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ABSTRACT: The Pr to Pfr transition of recombinantSynechocystisPCC 6803 phytochrome Cph1 and its
N-terminal sensor domain Cph1∆2 is accompanied by net acidification in unbuffered solution. The extent
of this net photoreversible proton release was measured with a conventional pH electrode and increased
from less than 0.1 proton released per Pfr formed at pH 9 to between 0.6 (Cph1) and 1.1 (Cph1∆2) H+/Pfr

at pH 6. The kinetics of the proton release were monitored at pH 7 and pH 8 using flash-induced transient
absorption measurements with the pH indicator dye fluorescein. Proton release occurs with time constants
of ∼4 and∼20 ms that were also observed in parallel measurements of the photocycle (τ3 andτ4). The
number of transiently released protons per Pfr formed is about one. This H+ release phase is followed by
a proton uptake phase of a smaller amplitude that has a time constant of∼270 ms (τ5) and is synchronous
with the formation of Pfr. The acidification observed in the Pr to Pfr transition with pH electrodes is the
net effect of these two sequential protonation changes. Flash-induced transient absorption measurements
were carried out with Cph1 and Cph1∆2 at pH 7 and pH 8. Global analysis indicated the presence of five
kinetic components (τ1-τ5: 5 and 300µs and 3, 30, and 300 ms). Whereas the time constants were
approximately pH independent, the corresponding amplitude spectra (B1, B3, and B5) showed significant
pH dependence. Measurements of the Pr/Pfr photoequilibrium indicated that it is pH independent in the
range of 6.5-9.0. Analysis of the pH dependence of the absorption spectra from 6.5 to 9.0 suggested that
the phycocyanobilin chromophore deprotonates at alkaline pH in both Pr and Pfr with an approximate pKa

of 9.5. The protonation state of the chromophore at neutral pH is therefore the same in both Pr and Pfr.
The light-induced deprotonation and reprotonation of Cph1 at neutral pH are thus due to pKa changes in
the protein moiety, which are linked to conformational transitions occurring around 4 and 270 ms after
photoexcitation. These transient structural changes may be relevant for signal transduction by this
cyanobacterial phytochrome.

Phytochromes were found and characterized initially in
higher plants, where they regulate numerous developmental
processes such as germination, synthesis of the photosyn-
thetic apparatus, hypocotyl elongation, shade avoidance, and
flowering (for review, see refs1 and 2). From theSyn-
echocystisPCC 6803 genome sequencing project, a phyto-
chrome-like geneslr0473 was identified (3) and after
heterologous expression inEscherichia coliyielded apophy-

tochrome that autoassembled with linear tetrapyrrole chro-
mophores to produce spectrally active holophytochrome
Cph1 (4-6).1 This is a light-regulated histidine kinase of
the two-component type (6, 7). Cph1 has a lower molecular
mass than plant phytochromes (85 vs 124 kDa), lacking the
300-residue PAS module that is important for signal trans-
duction in plant phytochromes (7).

For plant phytochromes, phototransformation from Pr to
Pfr is known to involve a (Z,E) photoisomerization around
the 15,16-double bond connecting the C- and D-ring of the
linear tetrapyrrole (for a review, see ref8). Plant phyto-
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chromes carry the linear tetrapyrrole chromophore phyto-
chromobilin (PΦB), which differs from phycocyanobilin
(PCB), the dominant bilin inSynechocystisPCC 6803, by a
single bond terminal to ring D. It has recently been shown
that affinity-tagged Cph1, purified fromSynechocystis,
contains PCB as its chromophore (9). In this study, we
investigated recombinant Cph1 assembled with PCB.

Phototransformation properties of recombinant Cph1 have
been studied with respect to their kinetic and spectral
characteristics during the Pr f Pfr transition by flash-
photolysis measurements and with FT resonance Raman
spectroscopy of the ground states Pr and Pfr (10). This has
revealed basic similarities between Cph1 and higher plant
phytochromes, such as PhyA from oat. Among the differ-
ences is the occurrence of an intermediate with a rise time
of ∼300 µs and a decay time of∼3 ms that is absent in
PhyA (10). The rise and decay kinetics of this intermediate
display a strong deuterium isotope effect, suggesting that
these transitions are associated with rate-limiting proton-
transfer steps (10). Recently, UV/vis and FTIR measurements
of recombinant Cph1 have shown that photocycle intermedi-
ates, trapped at low temperature, can be assigned to the meta-
Ra and meta-Rc states in the Pr f Pfr pathway and to lumi-F
and meta-F in the Pfr f Pr pathway (11).

Phytochromes are members of the large family of photo-
receptor proteins. In other members of this family, such as
the mammalian rhodopsins (12-14), sensory rhodopsins
(e.g., see ref15), and photoactive yellow proteins (16, 17),
intramolecular proton transfer between the chromophore and
the protein moiety as well as transient release and uptake of
protons from the aqueous medium play important roles in
the mechanism of their activation and in the formation of
the signaling state. In the case of the light-driven proton
pump bacteriorhodopsin, these two proton-transfer processes
are also directly linked: the deprotonation of the chro-
mophore is kinetically coupled to the release of a proton to
the external medium by a residue at the extracellular surface
(18). Whether similar proton-transfer reactions are occurring
in the cyanobacterial phytochrome Cph1 is currently un-
known. It was thus the aim of the present paper to investigate
possible light-induced protonation changes of the protein
moiety and of the chromophore of Cph1. Net and transient
release and uptake of protons from the aqueous medium were
monitored using pH electrodes and optical pH indicator dyes.
The deprotonation of the chromophore in Pr and Pfr was
investigated by measuring the pH dependence of the absorp-
tion spectra of these two species and of the Pr/Pfr photo-
equilibrium.

The chemical basis of this change in protonation state can
range from pK shifts associated with the formation of
transient states of their chromophore to uptake or release of
protons due to pK changes associated with conformational
transitions. The latter process is widespread in biochemistry
and was first studied in detail for hemoglobin (19). The
protons that are released or taken up due to conformationally
induced pK changes are often referred to as Bohr protons
(19).

For pea phytochrome A, steady-state measurements using
pH electrodes have demonstrated a photoreversible change
in protonation in the Pr to Pfr transition (20-22). Depending
on the pH, either an alkalinization (net proton uptake, at low
pH) or an acidification (net proton release, at high pH) of

the medium was observed with the 114-kDa fragment. For
the native 121-kDa phytochrome, on the other hand, almost
no net proton release or uptake was observed at any pH,
suggesting that a N-terminal segment prevents net proton
transfer to the medium (21). Complementary steady-state
resonance Raman measurements indicated that the chro-
mophore was protonated in Pr but deprotonated in the Ibl

intermediate and in Pfr (23). Together with the results from
the pH-electrode measurements, this led to the interpretation
that in native pea phytochrome the chromophore deprotonates
between the I700 and the Ibl intermediates, causing the
transient release of a proton to the external medium (23). In
the transition between Ibl and Pfr, a proton is taken up again
by an amino acid side chain of the protein moiety (23). No
direct temporal evidence was provided for this sequence of
proton release and uptake events. Moreover, there is strong
evidence from resonance Raman and FTIR experiments that
the tetrapyrrole chromophore of PhyA phytochrome from
plants is protonated in Pr, Pfr, and all its intermediates (24-
26). The same conclusion was recently reached for the Pr,
Pfr, and meta-Ra states of Cph1 (11). Because of a lack of
studies with isotopically substituted chromophores, the band
assignments to particular vibrations are not yet certain
however. The interpretation of ref23 therefore cannot be
ruled out at present.

The Cph1 phytochrome fromSynechocystisdiffers from
plant phytochromes in at least three important aspects: it
lacks the plant phytochrome PAS module, the Pr form shows
the histidine kinase activity, and it has a strong kinetic isotope
effect associated with a novel intermediate that is unique to
Cph1 (10). It is thus of major interest to investigate whether
this prokaryotic phytochrome also changes its protonation
state in the Pr to Pfr photoconversion. Moreover, to make
progress in understanding the functional significance and
mechanism of these proton transfer reactions, it is clearly
essential to be able to associate these steps with particular
transitions between transient intermediates on the pathway
between Pr and Pfr.

Here, we present the results of investigations on the
protonation states of both the protein and the cofactor
moieties in Pr and Pfr and on the light-induced transient
proton release and uptake reactions in recombinant cyano-
bacterial phytochrome. These experiments were carried out
with the full-length Cph1 (85 kDa) as well as the N-terminal
chromophore-carrying domain Cph1∆2 (58 kDa) that lacks
the C-terminal transmitter domain. In both systems, the
apoprotein was assembled with PCB as the chromophore.
Complementary measurements of the pH dependencies of
the phytocycles and of the Pr/Pfr photoequilibrium were
undertaken to allow a comprehensive interpretation of the
protonation experiments. We found that over the entire
accessible pH range from 5.5 to 9.5 the Pr to Pfr transition is
accompanied by net proton release (acidification). Time-
resolved measurements of the proton concentration showed
that this is the net result of a phase of transient proton release
associated with the decay of a 3-ms intermediate followed
by a phase of transient proton uptake of smaller amplitude
that is associated with the formation of Pfr (270 ms). At pH
7, the chromophore is probably protonated in both Pr and
Pfr. The sources of the protons are thus most likely the
ionizable amino acid side chains of the protein moiety that
experience light-induced pK changes associated with transient
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and permanent structural changes between Pr, Pfr, and the
3-ms intermediate.

MATERIALS AND METHODS

Sample Preparation.RecombinantSynechocystisPCC6803
Cph1 (85 kDa) as well as a 58-kDa truncated fragment of
Cph1∆2, lacking the C-terminal histidine kinase domain (6),
were expressed with C-terminal (His)6 tags inE. coli, purified
on Ni2+-NTA (Qiagen), and auto-assembled with PCB as
described previously (4, 5). Medium exchange and buffer
removal were performed immediately prior to the pH
measurements by size-exclusion chromatography on Sepha-
dex G-50 fine (Pharmacia).

Simultaneous Transient pH and UV/Vis Absorption Mea-
surements.Unbuffered samples of Cph1 and Cph1∆2 were
used at a concentration of∼20 µM (OD660 ∼ 1.5; optical
path length, 1 cm) in 1 M KCl. Simultaneous measurement
of the pH and absorption spectra was performed as described
earlier (17), using a “Kraayenhof vessel” (27), a cuvette
equipped with both an adapter for illumination and a pH
electrode (Mettler-Toledo, InLab 423). For pH measure-
ments, four far-red light-emitting diodes (LEDs) were used
for more efficient excitation of Pfr, resulting in faster
electrode measurements (Figure 1A). pH was adjusted with
small aliquots of 0.01 M KOH or HCl, and the extent of the
pH change was calibrated by the addition of microliter
aliquots of 2.5 mM oxalic acid (pKa(1) ) 1.23; pKa(2) ) 4.19).
Temperature was maintained at 20°C.

Spectroscopy.Time-resolved (second time scale) UV/vis
absorption spectra were recorded with a Hewlett-Packard
diode array spectrophotometer model HP 8453 (Portland,
OR). Phototransformation measurements were performed
with the Kraayenhof vessel in place (27). The sample was
stirred and illuminated in a 90° geometry with either a far-
red LED (λem ) 735 nm, 28 nm fwhm, Quantum Devices,
P/N QDDH73502, operated at 20 mA, 4.06 mW) or a red
LED (λem ) 644 nm, 37 nm fwhm, HP-HLMP4100, operated
at 20 mA, 0.27 mW). Steady-state absorption spectra with a
resolution of 0.45 nm were recorded with an Aminco
DW2000 UV/vis spectrophotometer (SLM Instruments Inc.,
Urbana, IL), calibrated with a holmium filter. Here, the pH
was adjusted by adding small volumes of concentrated Tris-
HCl buffer to unbuffered phytochrome solutions. The optical
path length was 1 cm in the time-resolved and the steady-
state measurements.

Phototransformation rates were analyzed essentially ac-
cording to the Butler’s initial rate method (28, 29) but
accounting for the nonmonochromatic emission of the LEDs
according to

and

whereφR andφFR are the quantum yields for the Pr f Pfr

and Pfr f Pr transitions, respectively;I(LED735) and I(LED644)

are the intensities of the 735- and the 644-nm LEDs;L(LED735)-
(ν) and L(LED644)(ν) are the energy-normalized emission
spectra of the 735- and 644-nm LEDs;Aeq

644(ν) andAeq
735(ν)

are the absorption spectra of Cph1 in photoequilibrium with
644- and 735-nm light;xPfr

644 is the mole fraction of Pfr
present in photoequilibrium with 644-nm excitation; (dA720/
dt)644 is the initial rate of absorption change at 720 nm when
the far-red irradiated solution (i.e., pure Pr) is excited at 644
nm; and (dA720/dt)735 is the initial rate of absorption change
at 720 nm when the red irradiated solution (Pr/Pfr equilibrium)
is excited at 735 nm.

Transient Absorption Spectroscopy.Laser flash-induced
absorption traces were recorded using a laboratory-built flash-
photolysis apparatus with an output power of about 2 mJ at
640 nm (10-ns pulse length) (30). This instrument has a
logarithmic time base, allowing transient absorption changes
to be measured from the nanosecond to the second time
domain. For excitation in the long wavelength absorption
band of Pr, the laser dye 4-(dicyanomethylene)-2-methyl-6-
(4-dimethylaminostyryl)-4H-pyran (DCM) was used, dis-
solved at a concentration of 0.7 g/L in propylene carbonate.

FIGURE 1: Simultaneous recording of light-induced acidification
and absorption changes. Unbuffered samples of Cph1 and Cph1∆2
(in 1 M KCl, 20 °C) were irradiated with either red (644 nm) or
far-red light (735 nm) with continuous monitoring of the pH. (A)
Example of pH-electrode recording and simultaneous recording of
absorption changes at 720 nm, reflecting Pfr formation, of Cph1∆2
at pH 7.0. The bar represents the size of the pH change upon
addition of 1 nmol of H+ (volume: 1.8 mL). The delay of the pH-
electrode transients relative to the kinetics of Pr and Pfr formation
is due to the mixing time of the setup and the response time of the
electrode. (B) Plot of the H+/Pr f Pfr stoichiometry measured for
Cph1 (2) and Cph1∆2 (O) as a function of pH. The electrode
recording was calibrated at each pH value using microshots of oxalic
acid.

φR

φFR
)

I(LED735)∫L(LED735)(ν)Aeq
644(ν) dV

I(LED644)∫L(LED644)(ν)Aeq
735(ν) dV

(dA720/dt)644

(dA720/dt)735
(1)

1 - xPfr

644 ) 1

1 +
φR

φFR

∫L(LED644)(ν)Aeq
644(ν) dV

∫L(LED644)(ν)Aeq
735(ν) dV

(2)
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Two methods were used to ensure that before each flash
excitation the Pr form was fully reformed. In the first method,
continuous far-red light was applied from a 150-W lamp (KL
1500, Schott) filtered through a 715-nm high-pass filter
(RG9). In the second method, the sample was preilluminated
by the same light source for 15 s before the excitation flash,
thereby fully reforming Pr. In these two methods, the time
intervals between subsequent measurements were 24 and 6
s, respectively. The most complete sets of data, allowing
calculation of amplitude spectra, were collected at 22 or 27
wavelengths between 545 and 755 nm. For many purposes,
kinetic traces at 655, 675, and 705 nm were sufficient. The
bandwidth was 8 nm. At each wavelength, 20-30 transients
were averaged. The temperature was maintained at 22°C.

Samples of Cph1 and Cph1∆2 were prepared at an OD660

∼ 1.5 (optical path length, 1 cm) in 50 mM KCl (pH 7.0-
8.5), degassed, and flushed with nitrogen. Sodium-
fluorescein (Molecular Probes; relevant pKa ) 6.4) was
added to samples at 13µM concentration (OD490 ) 0.7 at
pH 7.0). Proton release and proton uptake kinetics were
recorded by measuring the absorption changes at 490 nm
(absorption maximum of deprotonated fluorescein) of unbuf-
fered samples with and without indicator. The difference
between these two traces reflects the transient proton signal
(31). Fluorescein was selected as the pH indicator dye since
at itsλmax (490 nm) the transient absorption changes of Cph1
are minimal. Proton release was calibrated using an oxalic
acid microtitration.

Singular-value decomposition (SVD) calculations were
performed with Mathematica 3.0. For simultaneous fitting
of the time traces, Origin 5.0 software was used.

RESULTS

Light-Induced ReVersible Acidification of Unbuffered
Solutions of Phytochrome.Recent experiments on PYP (16,
17, 32), green fluorescent protein (33, 34), and rhodopsin
(35, 36) have shown that measurement of protonation
processes can uncover crucial details about the conforma-
tional transitions that follow light absorption by these
photoactive proteins. To investigate whether similar processes
play a role in the photoactivation of the bacterial phyto-
chrome Cph1, we analyzed the pH changes that occur upon
illumination in unbuffered suspensions of Cph1 and Cph1∆2,
its C-terminally truncated variant. To obtain a stable reading
from the pH electrode, a salt concentration of 1 M KCl was
necessary (17, 37). Figure 1A shows typical results obtained
from simultaneous recording of the pH (upper panel) and
absorbance (lower panel) changes of a solution containing
Cph1∆2. Starting in the Pr state, partial conversion to Pfr by
red light of 644 nm leads at pH 7 to stable acidification,
i.e., net proton release. As shown in Figure 1A, the
acidification was fully reversed by illumination with far-red
light of 735 nm. Similar observations were made with Cph1.
After calibration of the pH changes with oxalic acid
microtitration between pH 5.5 and pH 9.5, the measurement
of the light-induced absorption changes allowed calculation
of the H+/Pr f Pfr stoichiometry. In this calculation, the
difference in extinction between Pr and Pfr at the specific
pH values was taken into account (see below, Figure 2A,B).
Figure 1B shows that the extent of the photoreversible
acidification in Pfr increased with decreasing pH values for
both Cph1 (2) and Cph1∆2 (O).

Dependence of Pr and Pfr Spectra on pH, Phototransfor-
mation Rates, and Quantum Yield Ratios.To study the
protonation state of the chromophore and the protein moiety
in Pr and Pfr, spectral and kinetic data in the second time
domain were collected during phototransformation reactions
at different pH values. Spectral and kinetic data were
collected for the Pr f Pfr and the Pfr f Pr transition. Spectra
were taken after saturating illumination with 644-nm light
(which establishes a photoequilibrium between Pr and Pfr,
requiring ca. 300 s at the given light intensity) and 735-nm
light (which fully depletes Pfr), respectively. Time traces were
recorded at 720 nm (while illuminating with 644-nm light,
starting from the pure Pr state) and under illumination with
735-nm light (starting from the Pr-Pfr photoequilibrium
described above). From these two time traces, the initial rates
of absorbance change were determined. The initial rate
method (28, 29) was applied in order to determine the ratio
of phototransformation quantum efficiencies and the mole
fractions of Pr and Pfr in photoequilibrium with 644-nm light.
Samples at different pH values were successively prepared
from an unbuffered stock solution of phytochrome in 50 mM
KCl by adding small aliquots of concentrated Tris-HCl
buffer. The pH dependence of the Pr and Pfr absorption
spectra of Cph1 and Cph1∆2 is very similar (data are shown
only for Cph1∆2; Figure 2A-F).

As shown in Figure 2A, both the wavelength of maximal
absorbance and the extinction coefficient of the longest
wavelength absorption band (the Qy-band) of Pr are pH
dependent. The spectra were scaled to an extinction coef-
ficient of 85.000 M-1 cm-1 (pH 7.8), estimated for these
preparations.2 The pH difference spectra (Figure 2C) showed,
with increasing pH, a decrease of the absorption of the Qy-
band, whereas blue-shifted bands appeared at 550 and 340
nm. Since similar spectral changes were observed in the pH
titrations of the model compounds biliverdin dimethyl ester
(38) and octaethylbiliverdin (39), these changes are most
likely due to the formation of the deprotonated species of
Pr. At high pH, the absorption maximum of the Qy-band of
both Cph1 and Cph1∆2 blue shifted to a very similar extent.
At pH 6.6,λmax(Pr) ) 658.7 nm, whereas at pH 9.0λmax(Pr)
) 653.7 nm in the case of Cph1∆2. Figure 2E shows that
the shapes of the titration curves are complex and depend
strongly on the wavelength. An analysis with a single
Henderson-Hasselbalch curve is thus not possible. Instead,
a model was applied that assumes independent deprotonation
of two titratable groups, the chromophore (X) and an
unknown amino acid side chain (Y). Using this model and
assuming full depletion of the Qy-band at high pH (i.e., when
X is deprotonated), the pH dependence of the absorption was
fitted simultaneously at nine wavelengths (from 638 to 682
nm in steps of 5.5 nm). The fit yielded approximate values
for the two pKa’s of Cph1∆2: pKY ) 7.55( 0.05 and pKX

) 9.75( 0.10 (for experimental data and fitted curves (s)
at 638, 660, and 671 nm, see Figure 2E). The spectropho-
tometric titrations of the model compounds biliverdin di-
methyl ester (38) and octaethylbiliverdin (39) showed,
however, that the residual absorbance of the deprotonated
form in the Qy-band is not quite zero but is actually about
30% of that of the protonated form. We therefore explored
the effect of a nonzero absorbance of the deprotonated form

2 Lamparter, Esteban, and Hughes. Personal communication.
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on the analysis and fit of the titration data. When the
assumption of zero absorbance of the species with deproto-
nated chromophore (X-) is relaxed, pKX shifts to a slightly
lower value, while pKY is almost unaffected. The quality of
the fit, as measured by theø2 value, deteriorates only
moderately with an increasing extinction coefficient of X-.
Setting the upper limit for a still acceptable value ofø2 at
1.3× the minimal value, we obtained a conservative estimate
of pKX and its error: pKX ) 9.5( 0.3. A residual absorption
for X- of 60% of that of the protonated form (XH, Y-) still
led to a satisfactory fit with aø2 below this upper limit. The
corresponding fitted curves are shown in Figure 2E (- - -).
The data for Cph1 showed a qualitatively similar pH
dependence but did not allow determination of the pKa’s with
comparable accuracy. Unfortunately, the titrations could only
be carried out between pH 6.5 and pH 9.0 due to aggregation
and denaturation, particularly of Cph1.

The Pfr spectra were obtained from the absorption spectra
in photoequilibrium with 644-nm illumination, using the
photoconversion rate analysis (Table 1) for calculation of
the mole fractions of Pr and Pfr in equilibrium. In contrast to
the Pr spectra, the calculated Pfr spectra showed no pH
dependence of the absorption maximum of the Qy-band (λmax-
(Pfr) ) 703.8 nm) but displayed a decrease of the extinction
coefficient for high pH values, as for the Pr spectra (Figure
2B). On the basis of the similarities with the difference
spectra of the chromophore model compounds (38, 39), the
appearance of blue-shifted species (at 580 and 360 nm) and
of negative bands around 410 and 704 nm again most likely
reflects formation of a deprotonated form of Pfr (Figure 2D).
The absence of a blue shift in the Qy-band and approximate
isosbestic points in the Pfr difference spectra (Figure 2D)
justifies a two-state analysis of the titration data. Assuming
again that the extinction coefficient of Pfr is zero at high

FIGURE 2: pH dependence of the absorption spectra of Pr and Pfr. The absorption spectra were scaled toε658 nm ) 85.000 M-1 cm-1 at pH
7.8 (see Results). Spectra for Cph1∆2 are presented because of the minimal light scattering of these samples but are also representative for
the results obtained with Cph1. (A) pH dependence of Cph1∆2 absorption spectra in the Pr state. Spectra are plotted for pH 6.6, 7.0, 7.3,
7.5, 7.8, 8.1, 8.4, 8.8, and 9.0. A dotted vertical line is drawn through the absorption maximum of the Qy-band at pH 6.6 to highlight the
blue shift at higher pH values. (B) Calculated Pfr absorption spectra of Cph1∆2 plotted for pH 6.6-9.0 (see panel A). (C) pH difference
spectra for Pr. Changes in extinction coefficient are plotted for the pH values 7.0, 7.3, 7.5, 7.8, 8.1, 8.4, 8.8, and 9.0 after subtraction of the
pH 6.6 spectrum. (D) pH difference spectra for Pfr (see panel C). (E) pH dependence of the absorption at three selected wavelengths for the
Pr state of Cph1∆2: 638 (9), 660 (b), and 671 nm (2). The data at nine wavelengths were fitted simultaneously to a model (solid lines)
involving independent deprotonation of two titratable groups, X and Y, and assuming that only the species (XH,YH) and (XH,Y-) contribute
to absorption. Alternatively, the data were fitted allowing a residual absorption for X- of 60% of that of the species (XH,Y-) (dashed
lines). The approximate pKa’s are indicated by arrows. (F) pH dependence of the absorption at three selected wavelengths for the Pfr state
of Cph1∆2: 682 (9), 704 (b), and 715 nm (2). The data at nine wavelengths were fitted simultaneously to the Henderson-Hasselbalch
equation (solid lines) and to a model assuming a residual absorption for the deprotonated species of 20% (dashed lines).
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pH, simultaneous fitting of the absorption spectra at nine
wavelengths (from 682 to 726 nm) to the Henderson-
Hasselbalch equation yielded approximate values for the pKa

value of Pfr. For Cph1, pKa(Pfr) ) 9.4( 0.2 was found, and
for Cph1∆2, pKa(Pfr) ) 9.2( 0.1 (Figure 2F). The data and
the fits at three selected wavelengths are shown in Figure
2F. If the deprotonated form of Pfr were to show residual
absorbance, the pK would shift to a lower value as for pKX

in the case of Pr. A satisfactory fit could still be obtained up
to a residual absorbance of 20% and is shown in Figure 2F
(- - -). Since the shift of the pK exceeds only slightly the
indicated error from the fit with the Henderson-Hasselbalch
equation, the pK from that analysis provides a good estimate.
In view of the associated uncertainty ranges, the pKs for
deprotonation of the chromophore may be considered to be
equal in Pr and Pfr.

The analysis of phototransformation rates showed that, for
both Cph1 and Cph1∆2, the photoequilibrium attained upon
excitation with 644-nm light was hardly affected by pH, in
the range of 6.6-9.0 (Table 1). It was found that during the
time scale of the experiments, the absorption spectrum in
photoequilibrium did not change upon switching off the 644-
nm illumination, which shows that excitation of long-living
intermediate states by the measuring beam of the spectro-
photometer did not contribute to the overall phototransfor-
mation efficiencies. In addition, analysis of the transient
absorption changes at 720 nm and at pH 7.0 showed that
the photoconversion with red and far-red light, respectively,
could be satisfactorily fitted with a single exponential rate
constant, indicating that both transitions show essentially
first-order overall kinetics (Figure 3). In the whole pH range
investigated (6.6-9.0), the phototransformation kinetics
could be described by a single exponential component (data
not shown). The phototransformation analysis, based on
Butler’s equations (see Materials and Methods and also refs
28 and 29), is therefore a valid approach for determining
the mole fraction of Pfr present in photoequilibrium with 644-
nm excitation,xPfr

644. For a sample of Cph1 at pH 7.0, the
absolute value forφR was estimated to be approximately 0.14,

in resonable agreement with the results of 0.16 from an
earlier study (5).

Flash-Photolysis Experiments. To find out whether the
kinetics of proton release and uptake are directly coupled
with the kinetics of the photocycle, transient absorbance
measurements were carried out under exactly the same
conditions as the transient pH indicator experiments. If the
deprotonation reactions are coupled to particular transitions
between intermediates, then the corresponding rate constants
and amplitudes may be pH dependent. It was thus important
to test the pH dependence of the photocycle kinetics. Finally,
no photocycle data were available for the N-terminal
chromophore carrying domain Cph1∆2. We therefore in-
vestigated the photocycles of Cph1 and Cph1∆2 at pH 7
and pH 8. Transient absorption data were collected without
background illumination at 22-27 wavelengths from 550
to 750 nm for samples of Cph1 at pH 7.0 and pH 8.1-7.9.
For Cph1∆2, data were collected only at the three wave-
lengths 655, 675, and 705 nm. Typical transient absorption
data for Cph1∆2 are shown in Figure 4A. SVD analysis for
the Cph1 data revealed three relevant spectral components.
Additional components, with singular values of less than 2%,

Table 1: pH Dependence of Phototransformation Quantum Yield
Ratios and Pr f Pfr Photoequilibrium for Cph1 and Cph1∆2a

sample pH φR/φFR

mole fraction Pfr
in photoequilibrium

Cph1 7.0 1.15 0.71
7.5 1.15 0.71
8.1 1.07 0.70
8.4 1.19 0.72
8.8 1.02 0.71
9.0 1.15 0.72

Cph1∆2 6.6 1.13 0.69
7.0 1.02 0.68
7.3 1.05 0.69
7.5 1.09 0.69
7.8 1.00 0.68
8.1 1.10 0.69
8.4 1.05 0.69
8.8 1.05 0.69
9.0 1.05 0.70

a The phototransformation rates of Cph1 and Cph1∆2 were obtained
under conditions of red (644 nm) and far-red (735 nm) light illumina-
tion. Initial rate analysis (see Materials and Methods) was applied in
order to calculate the mole fraction of Pfr in photoequilibrium with
644-nm illumination and the phototransformation quantum yield ratio.

FIGURE 3: Pr f Pfr and Pfr f Pr phototransformation characteristics
of Cph1. Typical Pr f Pfr and Pfr f Pr phototransformation kinetics
of Cph1 at pH 7.0. (A) Absorption change at 720 nm with 644-nm
illumination, starting in the pure Pr state. The data were fitted with
a single exponential with a time constantτ ) 49.11( 0.08 s. (B)
Residuals for the fit to the data presented in panel A. (C) Absorption
change at 720 nm with 735-nm illumination, starting in the Pr/Pfr
photoequilibrium. The data were fitted with a single exponential
with time constantτ ) 5.96( 0.02 s. (D) Residuals for the fit to
the data presented in panel C.
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were neglected. The time traces of the first three singular
components were fitted simultaneously in the time range
from 2 µs to 500 ms with a sum of five exponentials (τ1-
τ5). The analysis was limited to a 500-ms time window
because for wavelengths close toλmax of Pr the measuring
light contributed to the Pr f Pfr transition in the slowest time
domain (>500 ms). As a consequence, the slowest time
constant,τ5 (∼300 ms), was less accurately determined than
the time constants of the faster components. Global analysis
of the Cph1 data collected at 22-27 wavelengths indicated
five relevant rate constants at both pH values (Table 2).
Simultaneous fitting of the Cph1∆2 data, collected at only
three wavelengths, also indicated that five time constants are
required for an adequate fit. Figure 4B-D shows the
significant reduction in the fit residuals when the number of
exponentials was increased from four to five. The amplitude
spectra calculated from the SVD basis spectra and from the
amplitudes of the fits of the SVD time traces for Cph1 at
pH 7 and pH 8 are shown in Figure 5.

Comparison of lines one and two or lines three and four
of Table 2 shows that an analysis based on the Cph1 data at
only three wavelengths (655, 675, and 705 nm) led to time
constants that were, within experimental error, identical to
those obtained by global analysis based on measurements at
22 or 27 wavelengths. This justified the use of these three
wavelengths only for the measurements with Cph1∆2. The
results of the photocycle kinetics for Cph1 and Cph1∆2 at
pH 7 and pH 8 are summarized in Table 2. The time
constants for Cph1∆2 are very similar to those for Cph1.
The same holds for the amplitudes. We conclude that the
transmitter module that is missing in Cph1∆2 has a negligible
effect on the photocycle kinetics. From Table 2, we can also

conclude that the pH dependence of the time constants, at
least in the range from pH 7 to pH 8, is very small.

Significant differences were observed when the amplitude
spectra for the Cph1 samples at pH 7.0 and pH 8.1-7.9 were
compared (Figure 5). The amplitude of the∼5 µs component
τ1 is larger at pH 7.0 at 655 nm, whereas the feature at 705
nm is smaller. The amplitude spectrum of the∼4-ms
component is changed as well, particularly in the 700-750-
nm region. The amplitude of the slowest component,τ5,
increased at pH 8. The calculated final difference spectra
for the measurements performed without continuous far-red
light illumination (B0 in Figure 5) should be proportional to
the Pfr-Pr difference spectrum. Small deviations between
these scaled spectra were only observed in the 600-680-
nm region, indicating some contribution of the measuring
beam to the Pr f Pfr transition in the time domain of seconds
(not shown). For the wavelengths above 680 nm, an excellent
agreement was found between the final extrapolated spectrum
and the Pfr-Pr difference spectrum, allowing calculation of
the efficiency of excitation (η, Table 3). Fitting of the
transient absorption traces collected with continuous back-
ground illumination required addition of one rate constant,
reflecting reformation of Pr. The required additional time
constant was 750 ms for irradiation with the highest intensity
of far-red background light.

Proton Release and Uptake during the Pr f Pfr Transition.
Samples of Cph1 and Cph1∆2 were prepared without pH
buffer at OD660 ∼ 1.5, with 13µM fluorescein included as
a pH indicator. Difference absorption traces were obtained
at 655, 675, and 705 nm to determine the photocycle kinetics
andη for these samples. From the analysis of these transients,
it was determined that the photocycle time constants were
not significantly affected by the addition of the pH indicator
dye (compare the even and odd rows in Table 2). As shown
in Figure 6, transients at 490 nm (theλmax of the deprotonated
dye) were recorded for samples with identical phytochrome
concentration and pH with (F+) and without (F-) fluores-
cein. Subtraction of these transients yielded the flash-induced
time-resolved changes of absorption of fluorescein∆∆A
(Figure 6). As shown in the inset of Figure 6A, the
wavelength dependence of the release-phase amplitude was
proportional to the pH-induced difference spectrum of
fluorescein, indicating that this transient was due to the
protonation of the dye. An initial proton release phase was
detected in the millisecond time domain followed by proton
uptake in about 300 ms. The amplitude of the proton uptake
component was smaller than the amplitude for the release
component, resulting in a net acidification of Cph1 and
Cph1∆2 in the Pfr form. This can be clearly seen in Figure
6A, without continuous far-red background illumination,
where the∆∆A490 transient does not return to the baseline
for long times, reflecting a difference in the degree of
protonation between the initial Pr state and the final Pfr state.
Judging from this∆∆A490 trace, it appears that first (mini-
mum around 50 ms) about twice as many protons are released
as are ultimately (plateau around 4 s) released in Pfr. When
the transients at 490 nm were collected under conditions of
continuous far-red illumination, the∆∆A490 transient did
return to the baseline after several seconds due to the
complete reformation of Pr (Figure 6B). The net acidification
observed in the transient pH indicator experiments in the
second time range in the absence of far-red background

FIGURE 4: Typical transient absorbance changes∆A(t) at three
diagnostic wavelengths for Cph1∆2 at pH 7.0 and residuals of
exponential fits to the data. (A) Time traces at 705, 655, and 675
nm. Optical path length, 1 cm. (B-D) Residuals of a simultaneous
fit to the data at the three wavelengths: (B) 655, (C) 675, and (D)
705 nm. The solid lines represent the residuals for a fit with five
exponentials (5.2 and 280µs and 3.5, 21, and 270 ms), while the
dotted lines are the residuals for the fit with four exponentials (5.3
and 280µs and 4.3 and 210 ms). The fit with five exponentials is
significantly better in the slower time domain, especially for the
data at 705 nm.
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illumination (Figure 6A) is in good agreement with the results
of the steady-state pH-electrode measurements.

The ∆∆A490 traces reflecting transient bleaching of fluo-
rescein, due to transient proton uptake by the indicator dye,
could be fitted reasonably well with the time constantsτ3-
τ5 derived from the photocycle measurements of the same
samples (Figure 6). In the example shown (Figure 6;
Cph1∆2, pH 7.0), however, a better fit was achieved when
the value of theτ4 component in the transient absorption
signal (Table 2) was decreased from 18 to 12.4 ms (dashed
line in Figure 6). This was justified, since the small amplitude
of τ4 in the photocycle (see Figure 5; B4) led to a relatively
large error in its time constant. It was therefore concluded
that the kinetics of proton release and uptake were described,
within experimental accuracy, by the photocycle time

constantsτ3-τ5. In measurements with continuous back-
ground illumination with far-red light, these same time
constants could be used for fitting the traces in addition to
a single 750-ms component with negative amplitude, reflect-
ing reformation of Pr (Figure 6B).

The number of transient protons released per Pr f Pfr

transition, calculated using titration with oxalic acid, equals
approximately one for both Cph1 and Cph1∆2 at pH 7 and
pH 8 (Table 3, column H+/Pr f Pfr (max)). For both proteins,
the net acidification in Pfr is higher at the lower pH (Table
3, last column), in agreement with the pH-electrode results.

DISCUSSION

pH Dependence of the Pr and Pfr Absorption Spectra.The
absorption spectra of both Pr and Pfr are pH dependent. The
absorption maximum of the S0-S1 transition blue shifts at
high pH only in the case of Pr. Thus, there must be a
difference between Pr and Pfr with respect to electronic
interactions between a protonatable side chain (pKY ) 7.55
( 0.05) and the chromophore. In view of the tentative pK,
this transition might reflect protonation of a histidine residue
adjacent to the chromophore (4, 5). Addition of imidazole,
which is chemically identical to the histidine side chain, also
results in a blue shift of the Pr absorption maximum from
655 to 648 nm at pH 7.8 (9). The present results imply that
imidazole in its deprotonated form interacts directly with the
chromophore, which results in the observed spectral changes.

In addition, both species show a decrease of absorbance
in the Qy-band with increasing pH. The formation of a
deprotonated species is observed in the difference spectra
of both Pr and Pfr. In the case of Pr, troughs at 425 and 655-
660 nm and peaks at 340 and 550 nm are present in the pH
difference spectra, indicative of the formation of a depro-
tonated linear tetrapyrrole (38-40). Likewise, in the Pfr
spectra, troughs at 410 and 704 nm and peaks at 360 and
580 nm are present (Figure 2C,D). The pH-induced differ-
ence absorbance is more pronounced for Pfr than for Pr, in
particular in the Soret region, and the amplitudes of the
positive difference bands as compared to the negative bands
are larger than in Pr (Figure 2A,C). Qualitatively, these pH
difference spectra (Figure 2C,D) resemble the pH difference
spectra for the model compounds biliverdin dimethyl ester
(38) and octaethylbiliverdin (39). The similarities include
the typical pattern of four alternatingly positive and negative
bands and the very large difference in the Qy-band. Our
conclusion that the chromophore is protonated in both Pr and

Table 2: Photocycle Kinetics of Cph1 and Cph1∆2 at pH 7.0 and pH 8a

sample pH
fluorescein

(µM)
analysis/λ

(nm)
τ1

(µs)
τ2

(µs)
τ3

(ms)
τ4

(ms)
τ5

(ms)

Cph1 7.0 0 global 4.9 320 4.2 24 200
Cph1 7.0 13 655, 675, 705 4.6 310 3.9 32 230
Cph1 8.1-7.7 0 global 4.5 270 3.8 30 280
Cph1 8.1-7.9 13 655, 675, 705 4.2 230 3.2 44 410
Cph1∆2 7.0 0 655, 675, 705 5.2 280 3.5 21 270
Cph1∆2 7.0 13 655, 675, 705 5.1 290 3.4 18 270
Cph1∆2 8.3-7.7 0 655, 675, 705 4.9 190 2.4 36 460
Cph1∆2 8.3-7.7 13 655, 675, 705 4.6 210 2.9 33 320

a Flash photolysis was performed with samples of Cph1 and Cph1∆2 at pH 7.0 and pH∼8.0. The drift in pH was due to the absence of pH
buffer. Samples with or without fluorescein present as a pH indicator were analyzed for determination of the phototransformation kinetics. Global
analysis here implies that absorption changes were measured at 22-27 wavelengths between 545 and 755 nm, that the data were reduced by SVD,
and that the traces of the relevant SVD components were fitted simultaneously.

FIGURE 5: Lifetime-associated amplitude spectra of Cph1 at pH 7
and pH 8. The amplitude spectra B1-B5 were calculated from
transient absorption measurements without continuous background
illumination performed with Cph1 at pH 7.0 (A) and pH 8.1-7.9
(B), as detailed in Materials and Methods. The related time constants
areτ1 ) 4.9 µs, τ2 ) 320 µs, τ3 ) 4.2 ms,τ4 ) 24 ms, andτ5 )
200 ms for pH 7 (A) andτ1 ) 4.5 µs, τ2 ) 270 µs, τ3 ) 3.8 ms,
τ4 ) 30 ms, andτ5 ) 280 ms for pH 8 (B). A positive amplitude
signifies a decay component, whereas a negative amplitude signifies
a rise term. B0 is the difference spectrum between the initial and
the final state and should correspond to the difference between Pr
and Pfr.
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Pfr at physiological pH is mainly based on this striking
similarity with the titration data for the chromophore model
compounds and is in agreement with recent proposals based
on FTIR spectroscopy of Cph1 (11). Taking the residual
absorbance of the species with deprotonated chromophore
in the Qy-band into account, we obtained similar values of

9.5 ( 0.3 and 9.2( 0.1 for pKX in the Pr and the Pfr forms
of Cph1, respectively. So, within experimental error, the
pKa’s are equal. This is consistent with our observation that
the Pr/Pfr ratio at photoequilibrium is independent of pH up
to at least pH 9 (Table 1).

Our pH titration experiments indicated that at alkaline pH
the chromophores of Pr and Pfr deprotonate. So, at high pH,
there are also species present with deprotonated chro-
mophores, designated Pr

- and Pfr
-. Our initial rate analysis

of the photoequilibrium data was based however on the
assumption of a two-state equilibrium between Pr and Pfr.
This assumption is justified by and consistent with the results
of our spectral titrations, which led to equal pKa’s for the
chromophore deprotonation in Pr and Pfr. Under those
conditions, the photoequilibrium is decoupled from the
chromophore deprotonation equilibria and is not affected by
the latter. The model-compound spectra showed moreover
that the absorbance in the Qy-band of the deprotonated
species is only about 30% of the protonated form (38, 39).
Assuming this also to be true for the Pr and Pfr forms of
Cph1, we conclude that the species with deprotonated
chromophore can only be weakly excited in the photoequi-
librium experiments and therefore do not contribute sub-
stantially in the photoequilibrium. Finally, only a single
exponential component was detected in the phototransfor-
mation kinetics, even at pH 9. Thus, also experimentally,
there is no evidence for heterogeneity due, for example, to
different phototransformation kinetics for Pr f Pfr and Pr

-

f Pfr
-.

Because the analysis indicates that two separate pKs have
to be distinguished in the titration of Pr, we propose that the
blue shift of the S0-S1 transition of the latter reflects
deprotonation of an unidentified amino acid side chain,
possibly a histidine, whereas the decrease in absorption is
due to deprotonation of the chromophore itself. Significantly,
under our experimental conditions, the absence of the
histidine kinase domain in Cph1∆2 neither affects the
spectral properties of Pr and Pfr nor affects the phototrans-
formation efficiency for either the Pr f Pfr or the Pfr f Pr

transition.
Flash Photolysis.In the previously published flash pho-

tolysis work (10), data were only reported for Cph1 and
under quite restricted conditions (one pH value, 50 mM Tris,
10 °C). Extensive photocycle measurements were therefore
required to (1) investigate the pH dependence of the cycle;
(2) investigate the cycle for the sensory module Cph1∆2;
(3) assign the proton uptake and release steps to particular

Table 3: Kinetics and Quantification of the Transient Proton Release and Proton Uptake Phasesa

photocycle kinetics fluorescein transient signal (at 490 nm)

sample pH OD655 nm

η
(%)

τ3, τ4, τ5

(ms)
∆Amax

mOD
H+/PrfPfr

(max)
∆Astable

mOD
H+/PrfPfr

(stable)

Cph1 7.0 1.75 9.5( 0.5 3.9, 32, 230 -0.8 1.0( 0.4 -0.6 0.8( 0.3
Cph1 8.1-7.9 0.95 13.5( 1.0 3.2, 44, 410 -0.45 1.0( 0.3 -0.2 0.5( 0.2
Cph1∆2 7.0 1.55 9.5( 0.5 3.4, 18, 270 -2.8 1.2( 0.3 -1.3 0.5( 0.2
Cph1∆2 8.3-7.7 1.30 9.5( 0.5 2.9, 33, 320 -1.3 0.9( 0.4 -0.4 0.3( 0.2
a Unbuffered samples of Cph1 and Cph1∆2 with fluorescein included as a pH indicator dye were analyzed for transient absorption changes at

490 nm due to transient protonation of the dye. The excitation efficiency,η, was calculated as described in the Results. The H+/Pr f Pfr stoichiometry
was calculated from the absorbance change of fluorescein using a microacid titration. The experimental values are given with estimated errors.
∆Amax and∆Astableare the maximal transient dye absorbance change (after∼50 ms) and its final value, respectively (see Figure 6A). Corresponding
to these values, the stoichiometries of proton release, H+/PrfPfr (max) and H+/PrfPfr (stable), were calculated from acid-shot calibrations. mOD:
milli.OD.

FIGURE 6: Kinetics of flash-induced proton release and uptake
during the Pr f Pfr transition. Typical proton release and proton
uptake measurements with Cph1∆2 at pH 7.0. Difference absorption
transients at 490 nm were recorded of samples of Cph1∆2 with
(F+) and without (F-) fluorescein at pH 7.0. The transient
absorption decrease∆∆A at 490 nm, due to proton release of
Cph1∆2 and detected by the protonation of fluorescein, was
obtained by subtraction of the F+ and F- traces. (A) Absorption
transients without continuous far-red background light. The trace
was averaged from 30 flash measurements with a sample that was
returned to the initial state (pure Pr) between measurements by
preillumination with far-red light. A fit (dashed trace) is shown,
using two time constants for the proton release phase and one
constant for the proton uptake phase. The inset shows that the
wavelength dependence for the∆∆A amplitude (b) follows the
scaled difference spectrum for the pKa ) 6.4 transition of fluorescein
(s). The end value of∆∆A at 5 s corresponds to∆Astableof Table
3. The maximal value of∆∆A around 50 ms corresponds to∆Amax
of Table 3. (B) Absorption transients with continuous far-red
background light, averaged from 30 measurements. The fit shown
(dashed trace) was made by including an additional 750-ms time
constant, reflecting Pr reformation due to the far-red background
light.
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transitions in the photocycle, which required data under
precisely the same conditions as for the transient dye
experiments (22°C, 50 mM KCl, pH close to the pK of the
dye); and (4) check for possible effects of the pH indicator
dye on the photocycle kinetics.

High-quality data for Cph1 were collected over a broad
wavelength range (550-750 nm) and with a logarithmic time
base covering the entire time range from 50 ns to seconds
in a single shot. The transient absorption measurements were
performed for Cph1 and Cph1∆2 at pH 7.0 and pH 8.0. For
Cph1 at pH 8.0, our results are in accord with the main
conclusions of Remberg et al. (10). In particular, we confirm
the existence of the novel intermediate with a rise time of
∼300 µs (τ2) and a decay of∼3 ms (τ3) (10) that is not
detected in the phototransformation of higher plant phyto-
chromes (8). This intermediate is of great interest for our
work on the proton release, since its formation and decay
exhibit a large deuterium kinetic isotope effect (10). For
Cph1∆2, we now report the occurrence of an intermediate
with very similar kinetics (Table 2).

The amplitude of the fastest component detected in our
measurements was negative with a time constant of about 5
µs (Figure 5; B1), whereas Remberg et al. (10) reported a
fastest time constant of 25µs with a positive amplitude. We
have no explanation for this discrepancy, but we note that it
does not affect our arguments on proton release since that
occurs on a much slower time scale. Another minor differ-
ence with ref10 is that in our data analysis we did not need
a biexponential fit to describe the Pfr formation. Instead, we
needed an additional component with a time constant of
about 30 ms (τ4) with a similar amplitude spectrum as the
termτ5 that reflects Pfr formation (Figure 5A,B; B4 compo-
nent).

The five time constantsτ1-τ5, collected in Table 2, show
that the kinetics of the photocycle of Cph1 and Cph1∆2, its
N-terminal chromophore carrying domain, are quite similar.
This is not very surprising since the electronic transitions of
the chromophore are not expected to be sensitive to molecular
events in the remote transmitter module. Table 2 also shows
that changing the pH from 7 to 8 only leads to minor changes
in the time constants. Taking the errors into account, these
trends were not considered to be significant. More pro-
nounced pH effects were detected in the amplitude spectra
of the components described byτ1, τ3, and in particularτ5

(B5 component in Figure 5). Significant deuterium kinetic
isotope effects have been reported for the rise (τ2) and decay
(τ3) of the novel intermediate that is unique to Cph1 (10). It
is therefore of particular interest that, in addition to displaying
this isotope effect,τ3 also has a pH-dependent amplitude
spectrum and is associated with proton release. It is puzzling
on the other hand thatτ2, which is also reported to show a
kinetic isotope effect, does not have a pH-dependent
amplitude spectrum and is not coupled to the release or
uptake of protons.

Proton Release and Uptake during the Pr f Pfr Transition.
The results of the pH titration of the Pr and Pfr spectra imply
that there is no difference in the degree of protonation of
the chromophore between these states at physiological pH.
This interpretation of our titration data is supported by recent
FTIR experiments with Cph1 at pH 7.8 from which it was
concluded that the chromophore is protonated in both Pr and
Pfr (11). The proton release leading to the net acidification

in Pfr must thus originate from titratable groups of amino
acid side chains of Cph1. The titration experiments do not
exclude the possibility of transient chromophore deprotona-
tion and reprotonation between Pr and Pfr, but the results
from vibrational spectroscopy (11) showed that at least in
the meta-Ra intermediate at pH 7.8 the chromophore was
still protonated. We will therefore assume that the chro-
mophore remains protonated throughout the photocycle. This
implies that all the transient protonation changes are due to
pKa changes in the protein moiety. These pKa shifts might
be due to electronic reconfiguration of one or more solvent-
exposed groups or to transient exposure of one or more
protonatable groups to the solvent. We cannot discriminate
between these possibilities.

The proton release phase could be well-described by the
photocycle time constantsτ3 (∼3 ms) andτ4 (∼12 ms). The
proton release is thus associated at least in part with the decay
of the novel intermediate (τ3) that has the large deuterium
isotope effect. The uptake phase was coupled to the rise of
Pfr with τ5 (∼270 ms). In this way, we have time resolved
the structural transitions that cause the pKa shifts. The time-
resolved proton signal serves here as a sensitive monitor for
conformational changes.

The amplitude of the proton uptake phase was smaller than
that of the release phase leading to net acidification in Pfr

for both Cph1 and Cph1∆2 (see Figure 6A and last column
in Table 3). This is in good agreement with the pH-electrode
measurements. This net acidification observed in the transient
proton release and uptake measurements was significantly
larger at pH 7 than at pH 8 for both Cph1 and Cph1∆2 (last
column in Table 3). These observations are also in good
agreement with the pH-electrode data, which covered a wider
pH range. The question arises why the net proton release is
larger at lower pH. Because the number of transiently
released protons is within experimental error, independent
of pH (Table 3, column 7), the effect must be due to a
decrease in the amplitude of the proton uptake phase with
decreasing pH. This can be formally described as an
inhibition of the extent of the uptake phase (τ5) by an increase
in the external proton concentration. Becauseτ5 is virtually
pH independent (Table 2), this effect is most likely simply
due to a pKa shift of the appropriate sign and magnitude in
the formation of Pfr (τ5).

The amplitude spectra forτ4 and τ5 are very similar, in
particular for the sample at pH 7.0 (Figure 5A; B4 and B5).
Both phases might contribute to Pfr formation, particularly
when parallel pathways are considered; however, it should
be noted that the amplitudes for the proton release kinetics
are opposite forτ4 and τ5. This indicates that dissimilar
conformational changes are associated with these transitions,
making a parallel pathway less likely.

Under the conditions selected, the rate of protonation of
fluorescein was limited by the rate of the underlying
conformational change in Cph1 and/or Cph1∆2. The second-
order rate constant for protonation of fluorescein is 2.0×
1010 M-1 s-1, allowing detection of proton release in the
microsecond time domain (18, 41). Because of the buffering
strength of samples containing protein, the observed time
constants for protonation of such dyes are typically∼65-
500 µs, as shown with studies of proton release by bacte-
riorhodopsin (18, 31, 42, 43). The fastest component for
fluorescein protonation in our experiments was 3-4 ms,
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indicating that diffusion was not limiting. In addition, control
experiments with pyranine as the pH indicator did not result
in an apparent acceleration of the proton release phase, even
though the second-order rate constant for protonation of
pyranine is significantly higher than for fluorescein (i.e., 1.8
× 1011 M-1 s-1; 41).

Light-Induced ReVersible Acidification of Unbuffered
Phytochrome Solutions.Simultaneous recording of the
absorption changes and the pH changes during red and far-
red irradiation of unbuffered phytochrome solutions allowed
determination of the H+/Pr f Pfr stoichiometry for a larger
range of pH values than was covered in the transient pH
indicator experiments. The latter measurements are limited
to a narrow pH range around the pK of the dye. In agreement
with the dye experiments, it was found that stable acidifica-
tion in the Pfr state increased with decreasing pH, in the case
of both Cph1 and Cph1∆2 (Figure 1B). The H+/Pr f Pfr

stoichiometry of this stable acidification was however smaller
than when quantified by the flash-photolysis approach (Table
3).

The pH-electrode measurements required a 1 M KCl
concentration for an optimal signal/noise ratio of the
electrode (37), necessitating minor corrections for increased
light scattering resulting from limited phytochrome precipita-
tion. The flash-photolysis experiments, on the other hand,
were performed at low salt concentration (50 mM KCl),
where aggregation is negligible. Presumably, the higher salt
concentration employed in the pH-electrode measurements
stimulates the proton uptake reaction by affecting the pK
change responsible for the uptake. It is well-known that
electrostatic screening in high salt leads to pK shifts. A
dependence of the extent of light-dependent proton release
on the salt concentration has earlier been demonstrated for
bacteriorhodopsin (37).

Comparison with Proton Release and Uptake in Pea
Phytochrome.It is of interest to compare our results on
prokaryotic Cph1 with the previous work on eukaryotic pea
phytochrome and its fragments (20, 21, 23). With the 114-
kDa fragment and using pH electrodes, these authors
observed light-induced alkalization at pH 6.2-7.8, no net
proton exchange at pH 7.8, and increasing acidification above
pH 7.8. With Cph1, we observed only acidification over the
entire accessible pH range from 5.5 to 9.0 (Figure 1B).
Moreover, the acidification decreased with increasing pH,
approaching zero at pH 9.0. This shape of the pH dependence
makes it very unlikely that we would have observed net
alkalinization if we had been able to measure below pH 5.5.
There thus appears to be a marked difference between the
light-induced deprotonation patterns of Cph1 and the 114-
kDa fragment from a pea. On the other hand, 121-kDa
preparations of pea PhyA showed much lower levels of
proton release and uptake (21). The authors suggested that
in the latter case an N-terminal fragment in the 121-kDa
protein blocks the net proton transfer to the aqueous medium.
Whether this represents the physiological situation is still
unclear, however, because the predicted molecular mass of
the native gene product is 124 kDa, similar to that of other
plant PhyAs, rather than 121 kDa. There is, however, no
doubting that the 121-kDa phytochrome shows an even larger
difference with respect to Cph1 than the 114-kDa prepara-
tions. Because of the many significant differences between
the cyanobacterial and the plant phytochromes (PAS module,

unique 3-ms intermediate, histidine kinase activity, Pr active
form), it is not surprising that the details of the light-induced
protonation changes are different in the two systems,
although we note that the effect in Cph1 seems to be
independent of the kinase domain. Protonation changes
associated with structural changes seem to play an important
role in both phytochrome types, however.

In the earlier measurements with pea phytochrome (21),
no time-resolved data on the kinetics of the transient proton
release were reported, and neither could the protonation
changes be assigned to particular transitions in the photo-
cycle. On the basis of their later steady-state resonance
Raman results (23) however, which indicated that the
chromophore is protonated in Pr but deprotonated in the Ibl

intermediate and Pfr, these authors suggested that proton
release occurs in the formation of Ibl and proton uptake occurs
in the formation of Pfr. In our work with Cph1, we have
shown with time-resolved methods that the release indeed
precedes uptake and have assigned these reactions to
particular transitions in the photocyle. In more recent
resonance Raman work with plant phytochrome, it was
concluded that the chromophore is protonated in Pr, Pfr, and
all intermediates (24-26). The latter results would imply
that the argument in ref23 that the chromophore is the source
of the released proton is invalid.

CONCLUSIONS

During the Pr f Pfr transitions of Cph1 and Cph1∆2,
protons are first released (∼3 ms) and subsequently partially
taken up again (∼270 ms). The amplitude of the release
component is larger than that of the uptake phase, resulting
in net acidification of Pfr.

The kinetics of this proton release and uptake were shown
to correspond to transitions between particular intermediates
in the photocycle of Cph1 and Cph1∆2. It is concluded that
these protonation changes are caused by pK changes that
are induced by conformational changes of the protein moiety,
resulting from chromophore excitation. The identification of
the residues involved in proton release and uptake during
the photocycle of Cph1 might reveal domains of the protein
that are involved in the intramolecular signal transduction
from its chromophore-binding domain to its histidine kinase
domain.
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