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ABSTRACT: Phytochromes are widely distributed photochromic biliprotein photoreceptors. Typical bacterial
phytochromes such asAgrobacteriumAgp1 have a C-terminal histidine kinase module; the N-terminal
chromophore module induces conformational changes in the protein that lead to modulation of kinase
activity. We show by protein cross-linking that the C-terminal histidine kinase module of Agp1 mediates
stable dimerization. The fragment Agp1-M15, which comprises the chromophore module but lacks the
histidine kinase module, can also form dimers. In this fragment, dimer formation was stronger for the
far-red-absorbing form Pfr than for the red-absorbing form Pr. The same or similar behavior was found
for Agp1-M15∆9N and Agp1-M15∆18N, which lack 9 and 18 amino acids of the N-terminus, respectively.
The fragment Agp1-M20, which is derived from Agp1-M15 by truncation of the C-terminal “PHY domain”
(191 amino acids), can also form dimers, but dimerization is independent of irradiation conditions. The
cross-linking data also showed that the PHY domain is in tight contact with Lys 16 of the protein and
that the nine N-terminal amino acids mediate oligomer formation. Limited proteolysis shows that the
hinge region between the chromophore module and the histidine kinase and a part of the PHY domain
become exposed upon Pr to Pfr photoconversion.

Phytochromes are photoreceptors that have been found in
plants, bacteria, and fungi and that are most sensitive in the
red and far-red region of the visible spectrum (1). In plants,
numerous photomorphogenetic processes such as de-etiola-
tion, seed germination, and induction of flowering are
controlled by phytochromes (2). In bacteria, phytochrome
primary structures and biological functions are more diverse.
The most prominent phytochrome effects were found for the
photosynthetic bacteriaBradyrhizobiumORS274 andRhodo-
pseudomonas palustris, in which phytochrome controls the
synthesis of bacteriochlorophyll and carotenoids (3, 4). The
genome of the soil bacteriumAgrobacterium tumefaciens(5,
6) contains two phytochrome genes. These phytochromes,
termed Agp1 and Agp2, have been used for studies of
chromophore assembly, photoconversion, and X-ray crystal-
lography (7-15). Both phytochromes are expressed in
Agrobacteriumat a concentration of 10-20 molecules per
cell (16). Double-knockout mutants have a reduced growth
rate in darkness and light, but details of signal transduction
of these phytochromes are as yet unknown (16).

All typical phytochrome proteins consist of two parts, the
N-terminal chromophore module and a C-terminal output
module (1). The chromophore module consists of a PAS
domain1 [named for period, ARNT, and single-minded
proteins (17)] or a PAS-like domain (PLD), a GAF [named
for cGMP-specific phosphodiesterase, adenylate cyclase, and
Fhl proteins (18)] domain and a PHY (specific for photo-
chromic phytochromes) domain, which is located between
the C-terminus and the GAF domain. The C-terminal output
module of bacterial phytochromes is often a histidine kinase,
but other motifs are also possible. Plant phytochromes have
a C-terminal histidine kinase-like module and an additional
∼300-amino acid region, termed the double-PAS domain
here, which contains two PAS domains and is located
between the chromophore module and the histidine kinase-
like C-terminus (1). The histidine kinase (like) module of
plant and bacterial phytochromes also functions as a dimer-
ization unit (1), although dimerization has been shown for
few phytochromes only. The domain structure ofAgrobac-
teriumphytochrome Agp1, which was used in this study, is
given in Figure 1.

Phytochromes use one of three different bilins as a
chromophore for light absorption, which is autocatalytically
assembled with the protein. Plant phytochromes incorporate
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phytochromobilin, and most cyanobacterial phytochromes
utilize phycocyanobilin; on the other hand, bacterial phyto-
chromes from non-oxygenic photosynthetic and heterotrophic
eubacteria and fungi incorporate biliverdin (BV) (19). In
plant and most cyanobacterial phytochromes, the chro-
mophore is bound to a Cys residue within the GAF domain.
For AgrobacteriumAgp1, BV was found to bind covalently
to Cys 20 via its ring A vinyl side chain (7, 20). This binding
site is also used in all other BV-binding phytochromes that
have been tested so far (21-23).

Phytochromes are synthesized in a “red-absorbing form”
termed Pr which converts to a “far-red-absorbing form”
termed Pfr upon light absorption. In darkness, the Pr form
of most phytochromes is stable, whereas slow dark reversion
from Pfr to Pr has been observed for many phytochromes,
including Agp1 (20). The reverse dark reaction, i.e., dark
conversion from Pr to Pfr, has been described for four
bacterial phytochromes, including Agp2 (3, 8, 21, 24). For
Agp1 and Agp2, it has been shown by the use of locked
chromophores that the chromophore stereochemistry is
ZZZssain the Pr form andZZEasaor EZEasain the Pfr
form (12, 13).

Electron microscopy measurements with plant phyto-
chrome provided a low-resolution model in which two
phytochrome holoprotein subunits form a Y-shaped molecule
(25). Biochemical assays showed that the chromophore and
the hinge region connecting the N-terminal sensory module
with the C-terminal output module are more exposed in the
Pfr form of plant phytochrome (26). The plant-specific
double-PAS domain serves as nuclear localization signal and
becomes exposed upon Pr to Pfr photoconversion (27). For
cyanobacterial phytochrome Cph1, which dimerizes through
its C-terminal histidine kinase (28, 29), the N-terminal
chromophore module without the histidine kinase has also
been found to be able to form dimers and the subunit
association has been found to be much stronger in the Pfr
form than in the Pr form (29, 30). This conformation-specific
dimerization might be an important step in intramolecular
signal transduction, but it is unclear whether the same
mechanism holds for other phytochromes as well.

A crystal structure of the chromophore binding domain
(CBD) of a bacterial phytochrome fromDeinococcus
radioduranswhich entails the 321 N-terminal amino acids,

including the GAF domain, has recently been published (31).
These data showed that the GAF and PHY domains form
an unusual knot which stabilizes the overall fold of the
polypeptide. The amino acids of the chromophore pocket
and those in the knot region are highly conserved among
phytochromes (31). These findings together with biophysical
measurements on different representatives of phytochromes
(e.g., refs 11, 32, and 33) suggest that the principal
mechanisms behind photoconversion are evolutionarily con-
served and identical in plant and bacterial phytochromes.
Recent small-angle X-ray scattering measurements with the
Pr form of the bacterial phytochrome BphP4 fromR.
palustris showed that this protein also has a Y-shaped
structure which is formed by two subunits of the dimer (34).
Despite the improved knowledge of phytochrome chro-
mophore isomerization and protein structure, details about
conformational changes that occur during photoconversion
and lead to the modulation of histidine kinase activity and
other signal transduction events are, however, only hardly
understood.

In this study, we used Agp1 as a model phytochrome for
protein conformational changes. The mobility of the Agp1
chromophore module on size exclusion chromatography
increases upon Pr to Pfr photoconversion (12), which is
reminiscent of the Cph1 light-dependent dimerization men-
tioned above. It is, however, unclear whether these mobility
effects are based on differential protein shapes or conforma-
tion-dependent dimerization as in Cph1. Therefore, the
quaternary structure was also probed by protein cross-linking,
a method which has previously been utilized in one study
with plant phytochromes (35). We also analyzed protein
conformational changes by limited proteolysis, which al-
lowed us to test for conformational changes that are
independent of dimerization. By using fragments that cover
different domains of Agp1, we were able to gain an insight
into the topography of these domains with respect to Pfr
formation and subunit interaction.

EXPERIMENTAL PROCEDURES

Agp1 Expression Vectors.All expression vectors encode
proteins with a C-terminal polyhistidine tag for Ni2+ affinity
purification. Expression clones for full-length Agp1 and for
six different deletion proteins as summarized in Figure 1 were
used. The pAG1 expression vector for the full-length protein,
termed Agp1-FL here, and the vector pAG1-M15, which
encodes the Agp1-M15 protein, have been described previ-
ously (14, 36). Agp1-M15 consists of the 504 N-terminal
amino acids of Agp1 and contains the PLD, the GAF domain,
and the PHY domain but lacks the C-terminal histidine kinase
module (Figure 1). For other truncation constructs, the pAG1
or pAG1-M15 plasmids were used as a template for PCR-
based deletion mutagenesis.

For the construction of pAG1-M16 (protein, Agp1-M16),
the sequence for the 15 C-terminal amino acids of Agp1-
M15 (Leu 490-Asp 504) were removed using the primer
pair st2 (CTCCCTCGCTGCCGCAAGTTCG)/ti12 (CAT-
CACCATCACCATCACTAAGCTTAATTAG). For the con-
struction of pAG1-M17 (protein, Agp1-M17), the sequence
for the 23 C-terminal amino acids of Agp1-M15 (Pro 482-
Glu 504) was removed using the primer pair st3 (CTCT-
GACACGGGAAAGGAGG)/ti12. For the construction of

FIGURE 1: Nomenclature and domain structure of the Agp1
fragments used herein. All proteins are expressed with a C-terminal
six-histidine tag for affinity purification. Agp1-FL represents the
full-length protein. The covered range of amino acids is given at
the right side of the panel; the first and last amino acids are
abbreviated by the single-letter code and their position within the
full-length sequence. The chromophore-binding Cys 20 is located
at the N-terminal border of the PLD, as indicated by “C20” for
Agp1-FL.
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pAG1-M20 (protein, Agp1-M20), the sequence for the PHY
domain (amino acids Asp 314-Glu 504) was removed using
the primer pair t17 (CTGGGAACTCTGCTCCATCG)/ti12.
For the construction of pAG1-M15∆9N (protein, Agp1-
M15∆9N), the region that encodes nine N-terminal amino
acids (Gln 2-Met 10) was deleted by using the primer pair
nm-cut-as (CATAGTTAATTTCTCCTCTTTAATGAAT-
TCTG)/nm-cut-se (AGTTCACATACGCCGAAACTGGAT-
AGTTGC). For pAG1-M15∆18N (protein, Agp1-M15∆18N),
the region which encodes 18 N-terminal amino acids
(Gln 2-Ser 19) was deleted using the primer pair nm-cut
as/t18 (TGCGGCGCAGAGCCCATCCAC). The Met start
codon was retained in all cases.

The PCR profile was as follows: 95°C for 1 min and,
24 times, 95°C for 30 s, 60°C for 1 min, and 72°C for 11
min. The original template plasmid was digested with DpnI.
After agarose gel purification and phosphorylation with T4
kinase, the PCR products were self-ligated with T4 Ligase
(NEB, Beverly, MA) and cloned inEscherichia coliXL1-
Blue cells (Stratagene). Positive clones were identified by
protein expression (20). All constructs were confirmed by
DNA sequencing.

Protein Expression and Purification.All proteins used in
this study were purified as apoproteins without a chro-
mophore. Cell culture, protein extraction, and Ni2+ affinity
purification were performed as described for the full-length
protein (36). The eluate of Ni affinity chromatography was
concentrated by ammonium sulfate precipitation and sus-
pended in “basic buffer” [50 mM Tris-HCl, 5 mM EDTA,
and 300 mM NaCl (pH 7.8)]. The protein concentration was
estimated from the absorbance at 280 nm. The extinction
coefficientε280 was obtained from the integratedε280 values
of absorbing amino acids as given by the Vector NTI
program. Purified proteins were stored at-80 °C.

Assembly, PhotoconVersion, and Dark ReVersion. All
spectral assays were performed at 18°C. Assembly kinetics
was measured as described previously (12). The protein was
diluted to obtain anA280 of ∼1. The final concentration of
BV was 5 µM. The spectra were normalized toA280. For
size exclusion chromatography, limited proteolysis, and
cross-linking studies, the BV chromophore was used at an
excess molar concentration (10-15 µM protein and 20µM
BV). For photoconversion, the sample was irradiated for
5 min with red light from a 655 nm light-emitting diode
(50 µmol m-2 s-1). For dark reversion, the absorbance of
the (dark-adapted) adduct was measured at 750 nm. This
value was taken to be 0% photoproduct. Thereafter, the
sample was photoconverted via saturating red light irradia-
tion. After the light had been switched off, the absorbance
at 750 nm was measured continuously forg100 min using
the “time drive” program of the photometer. The absorbance
value after the light had been switched off is taken to be
100% photoproduct. The percent photoproduct values are
presented in Figure 4. The same data were fitted to an
exponential decay function with two components using
the nonlinearized least-squares fitter of Microcal Origin
(version 5).

Analytical Size Exclusion Chromatography. For size
exclusion chromatography (SEC), a Superdex 200 HR 10/
30 column (Amersham/Pharmacia, Freiburg, Germany) was
used as described previously (12). The elution buffer was
50 mM Tris-HCl, 150 mM NaCl, and 5 mM EDTA

(pH 7.8). The system was calibrated with marker proteins
cytochromec (12.4 kDa), carbonic anhydrase (29 kDa),
bovine serum albumin (66 kDa), alcohol dehydrogenase
(150 kDa),â-amylase (299 kDa), apoferritin (443 kDa), and
blue dextran (2000 kDa) (Sigma).

Limited Proteolysis and Electrophoresis. Agp1 was di-
gested with trypsin (TPCK-treated; Sigma-Aldrich) or en-
doproteinase Glu-C (V8) at 18°C. The final protease
concentrations were 0.6 and 10µg/mL, respectively, and the
incubation times were 30 min and 3 h, respectively. The
concentration of the Agp1 protein varied as given in the
figure legends. In general, proteolysis was performed in
darkness, but the incubation of the photoproduct was
performed under continuous irradiation with red light
(655 nm, 32µmol m-2 s-1). In this case, the protease was
added 10 min after the onset of light. We estimated that under
these irradiation conditions, the fraction of phytochrome
molecules in an intermediate stage is<0.3% (see refs11,
20, and 37 for formulas and parameters). Proteolysis was
stopped by the addition of SDS sample buffer [from a stock
solution to achieve final concentrations of 10% glycerol,
2% SDS, 100 mM 1,4-dithio-DL-threitol, 0.003% bromophe-
nol blue, 80 mM Tris-HCl (pH 6.8)]. After being heated to
100°C for 5 min, the polypeptides were subjected to NuPage
gel electrophoresis (Invitrogen) using 4 to 14% gradient gels
and MES running buffer according to the manufacturer’s
instructions. Although the gel system contains lithium
dodecyl sulfate as a detergent, we use the common abbrevia-
tion SDS-PAGE for protein electrophoresis throughout this
work. Note that (in contrast to the protocol of the manufac-
turer) a SDS buffer was used for the preparation of protein
samples. Chromopeptides were detected by the Zn2+-induced
fluorescence (29, 38), and the peptides were stained with
Coomassie.

HPLC and Mass Spectrometry. After peptide electrophore-
sis and Coomassie staining, the acryl amide gels were washed
twice for 1 h in 500 mL ofwater. Gel slices containing the
peptides of interest were cut out. The gel pieces were washed
in a 200 mM NH4HCO3/50% acetonitrile solution and dried
in a SpeedVac. The gels were rehydrated in a 20µg/mL
trypsin solution (Promega, Madison, WI) and incubated for
16 h at 37°C. Peptides were extracted from the gel slices
by diffusion in water. The peptides were identified by liquid
chromatography and mass spectrometry (LC-MS/MS) using
an UltimateTM nano HPLC system (LC Packings, Amster-
dam, The Netherlands) and a Qstar Pulsar mass spectrometer
(Applied Biosystems, Foster City, CA). The MS data were
analyzed using the Mascot protein identification software
(Matrix Science, London, U.K.).

Cross-Linking Studies.For cross-linking of interacting
peptides, glutaraldehyde (Sigma) was used. The final protein
concentrations were 1, 0.5, 0.25, 0.13, 0.06, and 0.03 mg/
mL, and the final glutaraldehyde concentration was always
5 mM. Proteins and cross-linker were diluted with potassium
phosphate buffer [20 mM Na2HPO4/NaH2PO4 (pH 7.8)],
mixed, and incubated at 18°C for 3 h. For cross-linking of
photoconversion products, the samples were irradiated
continuously as described above for the protease treatment.
The cross-linker was added 10 min after onset of red light.
In some cases, cross-linking was performed with bis-
(sulfosuccinimidyl)suberate (Sigma). In this case, the cross-
linker concentration was varied between 1.5 and 15 mM.
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The cross-linking reactions were stopped with SDS sample
buffer and the solutions subjected to NuPage (Invitrogen)
gel electrophoresis. Peptide bands were stained with Coo-
massie. Cross-linked samples were also subjected to SEC.
In some cases, 0.5 mL fractions were collected and subjected
to NuPage gel electrophoresis as described above.

RESULTS

Recombinant Agrobacterium Phytochrome Constructs.In
this work, we have used recombinant, His-tagged, full-length
Agrobacteriumphytochrome Agp1, termed Agp1-FL here,
and various deletion constructs, which are summarized in
Figure 1. Agp1-M15 contains all domains of the photosen-
sory module with the PLD, the GAF domain, and the PHY
domain but lacks the C-terminal histidine kinase (14). In
Agp1-M16 and Agp1-M17, the C-terminus of Agp1-M15
was truncated by 15 and 23 amino acids, respectively. Agp1-
M20 contains the 313 N-terminal amino acids, including the
PLD and the GAF domain, but lacks the PHY domain. This
fragment is comparable with the chromophore binding
domain of Deinococcusphytochrome DrBphP which has
been used for the determination of a crystal structure (31).
We also constructed fragments in which N-terminal amino
acids are missing. The constructs Agp1-M15∆9N and Agp1-
M15∆18N are derived from Agp1-M15 but lack amino acids
2-10 and 2-19, respectively. All proteins were readily
expressed inE. coli, but the level of expression and the
solubility of the proteins differed. The highest yields were
obtained for Agp1-FL and Agp1-M15. Agp1-M15∆18N was
only weakly expressed (∼5% of the full-length protein). The
yields of Agp1-M16 and Agp1-M17 were∼80-90% of that
of Agp1-FL, but the solubility of both proteins in the crude
extract was very low. The yields of Agp1-M20 and Agp1-
M15∆9N were 60-70 and 40-50% of that of Agp1-FL,
respectively. The solubility of Agp1-M20 was rather low,
but the solubility of Agp1-M15∆9N was comparable with
that of Agp1-M15.

Chromophore Assembly.The autocatalytic incorporation
of the chromophore, chromophore assembly, is accompanied
by an absorbance increase in the wavelength region of the
Q-band (the long wavelength absorption around 700 nm) and
other characteristic spectral changes. We followed the
assembly of all fragments by recording UV-vis spectra in
5 min intervals after the apoproteins were mixed with BV.
The assembly spectra of Agp1-FL, Agp1-M15, Agp1-
M15∆18N, and Agp1-M15∆9N were comparable with each
other. In those cases, the assembly was completed between
1 and 5 min after the chromophore and protein were mixed
(see Figure 2a for Agp1-FL). The spectra obtained during
the Agp1-M16 and Agp1-M17 assembly were also similar
to each other but different from that of Agp1-FL (see Figure
2b for Agp1-M16). When BV and protein were mixed, the
absorbance at 700 nm increased only slightly. Zn2+-induced
fluorescence (38) that was performed with Agp1-M16 after
the assembly showed that the chromophore was covalently
bound to the protein (data not shown). Chromophore
incorporation seems thus not to be affected in Agp1-M16
and Agp1-M17, but the Q-band extinction coefficient of the
adducts is significantly lower than that of all other constructs
used in this study. Both Agp1-M16 and Agp1-M17 seem to
be improperly folded. In crude extracts, the major portion
of these proteins was insoluble (see above). The purified,

soluble proteins revealed several peaks on SEC in the high-
molecular mass range (data not shown), which is interpreted
as an indication of protein aggregation. Therefore, these
proteins were not further analyzed. Agp1-M20 assembly
was rather slow and completed∼60 min after mixing
(Figure 2c). Our assembly studies show that the removal of
amino acids 2-19 does not affect chromophore incorpora-
tion, whereas the removal of the PHY domain has a negative
impact on chromophore assembly.

Comparison of Adduct and Photoproduct Spectra.Agp1-
FL, Agp1-M15, and Agp1-M15∆9N adduct spectra were
indistinguishable before and after photoconversion (see
Figure 3a for Agp1-FL). Photoconversion of these adducts
is characterized by a shift of the Q-band from 702 to
750 nm and a shift of the Soret band (absorption maximum
in the blue spectral region) from 400 to 415 nm. The Agp1-
M20 adduct spectrum (Figure 3b) resembles that of the above

FIGURE 2: Spectral changes during assembly of Agp1 constructs
with BV: (a) Agp1-FL, (b) Agp1-M16, and (c) Agp1-M20. The
patterns of Agp1-M15, Agp1-M15∆9N, and Agp1-M15∆18N were
very similar to that of Agp1-FL. The pattern of Agp1-M17 was
very similar to that of Agp1-M16.
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adducts. Photoconversion resulted also in a red shift of the
Q-band, but the absorption decrease in that spectral region
was more pronounced than in the case of the other adducts.
Moreover, the position of the Soret band did not change,
and the absorption in that spectral region increased. The
spectral properties of the photoproduct are similar to those
of the CBD of Deinococcusphytochrome (31), the N-
terminal 450-amino acid fragment ofArabidopsisphyto-
chrome B (39), and a 39 kDa proteolytic fragment of oat
phytochrome (40, 41). A cryotrapped photocycle intermediate
of Agp1, meta-Rc, also has similar spectral properties (11).
The Agp1-M15∆18N adduct is also spectrally similar to the
Pr form of the full-length adduct (Figure 3c). The photo-
product spectrum of this adduct is comparable with that of
Agp1-M20 in the Q-band region but similar to the photo-
product of Agp1-FL in the Soret band region.

Dark ReVersion. Like many other phytochromes, Agp1
converts slowly from Pfr to Pr in darkness (20). We
monitored the dark reversion of the different adducts by

measuring the absorbance at 750 nm after photoconversion
(Figure 4). The curves fitted well to an exponential decay
function with either one (for Agp1-M20) or two (for other
chromopeptides) components (Table 1). Dark reversion of
Agp1-M15 (time constants,t1 ) 23 min, andt2 ) 160 min)
was slower than that of the full-length adduct (t1 ) 7 min,
andt2 ) 150 min), showing that the histidine kinase module
has a negative impact on the dark stability of Pfr. Dark
reversion of Agp1-M15∆9N (t1 ) 18 min, andt2 ) 150 min)
was faster than that of Agp1-M15 but still slower than that
of the full-length protein. Thus, the nine N-terminal amino
acids have a positive impact on the dark stability of Pfr. Dark
reversion of Agp1-M15∆18N appears to be very fast,
because the fast component has a rather high amplitude of
72%. The time constant of the fast component (t1 ) 10 min)
is in the range of that the wild-type protein. Therefore, amino
acids 10-19 seem to be important for the stabilization of
the second phase of dark reversion. The fast component was
missing in Agp1-M20, which therefore has a rather slow dark
reversion. It should be noted that the truncation of the PHY
domain in Arabidopsisphytochrome B had the opposite
effect on the dark reversion (39).

Size Exclusion Chromatography.We compared apoprotein,
nonirradiated, and photoconverted BV adducts of the dif-
ferent constructs by size exclusion chromatography (SEC).
There was no mobility difference between the nonirradiated
Agp1-FL adduct and the photoconverted holoprotein. The
elution profile of the apoprotein was also not significantly

FIGURE 3: Spectra of Agp1-FL (a), Agp1-M20 (b), and Agp1-
M15∆18N (c) adducts after dark incubation (black lines) and
saturating red irradiation (gray lines). The differences between both
spectra are given as the dashed lines. Spectra of Agp1-M15 and
Agp1-M15∆9N were comparable with that of Agp1-FL.

FIGURE 4: Dark reversion of Agp1-FL (gray solid line), Agp1-
M15 (black solid line), Agp1-M20 (dashed line), Agp1-M15∆9N
(dotted line), and Agp1-M15∆18N (dashed-dotted line). After
photoconversion by saturating red irradiation of the BV adducts,
the absorption at 700 nm (as a value for Pr) was measured. The
“residual photoproduct” is calculated by [1- (At - AR)/(AD - AR)]
× 100%, whereAD is the absorption after dark assembly,AR is the
absorption after saturating red irradiation, andAt is the absorption
at time t. The value of 100% is equivalent to the amount of
photoproduct directly after irradiation.

Table 1: Amplitudes (A1 andA2) and Time Constants (t1 and t2) of
Dark Reversion Given in Figure 4a

A1 (%) t1 (min) A2 (%) t2 (min)

Agp1-FL 28 7 72 150
Agp1-M15 19 23 81 160
Agp1-M20 100 175 - -
Agp1-M15∆9N 35 18 65 150
Agp1-M15∆18N 72 10 30 80

a The data were fitted to an exponential decay function with two
components. The fit of the Agp1-M20 data required one component
only.
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different from those of the holoproteins. The apparent
molecular mass was around 270 kDa (Figure 5a). For Agp1-
M15, however, we observed significant mobility differences
among the apoprotein, the nonirradiated adduct (Pr), and the
irradiated adduct (high Pfr level). The apparent molecular
masses were 87, 85, and 120 kDa, respectively (Figure 5b).
The results for Agp1-M15∆9N (Figure 5d) were comparable
with those for Agp1-M15, except that the apoprotein and
the nonirradiated adduct did not differ significantly. The
apparent molecular size of the apoprotein and the nonirra-
diated adduct was 78 kDa and that of the irradiated adduct
104 kDa.

The light-induced change in SEC mobility was lost in
Agp1-M15∆18N (Figure 5e). Both the nonirradiated and
irradiated adducts migrated with an apparent molecular mass
of 69 kDa. It should be noted that the fast dark reversion of
Agp1-M15∆18N (Figure 4) might extinguish a possible light
effect on the mobility of the adduct. The elution profile of
the apoprotein was indistinguishable from that of the BV
adducts. With Agp1-M20, we obtained subtle differences
between the nonirradiated and irradiated adduct and the
apoprotein (Figure 5c). The apparent molecular masses were
58, 64, and 68 kDa, respectively.

Protein Cross-Linking. Size exclusion chromatography can
be regarded as an assay for quaternary structure. Comparing

the apparent molecular mass in the native state with the
calculated molecular mass of the monomer can give an idea
about the numbers of subunits that are bound together.
However, these SEC data were not conclusive in this respect.
For example, the apparent molecular mass of the full-length
protein of 270 kDa could be explained in several ways. This
value could relate to the dimer of Agp1, which has a
molecular mass of 2× 85 kDa (170 kDa), and a nonglobular
shape of the protein could increase its mobility via SEC.
Alternatively, four Agp1 subunits might be bound together,
and the mobility could be reduced by an interaction with
the gel matrix. Another restriction of SEC is that the proteins
are diluted during separation in an unpredictable manner and
that weakly interacting subunits will dissociate during the
analysis. The Agp1-M15 SEC results point to a Pfr-
dependent dimerization, but these data also demand an
independent approach. For these reasons, we tested the
quaternary structure of Agp1 constructs also by protein cross-
linking.

For most cross-linking experiments, glutaraldehyde was
used at a final concentration of 5 mM. When the nonirra-
diated Agp1-FL adduct was treated with glutaraldehyde under
standardized conditions, the holoprotein was still photoactive.
The UV-vis spectrum of the nonirradiated sample was
comparable with that of the nontreated control, but the

FIGURE 5: Size exclusion chromatography with Agp1-FL (a), Agp1-M15 (b), Agp1-M20 (c), Agp1-M15∆9N (d), and Agp1-M15∆18N
(e). The profiles of the apoproteins (Apo), the nonirradiated adducts (D), and the irradiated adducts (R) are depicted by the solid gray, solid
black, and dashed black lines, respectively. The elution profiles were normalized to the highest value.
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spectrum of the photoproduct resembled closely that of
Agp1-M20: irradiation resulted in a red shift of the Q-band
and a decrease in absorbance, whereas the position of the
Soret band was not affected during photoconversion (data
not shown). For these reasons, cross-linking data do probably
not exactly reflect the features of the native proteins. Most
conclusions that are drawn from cross-linking results are,
however, independent of the spectral form of the Agp1
constructs. As far as differences between Pr and Pfr are
concerned, we assume that the results reflect at least
qualitatively the situation of the nontreated photoproduct:
the cross-linker was always added after the completion of
photoconversion. The combination of cross-linking and SEC
presented below supports this assumption.

To be able to distinguish between strong and weak
interactions, we always performed cross-linking at different
protein concentrations between 0.03 and 1 mg/mL. If an
interaction is strong, cross-linked dimers or oligomers will
be formed at any concentration; if the interaction is weak,
cross-linked products will be formed at high concentrations
only. To compensate for dark reversion, the irradiated adducts
were kept under constant illumination throughout the glu-
taraldehyde incubation.

The monomer of the untreated full-length protein migrates
with an apparent molecular mass of 85 kDa on SDS-PAGE.
For all protein concentrations, a cross-linked dimer, which
migrates with an apparent molecular mass of 162 kDa on
SDS-PAGE, was formed. For protein concentrations of
g0.25 mg/mL, an oligomer which has an apparent molecular
mass of more than 300 kDa was also detected. With 1 and
0.5 mg/mL protein, even larger oligomers were formed. The
monomer band was absent in all glutaraldehyde-treated
samples (Figure 6a). We found no difference between the
three different forms, apoprotein, nonirradiated adduct, and
irradiated adduct. The cross-linking data confirmed the
assumption that Agp1 forms stable dimers and show also
that more than two subunits, probably multitudes of two,
can bind to each other. Concluding from the dilution series,
we assume that the dissociation constant for the dimerization
of full-length Agp1 is far below 0.03 mg/mL, i.e.,∼0.3µM,
and that the dissociation constant for oligomer formation is
in the range of 0.5 mg/mL, i.e.,∼5 µM.

The non-cross-linked Agp1-M15 monomer migrates with
an apparent molecular mass of 55 kDa on SDS-PAGE. After
treatment with glutaraldehyde, the monomer band was still
present, but additional bands of 50, 110, 147, and 193 kDa
appeared (Figure 6b). The same cross-linking products were
also obtained with bis(sulfosuccinimidyl)suberate, a homo-
bifunctional cross-linker which reacts with lysine side chains
and has a spacer arm length of 11 Å (data not shown). We
assume that the 50 kDa band results from an intramolecular
cross-linking within one monomer subunit. The crystal
structure of the CBD of DrBphP showed that this phyto-
chrome protein forms a knot (31). The 50 kDa band could
correspond to a monomer in which the knot is stabilized by
the cross-linker and therefore not untied by the SDS
treatment. The 110, 147, and 193 kDa bands are assigned to
the dimer, trimer, and tetramer, respectively. The dimer band
and the 50 kDa band were obtained with all tested protein
concentrations, whereas trimer and tetramer bands were
obtained with higher protein concentrations only. For protein
concentrations between 0.03 and 0.13 mg/mL, the dimer band

of the irradiated adduct (high Pfr level) was stronger than
the corresponding band of the apoprotein or the nonirradiated
adduct (Pr only). This suggests that the dimerization is
stronger in the Pfr form than in both other forms. This is in
accordance with cyanobacterial phytochrome Cph1 (29, 30)
and explains the Pr versus Pfr mobility difference found for
the Agp1-M15 adduct in our SEC experiments (Figure 5b).

The dimer formation pattern of Agp1-M15∆9N
(Figure 6d) was similar to that of Agp1-M15 (Figure 6b).
An intramolecular cross-link was also formed, as indicated
by the appearance of the 50 kDa band. There were, however,
no cross-linked oligomers, showing that the nine N-terminal
amino acids mediate oligomer formation in Agp1-M15.

With Agp1-M15∆18N, cross-linked dimers were also
found for all protein concentrations that were tested. At lower
concentrations (0.03-0.25 mg/mL), the dimer band of the
irradiated adduct was slightly stronger than the dimer band
of the nonirradiated adduct or the apoprotein (Figure 6e).
Therefore, the extent of dimer formation of this adduct is
also increased upon photoconversion. The fact that this light
effect is not seen in the SEC experiments might be due to
the rather fast dark reversion. As expected, Agp1-M15∆18N
formed no cross-linked oligomers. Quite interestingly, the
intramolecular cross-link was also missing. Thus, an amino
acid between positions 10 and 19 is involved in the
intramolecular cross-linking reaction. The only lysine residue
in this region is Lys 16.

After cross-linking of Agp1-M20, monomers, dimers,
trimers, and tetramers with molecular masses of 33, 75, 112,
and 151 kDa were found (Figure 6c). The dimer band was
always the strongest band in the Agp1-M20 assays. We found
no significant difference among the apoprotein, the nonir-
radiated adduct, and the irradiated adduct with respect to
dimer formation. There was no indication of an intramo-
lecular cross-link in Agp1-M20 either.

Combination of SEC and Protein Cross-Linking. Size
exclusion chromatography of cross-linked proteins allows a
better assignment of the SEC elution peaks. When the Agp1-
FL adduct was cross-linked in the nonirradiated or irradiated
state, the protein eluted from the SEC column with two peaks
that correspond to molecular sizes of∼620 or 660 kDa and
260 or 270 kDa (Figure 7a,b). The 260 or 270 kDa peak is
in accordance with the 270 kDa peak of the untreated sample.
The fractions under the 260 or 270 kDa SEC peaks contain
only covalent dimers, as shown by subsequent SDS-PAGE.
The peak is thereby defined as a dimer peak. Thus, the major
fraction of full-length Agp1 migrates as a dimer on SEC,
irrespective of whether the protein is cross-linked. The
fractions under the 620 or 660 kDa SEC peaks contained
cross-linked dimers and oligomers with more than two
subunits. Since this SEC peak height is drastically increased
by cross-linking, the oligomers of non-cross-linked Agp1
must dissociate during column separation. These data con-
firm the findings given above about the weak association of
two or more dimers within an oligomer. We did not test
for the significance of the differences that were found
between cross-linked nonirradiated and cross-linked irradi-
ated adducts.

When the nonirradiated Agp1-M15 adduct was cross-
linked and subjected to SEC, three peaks with apparent
molecular masses of 340, 140, and 80 kDa were resolved
(Figure 7c). SDS-PAGE showed that the fractions under
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the 80 kDa peak contained the non-cross-linked monomer
and the product with the intramolecular cross-link. The
140 kDa SEC peak contained both monomeric forms but

also the cross-linked dimer, which appeared here with two
separate bands around 110 kDa on SDS-PAGE. The
difference between these bands is most likely related to the

FIGURE 6: Cross-linking experiments with Agp1-FL (a), Agp1-M15 (b), Agp1-M20 (c), Agp1-M15∆9N (d), and Agp1-M15∆18N (e)
treated with glutaraldehyde and subjected to SDS-PAGE. The protein concentrations are given above each panel. C denotes the untreated
control (monomer), Apo the cross-linked apoprotein, D the cross-linked nonirradiated adduct, and R the cross-linked photoconverted adduct.
The latter samples were continuously irradiated during the glutaraldehyde incubation. The molecular sizes as judged from marker proteins
are given at the right side of each subpanel.

Phytochrome Conformational Changes Biochemistry, Vol. 46, No. 13, 20074171



intramolecular cross-link. The 140 kDa SEC peak thus
corresponds to a native dimer, in which cross-linked dimers
and non-cross-linked dimers migrate together. The proteins
of the 340 kDa SEC peak fractions were below the detection
limit of SDS-PAGE. When the Agp1-M15 adduct was
cross-linked in the irradiated form and subjected to SEC,
two peaks with apparent molecular masses of 340 and 140
kDa were resolved (Figure 7d). The 140 kDa peak again
contains cross-linked dimers. The SEC comparison between
cross-linked and non-cross-linked irradiated Agp1-M15 ad-
ducts shows again that the non-cross-linked species elutes
predominately as a dimer.

Limited Proteolysis. Conformational changes of proteins
can be probed by limited proteolysis, a method which has

been applied in the study of plant and cyanobacterial
phytochromes (29, 42). In this study, we subjected Agp1
constructs to endoproteinase GluC (V8) and separated the
cleavage products by SDS-PAGE. Since the chromophore
attachment site Cys 20 is close to the N-terminus, the
presence or absence of the chromophore gives further
information about the position of the cleavage site(s). If the
chromophore is present, the SDS-PAGE mobility of the
fragment in comparison with that of known fragments allows
assignment of the position of the C-terminal cleavage site
within a range of∼30 amino acids. Therefore, chromophore-
bearing peptides were detected by Zn2+ fluorescence (38)
before the gels were stained with Coomassie for visualization
of all peptide bands.

FIGURE 7: Combination of cross-linking and SEC. (a) The nonirradiated adduct of Agp1-FL was cross-linked and subjected to SEC. The
elution profile is given in the top panel (dotted line), together with the elution profiles of non-cross-linked adducts (black solid line for the
nonirradiated adduct and gray line for the irradiated adduct of Agp1-FL). Fractions (0.5 mL) were subjected to SDS-PAGE (bottom
panel), and the allocation of each fraction to the elution profile is indicated by bars and arrows that are drawn beneath the top panel. (b)
Like panel a, except that the irradiated adduct of Agp1-FL was subjected to SEC (dotted line). (c) The nonirradiated adduct of Agp1-M15
was cross-linked and subjected to SEC and SDS-PAGE as described for panel a. The elution profiles of the cross-linked adduct (dotted
line) are shown in comparison with the elution profiles of non-cross-linked adducts (black solid line for the nonirradiated adduct and gray
line for the irradiated adduct of Agp1-M15). Data are presented as in panel a. (d) Like panel c, except that the irradiated adduct of
Agp1-M15 was subjected to SEC (dotted line).
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When the full-length protein was subjected to V8 pro-
teolysis, fragments of 55, 50, 33, and 24 kDa were obtained.
The cleavage patterns of apoprotein, the nonirradiated adduct,
and the irradiated adduct were significantly different: di-
gested apoprotein contains only 50 and 33 kDa fragments.
A large portion of the nonirradiated adduct remained virtually
undigested; in addition, 55, 50, and 33 kDa fragments were
present. The digest with the irradiated adduct contained all
four fragments and some apparently undigested protein
(Figure 8a,b).

The predicted V8 cleavage sites are summarized in
Figure 8c. The 55 kDa fragments are comparable with Agp1-
M15, since they contain the chromophore and run with the
same mobility on SDS-PAGE. Mass spectrometry analyses
imply that the C-terminal amino acid of the 55 kDa fragment
is Glu 501, which is located at the C-terminus of the PHY
domain, i.e., close to the hinge region between the chro-
mophore module and the histidine kinase. The exact cleavage
site could not be determined by mass spectrometry and might
as well be located several amino acids toward the C-terminal
side of Glu 501. The differential cleavage pattern shows that
the hinge region of Agp1 becomes exposed upon photocon-
version from Pr to Pfr. The 50 and 33 kDa fragments that
arose in Agp1-FL and Agp1-M15 digests also contain the
chromophore. We predict that the cleavage site of the
50 kDa fragment lies in the C-terminal portion of the PHY
domain. The cleavage site of the 33 kDa fragment lies in
the transition from the GAF domain to the PHY domain,
since this fragment has the same mobility on SDS-PAGE
as Agp1-M20. The 24 kDa fragment of the digest with the
irradiated adduct contains no chromophore and must bear at
least a part of the histidine kinase, since it is missing in the
Agp1-M15 digests (see below).

The Agp1-M15 apoprotein was digested to a 50 kDa
fragment and to a smaller extent to a 33 kDa fragment. When
proteolysis was performed with the nonirradiated adduct, a
small fraction of the protein was digested to a 50 kDa
fragment but the major fraction appeared to be undigested.
The digest with the irradiated adduct yielded a 50 kDa
fragment and a 33 kDa fragment (Figure 9a,b). The cleavage
sites are most likely identical with those of the corresponding
fragments that arose during Agp1-FL digestion.

The Agp1-M15∆18N V8 digestion pattern was compa-
rable to that of Agp1-M15, but the digest with the irradiated
adduct was more pronounced than in Agp1-M15 (Figure 9c).
We therefore propose that the 19 N-terminal amino acids
protect this cleavage site. Agp1-M20 seems to be unaffected
by the V8 protease (Figure 9d).

DISCUSSION

Phytochrome photoconversion is an event which triggers
a broad number of developmental processes in plants,
bacteria, and fungi. Many bacterial phytochromes, including
AgrobacteriumAgp1, are light-regulated histidine kinases,
and the study of light-induced conformational changes might
provide insight into general mechanisms behind the modula-
tion of histidine kinase activity. Our studies will also provide
insight into phytochrome assembly and photoconversion,
processes which are probably similar in all phytochromes.
By using different truncation fragments of Agp1, we were
able to define functions of protein regions with respect to
spectral properties and quaternary structure.

Dimer Formation, the Role of the Histidine Kinase, and
the N-Terminal Part of the Protein. As in other sensory
proteins, the histidine kinase module mediates strong protein
dimerization of Agp1. The full-length protein forms stable
dimers down to the lowest concentrations that were tested
(0.3µM, Figure 6a). If the histidine kinase module is lacking,
the extent of subunit interaction is significantly reduced. In
Agp1-M15, Agp1-M15∆9N, and Agp1-M15∆18N, dimer
formation is stronger in the Pfr form than in the Pr form
(Figure 6). This conformation-dependent dimerization of
phytochrome fragments, which was also found for Cph1 (29),
might provide a clue to understanding intramolecular signal
transduction in phytochromes.

The histidine kinase has a negative impact on the dark
stability of Pfr, as shown by the comparison of Agp1-FL
and Agp1-M15 (Figure 4). It has been found that dark
reversion of plant phytochrome depends on dimer formation
(43). In these experiments, the Pfr form was more stable in
the Pfr-Pfr homodimer than in the Pfr-Pr or Pfr-apoprotein
heterodimers. The faster dark reversion of Agp1-FL as
compared to that of Agp1-M15 might indicate that the
interaction between chromophore module subunits is stronger
in Agp1-M15 than in the full-length protein, where the
histidine kinase might keep both chromophore modules in a
different orientation with respect to each other.

Hinge Region.Limited proteolysis shows that in Agp1,
the hinge region between the histidine kinase and the
chromophore module becomes specifically exposed in the
Pfr form. A similar but less pronounced effect has been found
for cyanobacterial Cph1 (29). In plant phytochromes, the
hinge region is also more exposed in the Pfr form than in
the Pr form (26). ForArabidopsisphytochrome B, the PHY

FIGURE 8: Proteolysis of Agp1-FL with V8. (a) Coomassie stain
and (b) Zn2+-induced fluorescence of a SDS-PAGE gel. The
apoprotein (Apo), the nonirradiated adduct (D), and the irradiated
adduct (R) were incubated with V8 and the samples subjected to
SDS-PAGE along with the untreated control (C). The apparent
molecular sizes of the fragments as judged from marker proteins
are given between both panels. (c) Proposed cleavage sites of the
55, 50, and 33 kDa fragments.
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domain has been shown to interact with the double-PAS
domain specifically in the Pr form (27). The exposure of
the hinge region in the Pfr form of plant phytochromes might
reflect the weakened interaction between both parts of the
protein. However, the double-PAS domain is lacking in
bacterial phytochromes. In these phytochromes, the PHY
domain could protect the hinge region in the Pr form by an
interaction with a part of the histidine kinase module.
Alternatively, the hinge region could be protected in the Pr
form by the tight interaction with the other subunit within
the dimer. Both ideas are consistent with the BphP4 model
(34), in which the exact position of the hinge region is,
however, not resolved.

PHY Domain.For several phytochromes, including Agp1,
the PHY domain has been reported to be specifically required
for the formation of spectrally integer Pfr (23, 31, 39). This
function is supported by the spectroscopic data presented
here for Agp1-M20, which lacks the PHY domain
(Figure 2). Whereas the spectrum of Agp1-M20 after dark
assembly resembles that of Pr of Agp1-M15 and Agp1-FL,
the photoproduct spectrum differs from that of Pfr, as the
absorbance of the Q-band is diminished. The photoproduct
spectrum resembles that of the cryotrapped meta-Rc inter-
mediate of Agp1 (11). One plausible assumption for the
spectral properties of Agp1-M20 is that the photoconversion
of this fragment is arrested in an intermediate stage. In
addition, these experiments revealed further information
about functions of the PHY domain of Agp1. The slow
assembly of Agp1-M20 (Figure 2) shows that the PHY
domain is important for chromophore incorporation and plays
thus a role in the formation of Pr. The cross-linking data
imply that the PHY domain interacts with Lys 16, which is
between the N-terminus and the chromophore-binding
Cys 20. An intramolecular cross-link was found with Agp1-
M15 and Agp1-M15∆9N, but not with Agp1-M20 and
Agp1-M15∆18N (Figure 6). The PHY domain is also
required for protein conformational changes that lead to the
light-dependent subunit interaction. Agp1-M15 exhibited the

largest SEC differences between the nonirradiated and
photoconverted form (Figure 5b) and the most significant
light effect on dimer cross-linking (Figure 6b). With Agp1-
M20, no light effect on dimer cross-linking was found. The
SEC differences between the two forms (Figure 5c) are rather
small and are probably related to protein conformational
changes. For these reasons, the PHY domain could be the
site which forms a Pfr-specific contact with the partner
subunit. The lack of photoinduced dimer formation in Agp1-
M20 may, however, also result from an incomplete photo-
conversion. Agp1-M15 mutants that have an incomplete
photocycle are also unable to undergo light-induced SEC
mobility changes (15).

Since a part of the PHY domain is more exposed in the
Pfr form than in the Pr form (Figures 8), it is unlikely that
this part of the PHY domain functions as a Pfr-dependent
dimerization site. However, a protease cleavage site in the
PHY domain of Cph1 was more exposed in the Pr form than
in the Pfr form (29).

PLD and GAF Domain. Agp1-M20 contains the PLD and
GAF domains and the region N-terminal of the chromophore
binding site. The Agp1-M20 fragment is comparable with
the CBD of DrBphP which has been used for the determi-
nation of the crystal structure (31). We have found that, in
contrast to the longer fragments, Agp1-M20 is resistant to
V8 and trypsin proteolysis (Figure 9d and data not shown)
and appears as a compact protein. The unit of PLD and GAF
domains might be regarded as the core of BV-binding
phytochromes, which contains the minimal elements that are
required for chromophore incorporation and photoconversion.
In our cross-linking experiments, we showed that Agp1-M20
can also form dimers (Figure 6c). As noted above, however,
there was no evidence of a light effect on dimerization.

N-Terminal Amino Acids. Our experiments have shown
that none of the amino acids between the N-terminus and
the chromophore binding site are required for chromophore
assembly. Agp1-M15∆18N incorporated the chromophore
at rates comparable with that of Agp1-FL/M15. Amino acids

FIGURE 9: Proteolysis of Agp1-M15 (a and b), Agp1-M15∆18N (c), and Agp1-M20 (d) with V8. In panels a and b, Coomassie stain and
Zn2+-induced fluorescence of the same SDS-PAGE gel are showm, respectively; in panels c and d, only Coomassie stains of SDS-PAGE
gels are shown. The lanes and the sizes of protein fragments are labeled as in Figure 8a.
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2-10 are not conserved among phytochromes. In Agp1,
these amino acids play no role in the spectral properties but
affect dark reversion and are involved in oligomer formation.
Among these nine amino acids, there are two (negatively
charged) Glu and two (positively charged) Arg residues;
these amino acids might mediate the interaction of several
subunits by ionic forces.

Amino acids 11-19, which are more conserved among
phytochromes, are important for the proper formation of Pfr.
The absorption spectrum of Agp1-M15∆18N after assembly
is comparable with that of proteins with an integer N-
terminus. However, the photoproduct spectrum of Agp1-
M15∆18N is rather comparable with that of Agp1-M20 in
the Q-band region (Figure 3). Despite the spectral aberration,
Agp1-M15∆18N undergoes protein conformational changes
and also reveals a light effect on dimerization.

Model for Protein Conformational Changes during the
PhotoconVersion of Agp1.The data obtained here by protein
cross-linking, size exclusion chromatography, and limited
proteolysis culminated in a model of the topography of Agp1
domains in the Pr and the Pfr form which is presented in
Figure 10. The N-terminal chromophore modules, covering
the PLD, the GAF domain, and the PHY domain, interact
more tightly with each other upon photoconversion. Since
this kind of light-induced subunit interaction has been found
for Cph1 (29, 30) and Agp1 (this work), which are rather
distantly related (19), these results might point to a more
universal mechanism of phytochrome photoconversion. The
Pfr-dependent subunit interaction of the N-termini might lead
to an increased distance between both histidine kinase
subunits, thereby decreasing the kinase activity. The exposure
of the hinge region in the Pfr form might be an indication
of such a regulation. Histidine kinases are part of many
bacterial sensory proteins. Although the modulation of
histidine kinase activity is not understood for any system,
recent models of the regulation of kinase activity are based
on modulated distances or symmetries between both subunits
within the dimer (44, 45).
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