
the dark. Arrows indicate the direction of recovery.
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associated with the ultraslow recovery of the activated PYP.
This state is unusually long-lived compared to other intermedi-
ates in the photocycles, and we therefore labeled it as formation
of a metastable complex between activated PYP and Bph
domains.

In addition to the small red shift in Bph absorbance to 702 nm
that occurs in the presence of activated PYP, the maximum
bleach of Bph that can be attained under blue and then red light
illumination is significantly smaller than that observed without
prior blue light activation of PYP (Figure 3A). The maximum
steady-state bleach with red light reaches ∼75%, and there is a
remainder (∼25%) of the 701 nm absorbance from unbleached
Ppr or, more likely, from a photoproduct absorbing around
650 nm (ref 28 and the red trace in Figure 3A). However, when
the sample had been preilluminated with blue light before red
light illumination, the maximum steady-state bleach that could
be obtained at 701 nm is only∼50% (blue trace inFigure 3A, and
see below). This suggests that themetastable complex is no longer
photoactive with red light illumination. These results are sup-
ported by corresponding CDmeasurements shown in Figure 3B.
The dark CD spectrum (black trace) is typical for the Pr state of
bacteriophytochrome with a negative ellipticity around 700 nm,
and a positive band in the Soret region (40, 41). Different from
a typical bacteriophytochrome is the positive shoulder around
435 nmwhich is due to the superposition with the weaker positive
ellipticity of the PYP chromophore (42). Blue light illumination
(LED at 470 nm) bleaches the PYP chromophore, leading to a
reduced ellipticity around 435 nm (Figure 3B, blue trace). Red
light illumination (LED at 680 nm) reduces the ellipticity in the
701 nm region, increases the ellipticity in the 640 nm shoulder,
and broadens the Soret region (Figure 3B, red trace). This differs
radically from the CD spectra of the Pfr forms of typical
bacteriophytochromes in which the ellipticity of the Q-band is
close to zero and that of the Soret band is strongly reduced (43).
However, a very similar pattern of the CD spectrum upon red
light illumination was observed with the His250Ala mutant
of Agp1 (44). If the Ppr sample is first exposed to blue light
(5 s, LED at 470 nm), the change in ellipticity induced by red light
(5 s, LED at 680 nm) was strongly reduced (Figure 3B, green
trace). There are several inferences that can be drawn from these
results. The CD data show that the metastable complex that
is formed can no longer be bleached, which is consistent with
the UV-vis spectral data. Moreover, the observation that the
640 nm increase is only minimal in the blue light preillumination
experiment (green trace in Figure 3B) indicates that there is less
photoproduct present in this experiment than in the red light
experiment (compare the green and red traces in the 640 nm
region in Figure 3B).

Figure 3A shows that with blue light preillumination the
absorbance decrease at 701 nmwith red light is reduced plausibly
by the absorbance of the metastable complex formed. By varying
the preillumination blue light intensity, we determined the
relationship between the extent of Bph bleach with red light

and the amount of previously activated PYP with blue light. The
percentage of maximum bleach at 701 nm was found to decrease
from∼75%with pure red light illumination to∼50%when PYP
was g50% activated. This decrease is expected to be due to
the formation of a metastable complex. We therefore plotted the
residual percentage of themaximumbleach at 701 nm (100minus
the percentage of maximum bleach) as an indirect measurement
of the percentage of metastable complex formed, versus the
percentage of PYP bleach in Figure 4. This shows that the
percentage ofmetastable complex formed is approximately linear
up to∼50%of the maximumPYP bleach under our illumination
conditions. That is, when PYP is fully activated with blue light
preillumination, only∼50%of the Bph absorption at 701 nm can
be bleached. Note that when illuminated with red light alone,
there is still ∼20-25% residual absorbance at 701 which is
assumed to be due to the photoproduct that is formed at 640 nm
and a residual fraction of the unbleached dark state (see
Figure 3A). In addition, Figure 3B shows that when the sample
is preilluminated with blue light prior to red light, there is
significantly less photoproduct formed (compare the green and
red traces in the 640 nm region). As a consequence, two assump-
tions weremade in plotting the data in Figure 4.We assumed that

Table 1: Rate Constants (per minute) and Magnitudes (percentage of total spectral change in italics) for Dark Recovery after White, Red, and Blue Light

Excitation of holo-Ppr

λdet (nm) white red blue

701 1.1 (59), 0.19 (9), 0.03 (32) 0.05 (33), 0.03 (67) 1.6a

435 0.20 (26), 0.050 (10), [0.00028 (64)]b not available 0.13 (20), 0.02 (21), [0.00030 (59)]b

aDenotes the rate of formation of the 715 nm form. bRate constants in brackets have larger errors because of the instability of Ppr at long times.

FIGURE 3: Blue preillumination decreases themaximumbleaching of
the Bph domain. (A) Effect of red (red trace, 30 s, LED at 680 nm),
blue (blue trace, 30 s, LED at 470 nm) and blue preillumination
followed by red illumination (green trace) on the absorption spectra
of Ppr. The black trace is the dark spectrum. (B) Corresponding
effects on the CD spectra. The duration and intensity of the blue light
in the two color experiments were the same as in the single-color
experiments.
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the residual absorbance at 701 nm with red light illumina-
tion (∼25% of the absorbance) is mainly due to photopro-
duct absorbance and that this percentage decreases linearly
as more metastable complex is formed. When we assume that
the percentage due to photoproduct absorbance approaches
zero when the sample is illuminated with white light or strong
blue light followed by red (full PYP bleach), the curve in the first
half of Figure 4 attains a slope of 1, indicating an equimolar
interaction between PYP and Bph, up to the 50% saturation
point. To obtain the data in Figure 4, we used an equation in
which the percent total bleach equals the percentage of observed
bleach plus the percentage of photoproduct and made a theore-
tical calculation for a varying amount of photoproduct (linear
correlation from 25 to 0%). The percentage of metastable
complex plotted in Figure 4 is then 100 minus the percentage
of total bleach. Note that even when this theoretical correction
for the varying amount of photoproduct is not made, the per-
centage of metastable complex formed still saturates at ∼50%,
however the curve no longer indicates an equimolar interaction.
In addition, since PYP absorbance overlaps with the Bph Soret
absorbance, the maximum spectral change we could observe
at 434 nm is ∼60% of the total absorbance at that wavelength,
as opposed to 90% of the total absorbance change with the
isolated PYP domain. The maximum PYP bleach that could
theoretically be obtained is therefore 67% (the ratio 60%/0.90).
A similar theoretical maximum for the PYP bleach (∼78%) was
obtained when the absorbance of apo-holo-Ppr was subtracted
from the holo-Ppr spectrum (see spectra in Figure 1A). Since
both of these methods have intrinsic errors, the PYP bleach data
were normalized in Figure 4 assuming an average theoretical
maximum of 70%.

In conclusion, both absorbance andCDmeasurements suggest
that blue light preillumination produces the metastable state
which is impaired in the extent to which the Bph can be
photoconverted by red light. We will return to this point in the
Discussion.
Analysis of the Metastable Complex. To investigate

whether the effect of partial recovery of PYP is cumulative, we
illuminated with blue light a Ppr sample that had previously
been illuminatedwith blue light and had recovered in the dark for

300 min (Figure 5A). The second bleach of PYP had less than
half the amplitude as compared to the initial blue light PYP
bleach, which was to be expected since∼50%of the PYP had not
recovered in the 300 min dark recovery. Moreover, after the
second blue light bleach, the PYP recovers in 300min to the same
absorbance as prior to the second bleach (Figure 5A), with
recovery kinetics similar to the first two phases in Table 1 for the
435 nm recovery. We conclude that all of the PYP capable of
forming the metastable complex had done so in the first
illumination and that the maximum amount of activated PYP
that can form ametastable complex with Bph is thus∼50%. This
is consistent with the linear relationship up to ∼50% of the
maximum PYP bleach, shown in Figure 4.

The results reported here, that is, the partitioning into either
metastable state or species capable of recovery to the dark state,
could result from a monomer-dimer equilibrium, since phyto-
chrome-containing sensor histidine kinases are typically dimers
when functional (38, 45, 46) but exist in a monomer-dimer
equilibrium. To test this possibility, we determined the effect
of Ppr concentration [150-fold, from 300 nM to 45 μM (data not
shown)] on the kinetics of recovery, since varying the concentra-
tion may shift the dimerization equilibrium (depending on the
KD). We found no significant difference in the amount of meta-
stable complex formed as a function of concentration. Thus, it
appears that a monomer-dimer equilibrium cannot explain the

FIGURE 4: Plot of the amount of metastable complex formed
[calculated from the bleach of Bph at 701 nm by red light and
corrected for the amount of photoproduct (see the text)] that can
be achieved after preillumination of the sample with blue light, vs the
percentage of the maximum PYP bleach that was obtained with blue
light preillumination.

FIGURE 5: (A) Absorbance differences measured at 435 nm after a
first blue light bleach of Ppr (black) and after a second blue light
bleach after the sample had recovered for 300 min in the dark (blue).
The three-exponential fits and corresponding kinetic parameters are
colored green and red. Lifetimes for recovery after the first bleach
were 5, 46, and∼1500min and for recovery after the second bleach 5,
32, and ∼1200 min. (B) Spectra of Ppr in the dark (black), after red
light illumination (red), and after an additional blue light illumina-
tion and a 400 min dark recovery (purple). The light minus dark
difference spectrum after 400 min is also shown (blue).
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two populations of Ppr, one ofwhich forms ametastable complex
and one that does not.

To this point, the hypothesis is that metastable complex
formation is the result of the interaction of the bleached PYP
domain with the dark-state Bph domain. If the interaction
were limited to dark-state Bph, one would expect that with red
light prebleaching, there would be less dark-state Bph available
and therefore less of the PYP would remain unrecovered. To test
this hypothesis, the sample was immediately illuminated with
blue light after preillumination with red light. On the basis of red
light recovery data, we know that the amount of Bph that
recovers in the few seconds between the red light and blue light
illumination is negligible. The spectra (Figure 5B) and kinetic
trace we obtainedwere essentially the same as in Figures 1 and 2B
(e.g., compare the purple trace in Figure 5B to the blue trace in
Figure 1B). Thus, preillumination with red light does not have
an effect on the amount of PYP that stays unrecovered (∼50%of
the initial bleach), and activated PYP forms a complex with both
activated and dark-stateBph. In addition, since the small red shift
in Bph, and therefore the formation of the metastable complex, is
observed under both blue light and white light illumination, it
appears that its formation is indifferent to the activation of Bph.

We also tested whether phosphorylation of Ppr has an effect
on the activated PYP-Bph interaction, that is, whether activated
PYP forms a complex with Bph that is stable until Ppr becomes
phosphorylated or the extent of complex formation is dependent
on the extent of phosphorylation.However, when the sample was
illuminated with blue light or white light in the presence of ATP
andMgCl2, we found∼50%of the PYP that recovers with a very
slow phase (data not shown) and therefore conclude that there is
no significant effect of phosphorylation on the amount of
metastable complex that is obtained.

To investigate the rate of formation of this metastable com-
plex, we illuminated a dark-state Ppr sample with blue light and
monitored the absorbance change at 715 nm. Since blue light
does not activate the Bphunder these illumination conditions, the
only change observed at 715 nm is the formation of the meta-
stable complex (Figure 1B). Because of the small amplitude of the
absorbance change at 715 nm, the data are noisy (Figure 6A).
However, after the data from three independent measure-
ments were averaged, a rate constant of 1.58 ( 0.31 min-1

[lifetime of∼0.63min (Table 1)] was obtained.Note that this rate
is similar to the fast phase of the recovery of Bph after white light
illumination in Table 1 (1.1 min-1, lifetime of 0.92 min). The
spectrum after a 20 min dark recovery (blue line in Figure 6B)
shows indeed that the Bph has shifted its maximum to 702 nm,
consistent with formation of the metastable complex.
The Metastable Complex Can Be Photoconverted Back

to the Dark State by UV Light. Since it is known that UV
excitation of the I2 and I2

0 photocycle intermediates of the
homologous single-domain PYP from H. halophila results in
rapid photoreversal to the dark state (16), we investigated
whether a similar accelerated recovery of PYP absorbance by
UV light occurs in the metastable complex. After Ppr had
recovered for 400 min in the dark after blue light illumination,
we illuminated the metastable complex with 365 nm ((20 nm)
UV light and monitored the spectral changes. As shown in the
absorption spectra anddifference spectra taken after illumination
times with increasing durations (Figure 7A), this resulted in a
decrease in absorbance around 355 nm (the I2-I2

0 equilibrium)
and an increase around 434 nm (dark state). Interestingly, we
observed a simultaneous blue shift from the 702 nm absorbing

Bph back to the dark-state 701 nm form. Figure 7B shows that
there is also some bleach in the overall Bph absorbance that is
due to unintended excitation of Bph in the Soret band (maximum
at∼400 nm) by the UV light. This small portion recovers back to
the 701 nm form with kinetics similar to those of the red light-
illuminated sample (data not shown). Clearly, the UV illumina-
tion converts the metastable complex spectrum to the dark-state
spectrum. Although the steady-state photoreversal took several
minutes under these illumination conditions, similar results were
achieved more efficiently by using an LED emitting at 340 nm.
When UV reversal is followed by white light, the kinetics for
recovery were identical to those for the initial dark-state Ppr.
Regulation of the Kinase Domain. The autophosphoryla-

tion of Ppr was measured under various light conditions. Each
experiment was performed by preincubating Ppr in the light for
1 min to obtain the desired photostate similar to the kinetics
experiments (or dark for the dark experiments), after which
ATP was added. The sample was kept under continuous illumi-
nation during phosphorylation (for 30 min) to maintain a photo-
steady state. Figure 8 shows the radiograms and a plot of the
estimated quantifications plotted versus time. It can be seen that
both red and white light illumination stimulate autophosphory-
lation as compared to the sample incubated in the dark, with a net
3-4-fold increase in the extent of phosphorylation. Blue light
autophosphorylationmeasurements were complicated by the fact

FIGURE 6: (A) Absorbance increase monitored at 715 nm vs time,
after blue light illumination of a dark sample. (B) Detail of the
UV-vis absorbance of the Bph from Ppr used in panel A. The
spectrumfor the dark state is coloredblack; the spectrumfor a sample
that was blue illuminated, followed by a 20 min dark recovery, is
colored blue. The difference spectrum is colored red. Maxima of the
absorbance changes are labeled.
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that continuous illumination, even with weak blue light, results in
unintended Bph bleach (∼30-40%), due to excitation of Bph in
its Soret band. The blue light measurements therefore resembled
the white light measurements, since both chromophores were
excited (data not shown). To determine autophosphorylation
with themetastable complex, Ppr was illuminated with blue light,
followed by dark recovery for 400 min, after which the autopho-
sphorylation was measured in the dark. Figure 8 shows that the
autophosphorylation is activated in the metastable complex,
albeit to a lesser extent than under the red or white light
conditions.

DISCUSSION

In previous work, we showed that dark recovery of the
photoactivated Bph domain in Ppr is accelerated when the
PYP domain is simultaneously activated as shown in Figure 2.
In this work, we show that when illuminated with blue or white
light, approximately half of the activated PYP in Ppr does not
recover from the bleached form except on a very slow time scale
(irrespective of the state of the Bph domain). Concomitantly,
there is a small red shift in the Bph domain absorbance. This red
shift, and the fact that following PYP bleaching ∼50% of the
PYP does not recover to its dark-state spectrum and a similar
amount of the Bph is no longer photoactive, is consistent with the
formation of ametastable complex containing bleached PYP and
the 702 nmBph form. Clearly, the acceleration of recovery of the
Bph absorbance onwhite light illumination is due to formation of

the metastable complex. Complete recovery of Ppr to the dark
state takes several days. In the metastable complex, PYP
reisomerization is inhibited and the interaction between PYP
and Bph results in a spectral perturbation of the bilin chromo-
phore. However, UV light illumination, which photoisomerizes
the PYP chromophore back to the trans state, reverses the
PYP-Bph interaction, resulting in a small Bph blue shift to
the original dark-state spectrum.

Figure 9 summarizes the kinetic observations with red, blue,
and white illumination as well as the effects on autophosphory-
lation. In the dark state, PYP is in its 435 nm absorbing form
(shown as PYP blue) and Bph is in the 701 nm form (shown as
Bph red), while the kinase is at a low basal level (HKblack).With
red light illumination, the Bph domain is activated and the kinase
is upregulated (HKorange) and the recovery is biphasic, with the
two phases having an amplitude ratio of ∼2:1 with the slower
recovery dominant. The nature of this biphasic recovery is unclear
at this point. With both blue and white light, ∼50-60% of the
Bph domains are rapidly converted to themetastable state, which
upregulates the kinase activity (HK orange) and recovers very
slowly. In the case of white light illumination, the kinase is fully
turned on, similar to the red light situation (all HK orange);
however, with blue light illumination, only approximately half of
themolecules have the kinase activated.Note that we do not have
direct measurement for the kinase activity in the early stages of
blue light illumination, and therefore, the HK domains are
colored gray. The rest of the blue light-activated PYP molecules
recover with biphasic kinetics (with an amplitude ratio of 1:1).
The remainder of the bleached Bph domains that do not
form the metastable complex after white light illumination re-
cover biphasically, with ∼78% having the same rate constant as
the slow phase in red light and the other 22% having a rate

FIGURE 7: UV light-induced spectral changes in Ppr. (A) The black
trace is for the dark state (DK). The dark blue trace is a spectrum
taken immediately after blue light illumination. The cyan trace is a
spectrum of the long-lived state (after a 400 min dark recovery;
BLþ400mDK). The intermediate spectra are taken after various UV
illumination times. (B) Difference spectra from spectra in panel A
with respect to the spectrum of the long-lived state (BLþ400mDK).

FIGURE 8: (A) Autophosphorylation of Ppr under different light
conditions: RL, red light; WL, white light; BLþ400 minDK, blue
light with a 400 min dark recovery; DK, dark. Individual lanes
contained samples taken at different time points (1, 3, 6, 12, 20,
and 30 min). (B) Plot of the autophosphorylation intensity (as the
sum of pixel intensity) from panel A, with background correction by
ImageQuant TL, vs time.
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constant ∼4-fold greater than that in red light (0.19 min-1 in
white light vs 0.05 min-1 in red light). This suggests that the
formation of the metastable state in one fraction of Bph accele-
rates the recovery of the Bph domain in the other fraction.

The recovery kinetics of the PYP domain are triphasic in both
blue and white light. Approximately 50% forms the metastable
state, while the remainder is biphasic. In blue light, the ratio of
amplitudes of the two PYP phases which recover relatively
rapidly is ∼1, with the ratio of rate constants being ∼6.5:1.
However, in white light, the amplitude ratio of the two PYP
phases that recover relatively rapidly is ∼2.6:1 and the ratio of
their rate constants 4:1, and both rate constants are accelerated
relative to those in blue light. This suggests, as seen above, that
the formation of the metastable state in one fraction of PYP
molecules affects the recovery rate of the other PYP molecules.

Via integration of the spectral and kinetic observations with
red, white, and blue light, it appears that ∼50% of the dark
population can form a metastable complex that traps the PYP
domain in a bleached form and the Bph domain in its 702 nm
state, which is no longer photoactive. The remaining 50%
recovers with two phases, which in aggregate results in ∼2-fold
acceleration of the Bph domain recovery in white light (weighted
contribution of the two 700 nm phases), and a similar accelera-
tion by white light for the PYP domains (weighted average of the
two 435 nm phases). Given the complexities of the kinetics and
the stability of the Ppr, the overall agreement between the kinetic
and spectral data is adequate.

An intriguing aspect of the Ppr mechanism is the fact that the
metastable complex formation is limited to ∼50% of the
molecules. Since we have no direct structural information that
could be related to the observed kinetics, we can only speculate
about the structural details of the underlying mechanism. How-
ever, we found no evidence of amixture of monomers and dimers
in the concentration range used (150-fold). Moreover, gel filtra-
tion, dynamic light scattering (data not shown), and preliminary
SAXS experiments at millimolar concentrations (M. Papiz,
personal communication) show that Ppr is a dimer, similar to
other phytochromes. The fact that Figure 4 shows a linear
relationshipwith a slope of 1 between PYP bleach andmetastable

complex formation indicates that up to∼50% bleaching of PYP
by blue light, every activated PYP molecule forms a metastable
complex. The activated PYP domains formed beyond the
saturation level of 50% do not lead to formation of the meta-
stable complex and recover to dark state with kinetics similar to
those of the free domain. Since we currently have no evidence of
the existence of two different populations of dimers in our Ppr
samples, the simplest hypothesis is that the interaction of the PYP
domains with the Bph domains within the Ppr dimer is different
between the two monomers and depends on the degree of PYP
bleach. This asymmetry could be induced when activation of the
PYP domain from one subunit in the dimer prevents stable
complex formation in the other subunit, e.g., by blocking access
to its PYP-Bph interaction domain, through changing the dark-
state subunit structure. Thus, the interactions that occur within
the dimer can be described as allosteric, whereby absorption of
the first blue photon results in the formation of the metastable
state in one subunit and propagates a structural change that
prevents formation of the metastable state of the other subunit.
This subunit goes through an accelerated photocycle upon
absorption of the second blue photon. In essence, we propose
that Ppr exists as a blue light-induced heterodimer, with the dark
state being a homodimer. Alternatively, the asymmetry could be
intrinsic to the dark-state structure. Both possibilities are in
agreement with the linear relationship between PYP bleach and
metastable complex formation as shown in Figure 4. In this
regard, it is interesting to note that tertiary and quaternary
plasticity of helices at the dimer interface was observed in the
P. aeruginosa Bph structure (36), which resulted in structural
heterodimers. A similar heterogeneity in Ppr could allow for
different interactions leading to the heterogeneity in the Ppr
recovery kinetics. Asymmetric receptor dimers have also been
observed in other nonphotosensing systems, e.g., heterodimers in
GPCR systems (47, 48), where receptor homodimer activity can
be controlled allosterically by differential ligand binding to each
receptor subunit.

The Pr form of most phytochromes converts upon red light
illumination to a red-shifted Pfr form. In the case of Ppr,
however, no red shift occurs, but instead, the Pr form (701 nm)
is bleached, leading to a photoproduct with absorbance centered
at∼640 nm. FromFigures 3 and 5B, it appears as if only themain
701 band is bleached and the 640 shoulder remains when the
bleach is complete. Similar bleached photoproducts with absorp-
tion maxima to the blue of the main Qy band (between 620 and
650 nm) were observed for the Asp197Ala and His250Ala
mutants of Agp1 (49), and for Agp1 reconstituted with a biliver-
din chromophore that had a locked methine bridge between
tetrapyrrole rings A and B (41). Moreover, the CD spectrum of
the Ppr photoproduct shows a striking similarity with that of
the His250Ala mutant of Agp1 (44). In most phytochromes, the
photoconversion proceeds sequentially from Pr via the photo-
intermediates Lumi-R,Meta-RA, andMeta-RC to themetastable
Pfr form (50, 51). Time-resolved absorption spectroscopy showed
that with the Agp1mutants, the photoconversion was arrested in
a Meta-RA- or Meta-RC-like intermediate, thus preventing the
subsequentMeta-RC toPfr transition inwhich themajor red shift
occurs (41, 49). For the thermal dark reversion of the Meta-RA-
like photoproduct of Agp1 reconstituted with locked biliverdin,
a recovery time of 30 min was observed (41), comparable to
the recovery times we observed after red light illumination of Ppr
(24 and 54 min). These similarities thus suggest that an interac-
tion of the dark PYP domain with the Bph domain leads to a

FIGURE 9: Schematic overview of the effects of red, blue, and white
light on the Ppr autophosphorylation and recovery kinetics. Dark-
state PYP and Bph are colored blue and red, respectively, while
activated domains are colored black (with an asterisk). Bph in the
metastable complex state is colored pink (with a subscript 702). The
HKdomain in the darkhas a low level of activity and is coloredblack,
while upregulated kinase activity is colored orange. The HK domain
colored gray indicates that there is no direct evidence of the kinase
activity for that state. Rate constants (inverse minutes) are shown
above and below the arrows, and percentages of amplitudes are
shown in parentheses. The color of the rate constants corresponds to
the recovery of the respective domain (blue for PYP, red for Bph, and
pink for formation of the metastable complex).
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similar interruption in the photoconversion of Ppr preventing the
formation of Pfr. We note, however, that the residues corre-
sponding to Asp197 and His250 of Agp1 are conserved in Ppr.
With regard to the nature of the interaction, it is important to
mention that during the PYP photocycle there is an exposure of
a hydrophobic patch in the bleached UV-absorbing long-lived
I2

0 state (10, 15, 52). This “sticky” surface may be involved in the
interaction with the Bph domain, although further site-directed
mutagenesis and structural analysis will be necessary to identify
such an interaction surface. The fact that both PYP and Bph
bleach saturate indicates that the interaction is equimolar, at least
up to∼50%, and not dependent on the depletion of one over the
other. In short, for every mole of activated PYP, 1 mol of Bph
goes into the complex, until the 50% limit.

Since the metastable complex state is readily formed and has a
long lifetime, it is very likely that this is a physiologically
important state of the protein. Once Ppr is in this state, it can
function as a red light sensor (there is still up to ∼50% bleach
with red light), which increases the kinase activity, and it can be
reversed to the dark state by UV absorption, where the kinase is
downregulated. Since both red and white light upregulate
autophosphorylation, we conclude that activation of the Bph
domain (either bleached or in the metastable complex) is driving
the kinase and that the PYP only serves to control the time course
of the upregulation. However, once the protein is in the meta-
stable complex state, blue light does not affect the kinase activity.
It is reasonable to speculate that Ppr functions as a UV-red light
sensor. One could think of it as a conditional UV-red light
switch, where blue light is the condition that activates the switch
(through formation of a metastable state). Without the knowl-
edge of the response regulator of Ppr or an action spectrum, it is
difficult to speculate about the functional role in the cell.
However, it is tempting to explore the possibility that the
UV-red light sensing could be consistent with its presumed
function in light regulation of cyst formation (1, 4), whereby cyst
formation would be repressed under red light conditions where
there is sufficient photosynthetic light but activated under higher-
intensity UV light which is considered a stress condition. Cells
grown under prolonged dark conditions would have the kinase
downregulated, although other levels of regulation could also
control cyst formation under those conditions. Note that the
PKS light regulation reported by Jiang et al. (1) was only 2-3-
fold, while studies with hyper-cyst mutants have proven that at
least 50-fold regulation of PKS levels occurs to control cyst
formation,which indicates thatmultiple regulators are at play (4).
A few papers have described the possible role of light in bacterial
aggregation, mainly during stalk formation of Stigmatella (for a
review, see ref 53). In that organism, light is required for the
formation of stablemounted aggregates that can produce fruiting
bodies when cells are grown on an inorganic salt and agar
medium (54). A study of the light quality of the photocontrol
of this system indicated that the largest response is to light
with maxima around 450 nm and to a lesser degree to light of
750 nm (54). It is intriguing that Stigmatella has two genes for
PYP and two genes for phytochromes in the genome (J. Craig
Venter Institute, www.jcvi.org), of which the expected absorption
maxima could match this action spectrum.

Our novel understanding of the mechanism of Ppr kinase
regulation indicates that PYP could function as a UV sensor
when complexed with Bph. This sheds new light on the func-
tion of PYP and might have similarities in other PYP sensors.
The most similar characterized homologue of Ppr is the PYP-

phytochrome-diguanylate cyclase Ppd from Thermochromatium
tepidum. It was shown in the latter that the blue light sensing of
the dark state has evolved into a UV-absorbing form (358 nm
maximum) and that, at physiological pH, the PYP domain has a
photocycle with exclusively UV-absorbing intermediates (9).
Although the functional role of Ppd is likely to be different from
that of Ppr, it appears as if both phytochromes have exchanged
their Pr-Pfr reversible transition for a Pr bleaching in which the
photocycle is presumably incomplete as compared to traditional
Pr-Pfr transitions. Addition of the PYP domain permits UV-red
light sensitivity. It remains to be seen if UV sensing is also
important for the function of the single-domain PYP systems.
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