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ABSTRACT:

Cyanobacterial phytochrome 1 (Cph1) is a red/far-red light regulated histidine kinase, which together with its response regulator
(Rcp1) forms a two-component light signaling system in Synechocystis 6803. In the present study we followed the in vitro
autophosphorylation of Cph1 and the subsequent phosphotransfer to Rcp1 in different ionic milieus and following different light
treatments. Both processes were red/far-red reversible with activity manifested in the Pr ground state (in darkness or after far-red
irradiation) and with strongest activities being exhibited in the presence of Mn2þ. In vivo and in vitro assembled holoproteins in the
Pr state displayed at least 4-fold higher efficiencies (kcat/Km) for autophosphorylation and phosphotransfer than the apoprotein or
the holoprotein at photoequilibrium in red light. The reduced activities observed following red light treatments were consistent with the
Pfr state being enzymatically inactive. Thus, both the rate of kinase autophosphorylation and the rate of phosphotransfer regulate the
phosphorylation state of the response regulator, consistent with the rotary switch model regulating accessibility of the histidine
target.

Perception of external cues is essential in the life of an
organism as it provides the basis for acclimation to the

environment. Whether a stimulus comes in the form of light,
osmotic potential, temperature, oxygen, ions, or organic com-
pounds, sensory proteins receive the signal, translate it into
intramolecular chemical reactions, and pass them on to inter-
acting proteins which finally initiate the cellular response. In
microorganisms these regulatory processes are commonly
represented by “two-component” signal transduction systems
paradigmatically consisting of a sensory histidine protein kinase
(SHPK) and a cognate response regulator. Generally, the
SHPK comprises an N-terminal sensory module and a C-term-
inal catalytic transmitter module. In the latter, an ATP-binding
domain is responsible for phosphorylating a conserved histidine
residue carried on a helix�loop�helix domain. Subsequently,
this phosphate is transferred to the response regulator, the
second component. The Synechocystis 6803 genome1 encodes
at least 80 proteins involved in two-component signaling.2

These include cyanobacterial phytochrome 1 (Cph1) and its
response regulator Rcp1.3,4

Phytochromes are red/far-red photochromic dimeric photo-
receptors ubiquitous in plants and known in many microorgan-
isms. The N-terminal photosensory module comprising PAS
(Period/Arnt/Singleminded), GAF (mammalian cGMP-bind-
ing PDEs, Anabaena adenylyl cyclases, and Escherichia coli FhlA;
a structural homologue of PAS),5 and PHY (phytochrome
specific; a structural homologue of GAF)6 domains is conserved
among bacteria, fungi, and plants. In plant and various cyano-
bacterial phytochromes including Cph1, a linear tetrapyrole (bilin)
chromophore is covalently attached to a conserved cysteine
residue within the GAF domain,6�10 whereas fungal phytochromes
and bacteriophytochromes use a conserved cysteine close to the
N-terminus.11,12 Phytochromobilin (PΦB),7,10 phycocyanobilin
(PCB),6,8,13 and biliverdin (BV)11,12,14 are the chromophores for
plant, cyanobacterial, and fungal phytochromes/bacteriophyto-
chromes, respectively. Generally, the Pr ground state preferentially
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absorbs red light and is thereby photoconverted to the far-red-
absorbing Pfr state. Pfr is thermally stable but can be photo-
converted back to Pr in far-red light. This phototransformation
is mediated by the cis to trans (Z f E) isomerization of the
chromophore D ring with respect to the C15dC16 double bond.
Consequently, upon red light irradiation, the phytochrome
switches from a ZZZssa configuration in Pr to a ZZEssa config-
uration in Pfr, where Z/E and s/a (syn/anti) respectively define
the configuration of the double and single bonds at C5, C10, and
C15.6,15,16 It seems indeed that a Z f E photoflip of the D ring
is the photochemical trigger in all canonical phytochromes
and bacteriophytochromes.6,14�25 Phytochrome C-termini show
more or less striking similarities to SHPK transmitter modules.26

Cph1 displays histidine autophosphorylation in vitro in the Pr
state, following which the phosphoryl group is transferred to the
acceptor Asp-68 of Rcp1.4,8 To date and despite the substantial
amount of information obtained since the discovery of Cph1, no
thoroughgoing enzymatic analysis of light-regulated signaling has
been published, although extensive kinetics have been performed
to characterize other two-component systems. Here, we report
Michaelis�Menten kinetic analyses of the autokinase and phos-
photransfer activities of Cph1. We show that Mn2þ is the
preferred cofactor for the kinase, contrary to expectations, and
that both autophosphorylation and phosphotransfer transfer
activities are tightly and reversibly controlled by red and far-
red light, the Pfr state being enzymatically inactive. As domain-
swapping experiments have shown that the intramolecular
mechanism regulating transmitter activity in SHPK’s is con-
served, the ease and speed with which Cph1 can be (de)activated
makes it a useful experimental platform for investigating the
switching and phosphotransfer mechanisms at the heart of two-
component signaling or for light-steered applications in synthetic
biology.

’EXPERIMENTAL PROCEDURES

All chemicals were purchased from Applichem (Darmstadt,
Germany) unless otherwise stated.
Bacterial Strains and Gene Expression. Full length Cph1

was heterologously expressed with a C-terminally engineered
hexahistidine tag in Escherichia coli BL21Pro cells (Clonetech).27

For in vivo holophytochrome production, the bilin biosynthetic
pathway was provided by plasmid p171 harboring the pcyA and
ho1 genes from Synechocystis 6803.27,28 Rcp1 was heterologously
expressed with a C-terminally engineered hexahistidine tag in
E. coli DH5R cells (Invitrogen).8

Protein Purification. In vivo assembled Cph1 holoprotein,
Cph1 apoprotein and Rcp1 were purified as previously
described8,27,29,30 with the modifications indicated in the Sup-
porting Information. Purified apoCph1 was autoassembled with
excess PCB in vitro in TES-β supplemented with 20% glycerol
(v/v) or 20% D-xylitol (w/v). Size exclusion chromatography
(SEC) on a HiLoad 16/60 or 26/60 Superdex 200 (GE
Healthcare)8 was used as the final purification step but also as a
measure of the homogeneity and oligomeric state of all protein
preparations. Chromatography was performed on a purpose-
built €AKTA purifier (GEHealthcare). The purity of in vivo and in
vitro assembled holophytohrome was determined from their
corresponding specific absorbance ratios (SAR).8,29 R/FR dif-
ference spectroscopy was used as a relative measure of Cph1
amounts alongside Bradford assays31 of total protein using IgG as
the standard.

SDS�Polyacrylamide Gel Electrophoresis. Aliquots from
autokinase and phosphotransferase reactions were terminated at
specific time points as described.4,32,33 Cph1 and Cph1/Rcp1
reaction mixtures were resolved on 12% and 15% gels, respec-
tively, using the Laemmli buffer compositions.34 Covalent
attachment of PCB was confirmed by Zn2þacetate (Merck)
staining.35

UV�vis Spectroscopy. Absorbance spectra of holoCph1
solutions were recorded on a modified 8453 diode-array detector
spectrophotometer (Agilent). To determine Pr to Pfr conversion
rates, Cph1 at ca. 200 μg/mL was placed in a cuvette with
polished side windows and irradiated with saturating far-red light
to ensure full occupancy of the Pr state. Photoconversion to Pfr
by collimated red light from a projector fitted with an inter-
ference filter (λmax = 660 nm, Tmax = 37%, fwhm = 16 nm) was
monitored at 705 nm in a modified UV-mini 1240 spectro-
photometer (Shimadzu). Quantum yields were determined as
described36,37 (see Supporting Information for details).
The extinction coefficient of in vivo assembled Cph1 as Pr at

λmax 660 was determined using three separate methods, namely
(1) from the absorbance of samples whose total protein con-
centration had been determined accurately by Bradford assay,
(2) from UV�vis absorbance spectra of samples at equal
concentrations in TES-β (native conditions) and 8 M urea at
pH 2.0 (denaturing acidic conditions) based on the extinction
coefficient at λmax for denatured phycocyanin and PCB under
acidic conditions (35.5 and 37 mM�1 cm�1, respectively38), and
(3) from absorbance spectral calibrated by the calculated extinc-
tion coefficient of holoCph1 at 280 nm.
Autophosphorylation of Cph1 Apo- and Holophyto-

chromes. Purified Cph1 (10 μM) was phosphorylated in
50 mM Tris-HCl, 150 mM NaCl, 50 mM KCl, 10% glycerol
(v/v), 1 mM DTT, 5 mM MgCl2, pH 7.8 supplemented with
1 mM ATP containing 0.01% [γ-32P] ATP (222 TBq, mmol�1,
Perkin-Elmer), as previously described.4,33,39 Terminated reac-
tions were analyzed by SDS-PAGE. The dye front was removed
to reduce background radiation from unincorporated 32P. Dried
gels were placed on a phosphor-image screen for 16�18 h. For
direct comparisons of the tested conditions, exposure times were
kept constant and when possible the gels to be compared were
exposed on the same screen. The images were read out using a
Fuji FLA-7000 phosphor-imager and signals quantified by signal
intensity (photostimulated luminescence: PSL units) against
known standards, using the AIDA Image Analyzer 4.22 software.
Background counts were measured for every lane and were
subtracted from the corresponding signals.
All optimizations were performed on in vivo holo-Cph1 in the

Pr state. For determination of the preferred by Cph1 divalent
cation, MgCl2 was replaced by the same concentration of CaCl2,
CoCl2 (Sigma), MnCl2 (Sigma), NiCl2, RbCl2 (Aldrich), SnCl2
(Merck), or ZnCl2 (Merck), and kinase activities were studied
for both Pr and Pfr/Pr states. These experiments were also
conducted in the presence of 1 mM EDTA or 1 mM EGTA.
In the latter case three master mixes were prepared: one contain-
ing protein and buffer, one containing the source of cation and
ATP, and one containing the chelating agent. Reactions were
initiated with the concomitant addition of cation/ATP and
chelator to the phytochrome master mix and followed for an
hour at 25 �C. Test phosphorylations were also carried out using
760 nM to 5 mM CaCl2, MgCl2, or MnCl2. To identify any
synergistic effects of these ions on the protein’s kinase activity,
combinations of CaCl2/MgCl2, CaCl2/MnCl2, MgCl2/MnCl2,
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and CaCl2/MgCl2/MnCl2 were tested at 62�190 μM concen-
trations. Finally, the optimum pH of autokinase activity was
determined from a tested 6.8�9.3 range. Initial autophosphor-
ylation rates were determined for each ATP concentration (5 μM
to 1mM) and for every phytochrome preparation (in Pr or Pfr/Pr)
from early points of the linear phase of the reaction (2�10 min).
Experiments were carried out in triplicate. Kinetic parameters
were calculated from the least-squares fit to Michaelis�Menten
hyperbolae and qualitatively compared to those derived from
Hanes�Wolf linearizations (GraphPad Prism; Cambridge
Scientific).
Phosphotransfer of Phosphorylated Cph1 Apo- and Ho-

lophytochromes to Rcp1. Following Cph1 (23 μM) autopho-
sphorylation (100 mM ATP for 1 h, as Pr or in Pr/Pfr
photoequilibrium mixture), ATP was removed from the mixture
by gel filtration (Illustra MicroSpin NAP-25 columns; GE
Healthcare) and 10 μM protein mixed with Rcp1 (0.2�33 μM
in phosphorylation buffer without ATP) for initiation of the
transfer reaction. Reactions were terminated as above. The rate
of phosphotransfer from Cph1 was determined from early points
of the linear phase of the decay (up to 2 min). Assays were
performed in triplicate.
Light Treatments. Autokinase and phosphotransfer assays

were also conducted under conditions of continuous and pulsed
irradiations, in particular to ascertain the activities of Pfr. For
autophosphorylation experiments, in vivo assembled Cph1 ho-
lophytochrome in its Pr state at 10 μMwas irradiated with either
continuous red light (λmax = 660 nm, fluence rate = 6.7 μmol
m�2 s�1; R), or with 1 min pulse of saturating (1) R, (2) far red
(λmax = 730 nm, fluence rate = 2.3 μmol m�2 s�1; FR), (3)
R_FR, (4) R_FR_R, (5) FR_R, and (6) FR_R_FR light prior to
the initiation of the reaction. For the continuous R condition, the
reaction was initiated by adding the appropriate divalent ion/
ATP concentration after a 1 min preirradiation in R. Reactions
were allowed to proceed for 2�10 min before termination.
The same methodology was followed to investigate the effect

of light on the phosphotransfer reaction itself. In vivo assembled
Pr holophytochrome (23 μM) was phosphorylated (100 μM
ATP) at 25 �C, for 1 h in darkness, ATP subsequently removed
by gel filtration, and the mixture subjected to either continuous R
or 1 min pulse of saturating (1) R, (2) FR, and (3) R_FR light
treatments before mixing Cph1 (10 μMend concentration) with
excess Rcp1. Reactions were allowed to proceed for 2 min.

’RESULTS

Photochemical Parameters and Sample Purity.The extinc-
tion coefficient of in vivo assembled holoCph1 in its Pr state
(λmax,red = 661 nm) was determined by three different methods.
A value of 89.1 ( 2.5 mM�1 cm�1 was derived from the
extinction coefficient of phycocyanin in acid urea.38 Direct
measurements required the concentration of Cph1 to be known
exactly (despite traces of impurities). The protein concentration
of highly purified samples was derived from IgG-calibrated
Bradford assays, yielding an extinction coefficient at 661 nm of
88.3 ( 1.2 mM�1 cm�1. As an alternative, ε280 nm of native full
length Cph1 was derived based on the assumption that ε280 of
urea-denatured Cph1 is identical to the value calculated from the
protein sequence plus that of the chromophore in neutral urea
buffer. The theoretical ε280 nm of the recombinant apoCph1
(85 mM�1 cm�1; Vector NTI, Invitrogen) with a contribution
of 3.8( 0.3mM�1 cm�1 from PCB in urea,8 resulted in a value of

88.5 mM�1 cm�1 for holoCph1 which could be used to calibrate
the UV�vis absorbance spectrum of highly purified material. As
the 280 and 661 nm peaks were equal, the 661 nm extinction
coefficient was thereby also 88.5 mM�1 cm�1 for holoCph1. On
the basis of the maximal 661 nm:280 nm specific absorbance
ratio (SAR) of 1.0 corresponding to 100% purity, in vivo and in
vitro assembled holoproteins routinely used here were purified to
more than 96% (Figure 1A,B) and 85% homogeneity respec-
tively (Figure 1A). The purity of Rcp1 was more than 95% as
judged by SDS-PAGE (Figure 1A).
Initially, we followed photoconversion from Pr to Pfr for 5 min

(Figure S1A,B) in phosphorylation buffer without divalent
cations [50 mM Tris-HCl, 150 mM NaCl, 50 mM KCl, 10%
glycerol (v/v), 1mMDTT, pH 8.1, 1mMATP]. Both in vivo and
in vitro assembled holoproteins displayed the same photochemi-
cal behavior. The rate constants for their phototransformation
using 660 nm actinic light (8.1 μmol m�2 s�1), and monitoring
absorbance at 705 nm, were almost identical (0.0122 ( 0.0004
and 0.0130 ( 0.0001 s�1, respectively; Figure S1A,B). XPfr,max,
the Pfr molar occupancy in red light, was determined as 0.70 for
the Cph1 sensory domain for which pure Pfr can be obtained by
SEC.40 Using this value for the full length holoprotein assembled
in vivo and in vitro yielded hypothetical Pfr spectra identical to
those measured for the purified Pfr dimer of the sensory domain;

Figure 1. SDS-PAGE and UV�vis absorbance spectra of in vivo and in
vitro assembled Cph1 holoproteins and Rcp1. (A) SDS-PAGE of
purified holo-Cph1 (in vivo and in vitro assembled), apo-Cph1 (left)
and Rcp1 (right). Covalent PCB assembly was confirmed by zinc acetate
staining (upper left). (B) UV�vis absorbance spectra of purified in vivo
assembled Cph1 in TES-β after far-red (FR) and red irradiation (R).
The difference spectrum is also shown.
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thus, XPfr,max is likely to be close to 0.70 in both cases. Using the
determined rates, the actinic light intensity (I660), the extinction
coefficients ε660 nm, and XPfr,max 0.70 the quantum yields [Φr =
(k660[Pfr]¥

660)/(I660εr660)]
41 of the Pr to Pfr phototransforma-

tion for the in vivo and in vitro assembled Cph1 were 0.118 (
0.004 and 0.132( 0.001, respectively. Pr to Pfr photoconversion
rates for in vivo assembled Cph1 in the presence of 5 mMMg2þ,
Mn2þ, and Ca2þ were also measured. Mg2þ or Mn2þ had
insignificant effects (Figure S1A,B). With 5 mM Ca2þ, however,
A660 nm values fell slowly in darkness (Figure S1C) accompanied
by increasing scattering apparent from increasing OD toward
shorter wavelengths, implying aggregation. Consequently, the
maximal absorbance at 705 nm in the presence of Ca2þ (Figure
S1A,D) was lower than the controls(Mg2þ orMn2þ. For Ca2þ,
the photoconversion rate and phototransformation yield were
0.0094 ( 0.0001 s�1 and 0.091 ( 0.001, respectively.
Optimization of Cph1 Autophosphorylation. In vivo as-

sembled Cph1 holoprotein mediates its own ATP-dependent
phosphorylation in the Pr state.4 The dependence of autokinase
activity on the type of divalent ion available was investigated
initially using 5 mM divalent ions.42 Surprisingly, Mn2þ resulted
in higher activities than other divalent cations (Figure 2).
Following red irradiation, the Pfr/Pr photoequilibrium mixture
displayed a dramatic reduction in autophosphorylation in the
presence of Mg2þ consistent with previous reports.4 This was
also seen for Mn2þ whereas Ca2þ resulted in ca. 50% reduced
activity of the Pr/Pfr mixture relative to 100% Pr (Figure 2).
5 mM Ni2þ, Rb2þ, Sn2þ, or Zn2þ precipitated the protein and
did not support autophosphorylation.
The effects of chelators on Pr autokinase activity were studied

(Figure 2). With 5 mMMn2þor Ca2þ 1mMEDTA caused a 1.5-
fold reduction of the observed signal, whereas, consistently, the
same test with Mg2þ largely abolished the kinase activity.
Addition of 1 mM EGTA halved the kinase activity in Mg2þ or

Ca2þ, but was less effective with Mn2þ (Figure 2). Basal kinase
activity was displayed in the presence of Co2þ and was mildly
increased after the addition of chelator (Figure 2).
To define the range of optimal ion concentration for auto-

kinase activity, we lowered the initial 5 mM concentration in
increments of three to 760 nM. In agreement with the data above
the following preference was indicated: Mn2þ > Mg2þ > Ca2þ

(Figure 3A). Activity was barely detectable for all tested ions at
62 μM and was undetectable for lower concentrations (Figure 3A).
A sharp increase in activity was observed for Mn2þ and Mg2þ at
190 μM, which peaked at 560 μM, higher concentrations appear-
ing inhibitory (Figure 3A,B). Increased Ca2þ resulted in a con-
tinuous increase, however (Figure 3B). Combinations of Mn2þ/
Ca2þ or Mn2þ/Mg2þ resulted in slightly higher activities than
those displayed in Ca2þ or Mg2þ alone but never equaled that in
Mn2þ (Figure S2). The Ca2þ/Mg2þ combination resulted in
higher activities than those shown in Ca2þ alone, but Mg2þ alone
was still more effective. With Mn2þ, Ca2þ, and Mn2þ present at
equal concentrations (total concentration 190 μM), the activity
was significantly lower than that for Mg2þ or Mn2þ at 190 μM.
With the optimal divalent ion concentration determined (560 μM
Mn2þ) we proceeded with the determination of the optimum pH
for autokinase activity. Tris-HCl was used to achieve an overall pH
in solution from 7 to 9. An optimum pH of 8.15�8.20 was
observed (Figure S3C).
Michaelis�Menten Kinetics for Cph1 Autophosphoryla-

tion. Reactions were linear for the first 20 min and reached a
plateau over a period of 2 h (Figure S3A,B). Autophosphoryla-
tion rates were determined from the linear phase of the reactions
and plotted against [ATP]. Autokinase rates showed the antici-
pated Michaelis�Menten behavior with respect to [ATP]
(Figure 4A). In vivo and in vitro assembled holoproteins in Pr
showed similar Km values for autophosphorylation (7�11 μM,
Table 1;P= 0.17).Vmax values were 133 and 154 pmolmg

�1min�1

Figure 2. Autophosphorylation of in vivo assembled Cph1 following far-red (FR) and red (R) irradiations in the presence of Mg2þ, Ca2þ, Co2þ, Mn2þ,
Ni2þ, Rb2þ, Sn2þ, and Zn2þ ions at 5 mM. Each block describes the effects of three ions on the autokinase activity. In each block the top, middle, and
bottom rows correspond to zinc acetate fluorescence, Coomassie staining, and phosphorimage of a 12% SDS-PAGE gel. The three lanes from left to right
correspond to the autokinase activity in the absence of chelator and in the presence of EDTA or EGTA at 1 mM, respectively. Reactions were allowed to
proceed in darkness for 1 h at 25 �C. M: molecular weight marker.
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respectively corresponding kcat and kcat/Km values (Table 1),
suggesting similar turnovers and enzymatic efficiency. The Vmax
values for the autophosphorylation of the in vivo and in vitro Pfr/Pr
mixes were 4-fold and 6-fold lower than those of their Pr counter-
parts, whereas the Km values remained unchanged. In vivo and in
vitro holoprotein Pfr/Pr mixes showed 9-fold and 3-fold lower
kcat/Km than that observed for their corresponding Pr states.
Although theVmax for the autokinase activity of the apoprotein

was only slightly greater than that of the Pr holoprotein, the Km

was more than 20-fold higher, making it a less efficient enzyme
(kcat/Km = 2 M�1 s�1) than Pr. There was, overall, good
agreement between the parameters derived from the hyperbolic
fits and from linear transformations (Table S1).
Rcp1-P Formation and Kinetics of Phosphotransfer. Tests

of autophosphorylations (10 μM in vivo assembled Cph1) with
varying concentrations of MnCl2 or MgCl2 (21 μM to 5 mM)
and subsequent phosphotransfer assays (33 μM Rcp1) were
conducted for 1 h at 25 �C in the presence of ATP. Reactions were
terminated by addition of stop buffer and analyzed as before. As for
the autokinase, the coupled kinase/phosphotransferase activity was

significantly higher with Mn2þ than with the other tested cations
(Figure S4). Although Mn2þ or Mg2þ at the 560 μM optimum for
autophosphorylation supported efficient phosphotransfer to Rcp1,
the optimum in the latter case was closer to 1.7 mM (Figure S4).
The phosphotransfer reaction itself was investigated by first

phosphorylating Cph1 alone, removing the unused ATP and
only then adding Rcp1. Phosphorylated Cph1 as Pr was depho-
sphorylated in the presence of Rcp1 (Figure 5A), in accordance
with previous observations.4,8 Cph1 autophosphorylation follow-
ing red irradiation (Pfr/Pr mix) was lower with the expected
effect on Rcp1 phosphorylation. The Rcp1-dependent depho-
sphorylation of Cph1 followed a hyperbolic time course with a
linear phase within the first 2 min of the reaction and plateaued
over a period of 1 h (Figure 5B). In the absence of Rcp1, the
phosphorylated Cph1 was quite stable showing a half-life of
about 50 min, whereas the half-life of phosphorylated Rcp1 was
∼2 min (Figure 5C). The kinetic properties of the phospho-
transfer reaction from Pr to Rcp1 were very different
(Figure 4B): Vmax was ∼30-fold higher and Km about half that
for autophosphorylation. Light effects on the two reactions,
however, were very similar (Table 1). Phosphotransfer rates
for in vivo and in vitro reconstituted holoproteins in the Pr state
were 4�6-fold faster than their counterparts in the Pfr/Pr
mixture and for the apoprotein (Figure 4B). There was again
reasonable agreement between the parameters derived from the
hyperbolic fits and from Hanes�Wolf linearizations.
Light Control of the Autokinase Activity and Phospho-

transfer Capability of Cph1.Treatment of the holoprotein with
1 min red light (R) caused a ∼ 62% reduction in autokinase
activity, in line with expectations. Under conditions of contin-
uous red light (Figure 6A), a ∼10% further reduction in activity
was observed. R_FR and FR_R_FR treatments restored the
maximum activity observed for FR irradiated (Pr) samples
(Figure 6A), whereas the R_FR_R and FR_R pulse sequence
again resulted in a 2�3-fold reduction of the autokinase activity.
To study photoreversibility of phosphotransfer independently

of Cph1 autophosphorylation, in vivo assembled holoprotein
samples were phosphorylated following the previous light treat-
ments, ATP removed, and Rcp1 added (Figure 6B). Dark and
FR-treated samples behaved similarly and displayed the highest
activities. There was a 3-fold reduction in the phosphotransfer
rate following the R pulse treatment and a further small reduction
under continuous R, closely reflecting the effects on autokinase
activity described above. Similarly, pulse sequences ending with
FR restored the higher phosphotransfer rates of the FR treated
sample, whereas those ending with R resulted in ∼2-fold
lower activities (Figure 6B). The same trends emerged when
in vivo assembled holoprotein was phosphorylated in darkness
and then subjected to R, Rcont, and R_FR treatments before
initiation of the phosphotransfer reactions by addition of Rcp1
(Figure 6C).

’DISCUSSION

To date, the photochemical parameters of Cph1 (and indeed
other phytochromes) have been assumed to be identical for
apoprotein assembled with excess chromophore in vitro and
material probably cotranslationally assembled in vivo. From the
mean of three independent methods, we estimate the extinction
coefficient of holoCph1 generated in vivo to be 88.6 mM�1 cm�1,
closely similar to that of in vitro assembled material.8 The rates of
their Pr to Pfr photoconversion were also very similar (k660 =

Figure 3. Dependence of in vivo assembled Cph1 autokinase activity as
Pr on Ca2þ, Mg2þ, and Mn2þ concentrations. (A) Images (blocks as in
Figure 2) and (B) quantified phosphoimage signals for Ca2þ (triangles),
Mg2þ (squares), andMn2þ (circles). Reactions were allowed to proceed
in darkness for 1 h at 25 �C.
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0.012�0.013 s�1) regardless of the presence or absence of ions in
the tested buffer. Subtraction of 30% of the Pr absorbance
spectrum from the absorbance spectrum at photoequilibrium
in red light resulted in a hypothetical 100% Pfr spectrum which
closely matched that of the Cph1 sensory module purified to
100% Pfr occupancy by SEC.40 Thus, the Pfr mole fraction at
photoequilibrium in red light (XPfr,max) for full length Cph1 as
well as the separate photosensor module assembled either in vivo
or in vitro is ∼0.70. As the extinction coefficients, phototrans-
formation rates and photoequilibria were similar, so were the
quantum yields of photoconversion (Φr = 0.12�0.13).

The work reported here describes the effects of divalent ions,
pH, and light on the regulation of the autokinase activity of Cph1
and the subsequent control of phosphotransfer to the cognate
response regulator Rcp1. In agreement with previous reports,4,8

Cph1 Pr is the active histidine kinase, capable of autophosphor-
ylation and subsequent transfer of the phosphate to the aspartyl-
Rcp1. Whether the Pfr state is fully inactive is hard to determine

because—in contrast to the free sensory module40—it cannot be
produced at 100% occupancy (i.e., free of Pr). Nevertheless, the
70/30 Pfr/Pr photoequilibrium mixture displays a 62�74%
lower kinase activity relative to that of Pr, consistent with
complete inactivity of Pfr and XPfr,max of 0.70. Similarly, the
subsequent transfer of the labeled phosphate from phosphory-
lated Cph1 to Rcp1 is consistent with Pfr being inactive. These
results are in qualitative agreement with previous reports4 in
which, however, a XPfr,max value of 0.87 (based on plant phyto-
chrome data) was assumed. Accepting the XPfr,max value of 0.70
for Cph1, all data are consistent with this state being inactive both
as an autokinase and as a phosphotransferase. Although a true
negative control in which Pr is absent is not available in the case
of Cph1, in “bathy” phytochromes like PaBphP Pfr is the ground
state. Extrapolating from Cph1, this would be enzymatically
inactive in contrast to an active Pr. Interestingly, PaBphP
autokinase activity was reported to show only weak state depen-
dency, however.43

Figure 4. Michaelis�Menten kinetics of holo- and apo-Cph1 autophosphorylation and phosphotransfer to Rcp1. (A) ATP dependence of initial
autophosphorylation velocities for in vivo- and in vitro-assembled holoCph1 and apoCph1 (in the absence of Rcp1). Autokinase activities of Pr and the
Pr-Pfr photoequilibrium mixture are shown as open and closed circles, respectively. Above, phosphorimager data with hypobolic fits; below, linear
Hanes�Wolf transformations. (B) Rcp1 dependence of initial phosphotransfer velocities for holo- and apo-Cph1 after removal of ATP. Symbols as in
(A). The bars in each panel show the standard error of triplicate measurements.
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Earlier work on Cph14 reported autophosphorylation in the
presence of 5 mM Mg2þ.4,42 Similarly, autophosphorylation of
PaBphP and Agrobacterium tumerfaciens Agp1 was described in
5 mM MgCl2,

44,45 while equivalent work on CphA and CphB
from Calothrix sp. (Fremyella diplosiphon)46 was described in the
presence of 0.5 mM Mg2þ. We were thus surprised to find that
Mn2þwas the divalent ion preferred byCph1 (Figures 2 and 3A).
In fact, this is not uncommon among SHPKs, suggesting that the
cation preferences of other phytochromes should be verified
experimentally. All of the testedMn2þ concentrations resulted in
2-fold higher phosphorylation intensity for Cph1 in Pr relative to
the Mg2þ or Ca2þ optima (Figures 3A). No synergism was
observed between cations (Figure S2) consistent with competi-
tion for a single binding site within the ATPase domain of the
histidine kinase and the affinity of the catalytic site for Mn2þ

being higher than that for Mg2þ and Ca2þ. The optimal Mn2þ

concentration for autokinase activity was 190�560 μM (Figure 3A),
5 mM MnCl2 resulting in a marked reduction in the signal
intensity implying partial poisoning. Even at optimal concentra-
tions, Mg2þ lead to lower activities than for Mn2þ, while Ca2þ

and especially Ni2þ, Rb2þ, Sn2þ, and Zn2þ resulted in protein
precipitation. The sudden increase in autophosphorylation be-
tween 60 and 200 μM for all cations (Figure 3A) implies
cooperative binding. Similarly, phosphotransfer to the Rcp1
response regulator was most efficient in the presence of Mn2þ

(Figure S4). Interestingly, crystal structures of Rcp147 and of the
sporulation response regulator Spo0F from B. subtilis48 have been
described with bound Mn2þ, whereas NMR studies indicate that
Ca2þ as well asMg2þ andMn2þ bind to the conserved aspartate of
the Spo0F regulator.49 On the other hand, onlyMg2þwas shown

Table 1. Michaelis�Menten Parameters of Autokinase and Phosphotransfer Activities of Holo- and Apo-Cph1

autokinase

protein Km (μM) Vmax (pmol/(mg min)) kcat (10
�4 s�1) kcat/Km (M�1 s�1)

in vivo_Pr 7 ( 2 133 ( 4 2.0 ( 0.1 28 ( 8

in vivo_Pfr/Pr 12 ( 2 30 ( 1 0.40 ( 0.03 3 ( 1

in vitro_Pr 11 ( 2 154 ( 4 2.2 ( 0.1 20 ( 4

in vitro_Pfr/Pr 7 ( 2 25 ( 1 0.41 ( 0.02 6 ( 1

Apo 144 ( 23 216 ( 10 3.0 ( 0.1 2 ( 0.4

phosphotransfer

protein Km (μM) Vmax (pmol/(mg min)) kcat (10
�4 s�1) kcat/Km (M�1 s�1)

in vivo_Pr 4 ( 1 3672 ( 146 51 ( 2 1159 ( 164

in vivo_Pfr/Pr 5 ( 1 1129 ( 72 16 ( 1 340 ( 69

in vitro_Pr 6 ( 1 4225 ( 292 59 ( 4 1054 ( 255

in vitro_Pfr/Pr 3 ( 1 953 ( 45 14 ( 1 467 ( 159

Apo 3 ( 1 1033 ( 42 14 ( 1 467 ( 159

Figure 5. Phosphotransfer activity of in vivo assembled Cph1 to Rcp1 (at 10 and 33 μM, respectively). (A) Phosphotransfer activities of Cph1 in the
presence of ATP. Cph1 samples were phosphorylated following 1 min far-red (Pr) or 1 min red (Pfr/Pr mix) irradiation by addition of 100 μM ATP.
Phosphotransfer reactions were performed for 1 h in darkness at 25 �C. (B) Cph1 (closed circles) and Rcp1 (open circles) phosphorylation kinetics. (C)
Stability of Cph1 (closed circles) and Rcp1 (open circles) phosphorylated species following ATP removal.
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to support phosphotransfer from KinA.50 Although Mn2þ and
Mg2þ have similar van der Waals radii (0.83 Å), Mn2þ is a more
effective Lewis acid and a better electrostatic stabilizer.51 It is
these properties together with its tendency to bind nitrogenated
groups that may possibly result in the formation of more stable
kinase-cofactor complexes thanMg2þ or Ca2þ. WhetherMn2þ is
the ion used in the native protein in Synechocystis is not known.

Hyperbolic fits to the Michaelis�Menten kinetics of autopho-
sphorylation showed similar Km values (7�11 μM, P = 0.17) for
both in vivo and in vitro assembledCph1 in Pr. Following red light
irradiation, in vivo and in vitro Pr/Pfr mixtures showed 4- and
6-fold lower Vmax values than their Pr counterparts, respectively,
while the Km values were unchanged (7�12 μM, P = 0.1). The
4-fold lower activity of the in vivo Pr/Pfr mix following red
irradiation is consistent withXPfr,max value of 0.70. The kinetics of
phosphotransfer reflected generally those of autophosphoryla-
tion. The essential difference being that phosphotransfer is much
faster than autophosphorylation (Vmax ∼30-fold higher). The
fact that the apoprotein itself displayed both autokinase and
phosphotransfer activities would allow it a role in signaling.

Phosphorylated Cph1 was stable with a half-life of ∼50 min,
whereas phosphorylated Rcp1 showed a half-life of 2 min
(Figure 5C). Much longer lifetimes were reported for the RcpA
and RcpB response regulators corresponding to CphA and B
from Calothrix (Fremyella diplosiphon).52 Indeed, half-lives of
phosphorylated response regulators range from second to
hours.53 The half-lives of CheY and of Spo0F, for example, are
ca. 0.5 min and 3 h, respectively,54,55 in harmony with the
processes controlled, namely chemotaxis and sporulation. Be-
cause of the very short half-life of phosphorylated Rcp1, we did
not attempt to measure the transmitter phosphatase activity of
Cph1. Interestingly, however, Cph1 lacks the conserved gluta-
mine/asparagines of the DxxxQ or E/DxxT/N/Q motifs, shown
to be essential for transmitter phosphatase activity in NarX.56

The motifs are also present in DesK, EnvZ, and FixL for
which strong transmitter phosphatase activities have been
described.57�59

Proteolytic degradation of purified phytochrome or phyto-
chrome-like proteins has been described.8,33 In the case of the
current Cph1 purifications, however, we did not detect any
degradation for up to 4 months at 4 �C even in the absence of
chelators.

Both autokinase and phosphotransfer activities are under the
control of light (Figure 6). The XPfr,max value of 0.70 together
with the autokinase and phosphotransfer activities implies that
Pfr is enzymatically inactive, consistent with earlier data.4 Light
pulse experiments showed clear R/FR photoreversibility follow-
ing the classical pattern,60 except that Pr rather than Pfr is the
enzymatically active state.

The question naturally arises as to the mechanism of catalytic
regulation, given that there is no evidence for a direct interaction
between N-terminal sensory modules and C-terminal ATPase
domains. The link between the photosensory and transmitter
modules of Cph1 is provided by the R15 helix, which probably
extends through the His538 phosphoacceptor. Rotation of this
helix in the phytochrome dimer might change the accessibility of
His538 both for the flexibly attached ATPase domain and the
response regulator, a regulatory mechanism similar to that
suggested for blue light regulated SHPK’s.59,61 Indeed, the 3D
structure of the Cph1 sensory module6 shows the tongue-like
structure poised to register light-induced changes in the GAF
domain and to transmit them to R15.

Figure 6. Light control of autokinase and phosphotransferase activities
(in vivo assembled Cph1 and Rcp1 at 10 and 25 μM, respectively). (A)
Initial rates of autophosphorylation in the presence of ATP with
different light treatments [1 min FR (far red) and R (red) pulses as
shown]. Protein samples were irradiated before the reaction was
initiated by the addition of ions and ATP. In Rcont (continuous red
irradiation) the sample was preincubated with red light for 1 min before
the reaction was started. Phosphorylation reactions following the light
treatments was allowed to proceed for 1 h at 25 �C in darkness (B) Initial
phosphotransfer rates to Rcp1 following light treatments and Cph1
autophosphorylation as in (A) but with removal of unused ATP. The
bars in both panels correspond to standard errors of triplicate measure-
ments. (C) Initial phosphotransfer rates to Rcp1 following Cph1
autophosphorylation in darkness, ATP removal, and subsequent irradia-
tion (light treatments as in (A)). Phosphotransfer reactions were
initiated by addition of Rcp1 and aliquots from the phosphotransfer
mix were removed after 20 and 40 s. Inset shows the corresponding
phosphoimage signals—Cph1 (top) and Rcp1 (bottom)—in accor-
dance with Figure 5. The bars in all panels correspond to standard errors
of triplicate measurements.
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The results described in this work provide an in vitro template
for studying signaling in Cph1 and its derivatives including site-
directed mutants designed to probe the role of individual
residues. Hybrid molecules like the “Cph8” chimera in which
the photosensory module of Cph1 is fused to the catalytic
transmitter domain of EnvZ62 provide an alternative in vivo route
to the same end using similar site-directed mutants. Here the
light signal can drive OmpC-dependent expression of lacZ in
E. coli via the EnvZ�OmpR interaction, and the resulting
β-galactosidase activity can be directly assayed. Data derived from
the two methods recently identified R254 and R472 as compo-
nents of the signal chain.16 Varying the length of the R15 helix of
the constructed chimaeras could also prove useful for unveiling
its role in intramolecular signaling. Similar methodologies have
proven successful in defining the role of the JR helix in YtvA-FixL
chimaeras.59
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