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The mutants H250A and D197A of Agpl phytochrome from
Agrobacterium tumefaciens were prepared and investigated by
different spectroscopic and biochemical methods. Asp-197 and
His-250 are highly conserved amino acids and are part of the
hydrogen-bonding network that involves the chromophore.
Both substitutions cause a destabilization of the protonated
chromophore in the Pr state as revealed by resonance Raman
and UV-visible absorption spectroscopy. Titration experiments
demonstrate a lowering of the pK, from 11.1 (wild type) to 8.8 in
H250A and 7.2 in D197A. Photoconversion of the mutants does
not lead to the Pfr state. H250A is arrested in a meta-Rc-like
state in which the chromophore is deprotonated. For H250A
and the wild-type protein, deprotonation of the chromophore in
meta-Rc is coupled to the release of a proton to the external
medium, whereas the subsequent proton re-uptake, linked to
the formation of the Pfr state in the wild-type protein, is not
observed for H250A. No transient proton exchange with the exter-
nal medium occurs in D197A, suggesting that Asp-197 may be the
proton release group. Both mutants do not undergo the photo-
induced protein structural changes that in the wild-type protein
are detectable by size exclusion chromatography. These conforma-
tional changes are, therefore, attributed to the meta-Rc — Pfr tran-
sition and most likely coupled to the transient proton re-uptake.
The present results demonstrate that Asp-197 and His-250 are
essential for stabilizing the protonated chromophore struc-
ture in the parent Pr state, which is required for the primary
photochemical process, and for the complete photo-induced
conversion to the Pfr state.
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Phytochromes are photoreceptors of plants, bacteria, and
fungi that are most sensitive in the red and far-red region of the
visible spectrum (1). Three different bilin chromophores are
incorporated into phytochromes: plants utilize phytochromo-
bilin and cyanobacteria use phycocyanobilin (PCB),® whereas
other bacteria and fungi incorporate biliverdin (BV), the evolu-
tionarily most ancient chromophore (2). In all phytochromes,
the bilin is covalently attached via its ring A ethylidene (phyto-
chromobilin/PCB) or vinyl (BV) side chain to a cysteine residue.
The position of this cysteine, however, is different in the BV
binding and the phytochromobilin/PCB binding species and is
located close to the N terminus and in the GAF domain of the
protein, respectively (2). Phytochromes are photochromic pig-
ments that, upon light absorption, can be reversibly switched
between the physiologically inactive and the active form. These
two forms are denoted according to the absorption maxima as
red-absorbing form Pr and far-red absorbing form Pfr. Upon
light absorption in the Pr state, the tetrapyrrole chromophore
undergoes a double bond Z — E isomerization at the C-D
methine bridge to yield the photoproduct lumi-R, which ther-
mally relaxes via several meta intermediate states to the Pfr
form (3).

So far, most of the knowledge about the reaction mechanism
of the photoconversion and about the underlying structural
changes has been provided by spectroscopic studies. Only
recently the first three-dimensional structure of a phytochrome
has been determined (4). The structure, which refers to the Pr
state of the chromophore binding domain (CBD) of DrBphP, a
BV binding phytochrome from Deinococcus radiodurans,
allows identification of the amino acids that are critical for pro-
tein-chromophore interaction. Because these amino acids are
well conserved among the different phytochrome sequences,
one may expect common structural motifs for the chro-
mophore binding pockets and similar reaction mechanisms for
all phytochromes. In the CBD of DrBphP, the chromophore
adopts a ZZZssa geometry, corresponding to the Z configura-
tion for all methine bridge double bonds and a syn conforma-

®The abbreviations used are: PCB, phycocyanobilin; Agp1, Agrobacterium
phytochrome 1; BV, biliverdin; Pr, red-absorbing form of phytochrome; Pfr,
far-red absorbing form of phytochrome; CBD, chromophore binding
domain; RR, resonance Raman; ip, in-plane.

Supplemental Material can be found at:
http/ i i e 11/M608878200/DC1
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tion for the A-B and B-C bridges, whereas the C-D methine
bridge single bond is in the anti conformation. Except for the
syn conformation of the A-B methine bridge, the same geometry
was predicted for the phytochromobilin chromophore in the Pr
state of plant phytochromes on the basis of resonance Raman (RR)
spectroscopy and density functional theory calculations (5).

For both classes of phytochromes, RR spectroscopy has
shown that the respective Pr and Pfr forms contain a proto-
nated (cationic) chromophore (6, 7). These results are in agree-
ment with conclusions from Fourier transform infrared spec-
troscopy experiments with oat phytochrome (8) and have been
confirmed by NMR studies on the cyanobacterial phytochrome
Cph1 (9). Previous RR experiments with pea phytochrome sug-
gested that the Pr — Pfr photoconversion involves a transient
deprotonation of the chromophore in the formation of a meta-
R-like (“bleached”) intermediate (10). Together with stationary
pH electrode measurements of different fragments of pea phy-
tochrome (11) these results have been interpreted in terms of
sequential proton release and uptake in the Pr — Pfr pathway
where proton release is associated with the deprotonation of
the chromophore (10). However, no kinetic evidence for this
reaction scheme was provided, and the reprotonation of the
chromophore in the formation of Pfr was not included. The
proposed model remained thus speculative. In a recent study on
the BV binding phytochrome Agp1 from Agrobacterium tume-
faciens it was conclusively demonstrated by RR spectroscopy
and flash photolysis that deprotonation of the tetrapyrrole in
the meta-Rc state, the precursor of Pfr, is coupled to the release
of a proton to the external medium, followed by reprotonation
of the chromophore and proton re-uptake upon Pfr formation
(7). Transient proton release and uptake could also be observed
in the Pr — Pfr photoconversion of Cph1 (12). These findings
suggest that proton translocations in the chromophore binding
pocket are of fundamental importance for the Pr — Pfr photo-
conversion and specifically for the final reaction step of the Pfr
formation. For a recent review on proton transfer in phyto-
chrome see Ref. 13.

The crystal structure (4) shows that many amino acids in the
binding pocket form a hydrogen bonding network with the
chromophore and two water molecules (Fig. 10). The goal of
the present work is to analyze the structural and functional
role of the 2 highly conserved amino acids Asp-197 and His-250
that are hydrogen bonded to the chromophore. For this pur-
pose the mutants D197A and H250A were prepared and char-
acterized. A H250A mutant of full-length Agp1 has been char-
acterized by UV-visible spectroscopy (14); plant, bacterial, and
cyanobacterial phytochromes in which the histidine has been
mutagenized have been described (15-18). A mutant of cya-
nobacterial phytochrome Cphl in which the Asp-207 homo-
log was exchanged has also been described (18). The present
work shows that in both Agpl mutants the protonation of
the Pr chromophore is affected, that the photoconversion is
incomplete, and that the chromophore of the photoproducts
is deprotonated. In this respect, the mutant photoproducts
are different from that of the wild type, i.e. Pfr, which has a
protonated chromophore (7).
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EXPERIMENTAL PROCEDURES

Sequence Alignment and Analysis of Hydrogen Bonding—The
selection of 46 protein sequences of phytochrome homologs
was identical to that of a phylogenetic study published earlier
(2). Protein alignments were performed using ClustalX, version
1.8 (19), with the “gap opening” and “gap extension” parameters
set to 50 and 0.5, respectively. Potential hydrogen bonds were
analyzed using the program HBPLUS (20) as implemented in
the program LIGPLOT (21).

Cloning of Agp1-M15 and Mutants, Protein Expression and
Purification—Cloning of the Escherichia coli expression vector
pAG1-M15 was described previously (22). This vector encodes
for a truncated version of Agp1 that lacks the histidine kinase
and has additional histidines at its C terminus for affinity puri-
fication. The D197A and H250A mutants were cloned with the
QuikChange site-directed mutagenesis kit (Stratagene) accord-
ing to the instructions of the manufacturer. The mutations
were confirmed by sequencing. For protein expression, 4-liter
E. coli cultures were grown, collected, and extracted as
described (22). Following affinity purification, the apoprotein
was concentrated by ammonium sulfate precipitation and
stored at concentrations of ~20 mg/ml in a buffer containing
300 mMm NaCl, 50 mm Tris/Cl, 5 mm EDTA, pH 7.8, at —80° until
further use. To this solution, 2 mMm dithiothreitol (final concen-
tration) and BV (5 mm methanol stock solution; Frontier Scien-
tific, Carnforth, UK) were added. Unless indicated otherwise,
the final molar concentration of BV was ~50% higher than that
of the protein. After completion of assembly, the holoprotein
was passed over a NAP desalting column (GE Healthcare) to
remove free chromophore and residual ammonium sulfate and
to allow for buffer exchange. The final buffer was 300 mm NaCl,
50 mm Tris/Cl, 5 mm EDTA, pH 7.8; for flash photolysis and
transient protonation measurements, phytochrome was dis-
solved in 50 mm NaCl, pH 7.8. The holoprotein assembly kinet-
ics was monitored by UV-visible spectroscopy as described
(23).

Assembly and Photoconversion—The absorbance increase at
700 nm was monitored after mixing 7 um biliverdin, 2 mm di-
thiothreitol with 14 um apoprotein (final concentrations) at
18 °C. For photoconversion, the sample was irradiated with red
light of 655 nm/50 umol m ™2 s~ " from a light-emitting diode
for 2 min.

Flash Photolysis and Protonation Kinetics—Flash photolysis
measurements were performed as described for full-length
Agpl (7). Photoconversion was induced by a 695-nm 10-ns
laser flash and monitored at various wavelengths in the Soret
(360—450 nm) and Q-band (600 —800 nm) regions. The sam-
ples were used for repetitive measurements. Before each laser
flash, the accumulation of the Pr state of Agp1-M15 wild-type
and D197A samples was increased by irradiation with 784-nm
light (7) and dark reversion, respectively. Because of the low
dark conversion rate single flash traces were acquired for
H250A; each sample was exposed to six flashes at most. Photo-
induced proton exchange with the external medium was moni-
tored by using appropriate pH indicator dyes as described (7, 12).

Stopped-flow Measurements—Stopped-flow-induced pH
jumps were performed as described (24, 25). The mixing unit
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(SHU-61; Hi-Tech, Salisbury, UK) had a dead time <2 ms. The
D197A mutant was initially suspended in 5 mm Tris buffer at
pH 6.5. After 1:1 mixing with 100 mm Tris, pH 8.0, the final
measured pH was 7.9.

Resonance Raman Spectroscopy—RR spectra were measured
at —140 °C using liquid nitrogen-cooled cryostats as described
previously (7, 26). The protein concentration was ~200 mg/ml
(50 mm Tris/Cl, 5 mm EDTA, 300 mm NaCl, pH 7.8). The ener-
getic proximity of the 1064-nm excitation line with respect to
the Q-band electronic transition of tetrapyrroles provides a
substantial (pre-)resonance enhancement of the Raman bands
of the chromophores in the Pr and Pfr states such that contri-
butions from the apoprotein remain negligibly small. Only for
phytochrome states with reduced Q-band oscillator strengths
such as the meta-Rc intermediate is the resonance enhance-
ment lower and Raman bands from the apo-protein (e.g. at 1450
and 1650 cm ™ ') become detectable (7). The total accumulation
time of each spectrum was ~2 h. In all RR spectra shown in this
work, a linear background was subtracted. When necessary, resid-
ual spectral contributions from Pr or Pfr were also subtracted.

RESULTS AND DISCUSSION

Truncation and Mutations of Agpl—All experiments of the
present study were performed with recombinant, affinity-puri-
fied Agp1-M15, which lacks the C-terminal histidine kinase
module and comprises the N-terminal 504 amino acids with the
PAS (named for period, aryl hydrocarbon receptor nuclear
translocator and single-minded proteins) (27), GAF (named for
cGMP-specific phosphodiesterase, adenylate cyclase, and Fhl
proteins) (28), and PHY (specific for photochromic phyto-
chromes) domains and additional 6 C-terminal histidine resi-
dues for affinity purification (22). For both the Pr and Pfr state,
UV/visible and RR spectra of Agp1-M15 are identical to those
of the Agpl1 full-length protein (7, 22, 29). This agreement also
holds for the photoconversion intermediates and kinetics stud-
ied in flash photolysis experiments, which reveal three compo-
nents with time constants similar to those of the full-length
protein, i.e. 350 ws, 3.6 ms, and 290 ms for the lumi-R — meta-
Ra, meta-Ra — meta-R¢, and meta-Rc — Pfr transition, respec-
tively. Like the full-length protein, Agp1-M15 shows transient
proton release and uptake that are linked to the formation of
meta-Rc and Pfr, respectively. Thus, these findings indicate that
the histidine kinase module has only negligible influence on the
spectral properties and the photoconversion kinetics of Agp1 such
that the truncated Agp1-M15 is referred to as “wild-type” protein.

The crystal structure of the CBD of DrBphP (4) showed that
22 amino acids are located at a distance of <4 A to the chro-
mophore. Among them, Asp-207, His-260, and His-290 are of
particular interest with respect to chromophore protonation.
In phycocyanin (30), which is spectrally similar to the Pr form of
phytochromes (31), the carboxylate side chain of an aspartate
residue serves as a counterion for the protonated PCB chro-
mophore. Histidine residues play important roles in the differ-
ential chromophore protonation of sensory rhodopsin (32). An
alignment of 46 phytochrome protein sequences (2) showed
that all 3 amino acids are conserved in 44 or 45 of the selected
homologs, including Agpl. The present work is focused on
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FIGURE 1. UV-visible spectra of Agp1-M15, D197A, and H250A mutants at
pH 7.8 before and after photoconversion. The concentrations of the pro-
tein and BV were 14 and 7 um, respectively. For each sample, one spectrum
was recorded after completion of assembly and a second spectrum after pho-

toconversion by 2 min of red light of 655 nm at 50 umm~2s ",
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Asp-197 and His-250 of Agpl, which are homologous to Asp-
207 and His-260 of DrBphP.

For the present work, we generated both the D197A and the
H250A mutants of Agp1-M15. Both mutants incorporated the
BV chromophore in a covalent manner, although their assem-
bly rates were significantly reduced. In the wild-type protein,
the slow component of the assembly kinetics (24) is associated
with a time constant of less than 20 s, whereas for H250A and
D197A the time constants have been determined to be 2 and 20
min, respectively (data not shown).

The absorption spectrum of the D197A mutant differs sig-
nificantly from that of the wild type. Specifically, the intensity
ratio of the Q (~700 nm) and Soret (~380 nm) absorption
bands in the UV-visible spectrum, typically 2:1 in the wild-type
protein, is reversed (Fig. 1). On the other hand, the absorption
spectrum of the H250A mutant in the Pr state is similar to that
of the wild type except for a slight broadening of the Q-band
and an increase of the Soret band (Fig. 1). Thus, the Pr spectrum
of H250A is intermediate between that of the wild type and
D197A. The H250A mutant displays the same spectral and
photoactive properties as its full-length version (14).

Protonation of the Chromophore in the Pr State—The absorp-
tion spectra of the Pr form of the wild type and both mutants are
strongly pH dependent, in particular in the Q-band (see Fig. 2,
A-C). Analyzing the pH dependence of the UV-visible absorp-
tion spectra on the basis of the Henderson-Hasselbalch equa-
tion, pK, values of 7.2, 8.8, and 11.1 were determined for
D197A, H250A, and the wild-type protein, respectively (Fig.
2D). The respective Hill coefficients of 0.85, 1.02, and 0.81 sug-
gest that one proton is involved. Similar spectrophotometric
titration experiments with the cyanobacterial phytochrome
Cphl led to a pK, value of 9.5 (12), which was attributed to the
deprotonation of the PCB chromophore on the basis of a com-
parison with the pH-dependent spectra of the model com-
pound octaethylbiliverdin (33). Here we show by RR spectros-
copy that in Agpl the underlying acid-base reaction is also
linked to the deprotonation of the chromophore (Fig. 3). The
RR spectra of protonated (cationic) linear methine-bridged tet-
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FIGURE 2. A, absorption spectra of wild-type (Agp1-M15) at pH 6.4, 8.85, 9.75,
10.2,10.35, and 10.75. B, absorption spectra of D197A at pH 6.7,7.05, 7.5, 7.9,
8.5,and 9.1. C, absorption spectra of H250A at pH 7.0, 7.8, 8.6, 9.05, 9.45, and
10.8. The arrows in panels A-C indicate the direction of the decrease of
absorption in the Q-bands with increasing pH. D, titration curves of Agp1-
M15,D197A, and H250A. The normalized absorption at A,,,,, of the Q-band is
plotted as a function of pH. The Henderson-Hasselbalch equation was fitted
to the data with pK, values of 7.2, 8.8, and 11.1 and Hill coefficients of 0.85,
1.02, and 0.81 for D197A, H250A, and Agp1-M15, respectively. For the wild-
type protein, the normalized absorbance at high pH was set to 0.2.

rapyrroles display a band between 1580 and 1550 cm ™! that
originates from the N-H in-plane (ip) bending of the ring B and
CN-H groups (6). In wild-type Agp1-M15 (pH 7.8), this band is
found at 1573 cm ™! and it disappears upon H/D exchange (Fig.
3A) (7). The corresponding N-D ip mode is observed at 1078
cm ! (supplemental Figs. S2 and S3). The intensity of the N-H
ip mode is strongly reduced in the spectrum of the D197A
mutant measured at a pH of 7.8, implying that the chro-
mophore is largely in the non-protonated (neutral) form as
expected from the pK, value of 7.2 (Fig. 3B). Correspondingly, a
substantial fraction of the chromophore is protonated at pH 6.3
as indicated by the N-H ip mode at 1570 cm ™!, which disap-
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A*1628

I
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FIGURE 3. RR spectra of the Pr states of wild-type Agp1-M15 at pH 7.8 (A),
D197A at pH 7.8 (B), D197A at pH 6.3 (C), and H250A at pH 7.8 (D) meas-
ured at —140 °C. The solid and dotted lines refer to the spectra measured in

H,O and D,0, respectively. Broad range spectra are shown in supplemental
Figs.S1 and S2.

pears in D,O (Fig. 3C). The pH-dependent protonation of the
chromophore is also reflected by the intensity increase of the
N-D ip from pH 7.8 to pH 6.3 (supplemental Fig. S3). For
H250A (pK, = 8.8) the chromophore is expected to be largely
protonated at pH 7.8 as confirmed by the RR spectrum (Fig.
3D). The fraction of the protonated chromophore is identified
on the basis of the N-H ip mode (1573 cm ™ '), which shifts down
to 1080 cm ™! in D,O, whereas the smaller fraction of the
unprotonated chromophore is reflected by the increased inten-
sity at 1599 cm ™' as compared with the wild-type protein. This
band is assigned to the C = C stretching mode of the methine
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FIGURE 4. RR spectra of the photoconversion products of D197A (B) and
H250A (C) compared with the spectrum of the meta-Rc (A) state of wild-
type Agp1, all measured at pH 7. 8 and —140 °C. The solid and dotted lines
refer to the spectra measured in H,O and D,0, respectively.

1400

bridges of the non-protonated chromophore and corresponds to
the strong 1593 cm ™' band of the D197A mutant at pH 7.8. The
direction of the pK, shift in D197A suggests that the negatively
charged group of Asp-197 serves as the counterion of the chro-
mophore. The structure of the CBD of DrBphP shows, however,
that at least in that smaller crystalline fragment, the Asp-197 side
chain points outward away from the chromophore (4).
Photoconversion—Upon irradiation of D197A and H250A
with red light, the absorbance of the Q-band is further reduced
(Fig. 1). A similar reduced Q-band intensity has also been
observed in the UV-visible absorption spectrum of the cryo-
trapped meta-Rb intermediate of oat phytochrome, which is in
equilibrium with meta-Rc (34). In contrast to the wild-type
meta-Rc state (7), the photoconversion products of the mutants
do not display the characteristic 50 —60-nm red-shift of the
Q-band with respect to the Pr state. However, the RR spectra of
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FIGURE 5. A and B, transient absorption changes of D197A (pH 6. 5, 20 °C)
measured atthe indicated wavelengths after laser flash excitation at 695
nm (dotted lines). The data were fitted simultaneously from 100 us to 500 ms
to a sum of two exponentials (thick solid lines) with time constants of 460 ws
and 10 ms as marked by vertical dashed lines.

the photoproducts of both D197A and H250A display far
reaching similarities with that of the meta-Rc intermediate of
wild-type Agpl (7). In the cryogenically trapped meta-Rc state
the chromophore is deprotonated as indicated by the lack of the
N-H in-plane bending mode as well as by the prominent and
broad band at 1593 cm ™' that is largely H/D insensitive (Fig.
4A) (35). This characteristic pattern is also observed in the RR
spectra of the photoconversion products of both mutant pro-
teins. These findings indicate that the chromophore is unpro-
tonated and adopts largely the same ZZE geometry as in the
meta-Rc state of the wild-type protein. The small differences in
the RR spectra of the three species (see Fig. 4 and supplemental
Fig. S4) most likely reflect differences in the cofactor-protein
interactions brought about by the substitution of Asp-197 and
His-250 in the chromophore pocket.

Kinetics of Photoconversion and Protonation Changes—Flash
photolysis measurements of the D197A adduct at pH 6.5, i.e. at
nearly complete protonation of the chromophore, reveal tran-
sient absorption changes at 700 nm that are about five times
lower than those observed for the wild-type protein (Fig. 5) and
decrease even further with increasing pH (Fig. 6A4). This finding
is consistent with an ~5-fold lower rate of photoconversion
under continuous illumination (data not shown) indicating an
~5-fold lower photoconversion quantum efficiency of the dark
state of D197A with respect to that of wild type. The initial
(unresolved) absorption changes of D197A (¢ < 50 us) are dif-
ferent from those of the wild-type because they lack positive
signals for A > 720 nm that are characteristic of the lumi-R
intermediate. Simultaneous exponential fits to the time traces
at 9 -10 different wavelengths revealed two kinetic components
with time constants of 300-500 us (7;) and 10-20 ms (7,),
respectively (Fig. 5). The first component is associated with
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FIGURE 6. A, transient absorption changes of D197A at the indicated pH val-
ues (20 °C) measured at 700 nm after laser flash excitation at 695 nm (dotted
lines). Each trace was fitted from 100 us to 500 ms to a sum of two exponen-
tials (thick solid lines) with time constants of 430 usand 18 ms (pH 7.8), 410 us
and 14 ms (pH 7.0), and 390 s and 10 ms (pH 6.5), respectively. B, traces from
panel A scaled to the same bleach at ~2 ms. The relative amplitude of the
second component (10-18 ms) increases with increasing pH according to the
pK, value of 7.2 of the protonation equilibrium in the dark state.

positive amplitudes and reflects the formation of the photocon-
version product. The second component displays negative
amplitudes (10-20 ms) that increase with increasing pH (Fig.
6). As confirmed by stopped-flow pH jump experiments (Fig.
7), this component is due to the relaxation of the protonation
equilibrium of the chromophore in the dark state (Pr) that is
perturbed by the flash-induced depletion of the protonated
species. The kinetics of the transient absorption changes at 700
nm after a pH jump from pH 6.5 to 7.9 (Fig. 7B) is virtually the
same as that of the second component of the 700-nm signal
after laser flash excitation at pH 7.9 (Fig. 7C). These results
strongly support the existence of the protonation equilibrium
and imply that only the protonated species undergoes a photore-
action with moderate efficiency. A similar phenomenon has been
observed with the photoreceptor photoactive yellow protein (25).

The photo-induced processes of the mutant H250A at pH 7.8
(Fig. 8A) are more similar to wild-type Agpl (see Ref. 7) as
indicated by the comparable amplitudes of the transient
absorption changes at 700 nm and the same spectral character-
istics of the initial absorption changes (lumi-R). Furthermore,
the kinetics of the biphasic formation of the H250A photocon-
version product (1, = 270 us, T, = 2.0 ms) are similar to that of
the meta-Rc intermediate in wild type (7). The relative ampli-
tude of the 50-ms component (73), which in D197A was attrib-
uted to the relaxation of the protonation equilibrium in the Pr
state (Fig. 5B), is very small at pH 7.8 for H250A (Fig. 84) and
thus in line with the pK, of 8.8. Whereas transient protonation
changes could not be observed with D197A at any pH, H250A
displayed proton release with a time constant of 1.1 ms (Fig.
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FIGURE 7. A and B, stopped-flow relaxation kinetics of the protonation equi-
libriumin the dark state of D197A aftera pH jump from 6.5t07.9. The data are
averages of over nine shots. A, spectral changes at 500 ms with respect to
2 ms after mixing. B, kinetics of the transient absorption changes at 700
nm. C, kinetics of the transient absorption change at 700 nm after laser flash
excitation at 695 nm for the same sample as in panels A and B after a pH jump
(pH 7.9). The vertical line in panels B and C marks the common time constant
of 35 ms. Conditions: 50 mm Tris (final concentration), 50 mm NaCl, 10 °C.

8B), which is very close to 7, and comparable with the wild-type
proton release time of ~3 ms (7). The absence of a subsequent
proton uptake phase in H250A is consistent with the inhibition
of the formation of Pfr. Though the spectrum of the photoprod-
uctin H250A differs from that of meta-Rc in wild type (red-shift
is missing), the protonation signal and the similarity of the time
constants suggest that the photoproduct of H250A is a meta-
Re-like state.

Protein Structural Changes during the Photoconversion—On
the basis of size exclusion chromatography it has been demon-
strated that the Pfr state of Agpl-M15 has a higher mobility
than the Pr state. This observation has been related to a sub-
stantial conformational change of the apoprotein induced by
the photoconversion (29). For the Pr states of the D197A and
H250A mutants, this assay reveals slightly different mobilities
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FIGURE 8. A, transient absorption changes of H250A (pH 7. 8) measured at the
indicated wavelengths after laser flash excitation at 695 nm (dotted lines). The
data were fitted simultaneously from 10 s to 300 ms to a sum of three expo-
nentials (thick solid lines) with time constants of 280 us, 2.0 ms, and 50 ms as
marked by vertical dashed lines. B, dye signal (cresol red) after flash excitation
of H250A corrected for contributions of the chromoprotein (dotted line). The
trace was fitted to a sum of two exponentials (thick solid line) with time con-
stants of 1.1 ms (proton release component marked by vertical dashed line)
and 140 ms.
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FIGURE 9. Size exclusion chromatography of the wild-type protein, D197A,
and H250A. Each holoprotein was assayed before and after photoconversion.

as compared with the wild-type protein, pointing to subtle
effects of the mutations on the global fold of the protein (Fig. 9).
However, no light-induced changes of the mobilities are
observed in either mutant. Hence, the major protein conforma-
tional changes that are associated with the Pr — Pfr photocon-
version in the wild-type protein occur during the transition
from meta-Rc to Pfr, i.e. in the step that is blocked in the mutant
proteins.

Structural and Mechanistic Implications—In total, 16 of 22
amino acids that are within a distance of 4 A from BV are iden-
tical in DrBphP and Agpl. Because of this high degree of
homology, the structure of the chromophore pocket and the
hydrogen bond network are likely to be similar in Agpl and
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D207

H260

FIGURE 10. Potential hydrogen bond networks involving BV of the CBD of
DrBphP according to the PDB entry 1ZTU (4). A, schematic view, drawn
using LIGPLOT (21). The amino acids Asp-171, Asp-207, Tyr-216, Arg-254, Ser-
257, His-260, Ser-272, and His-290 of DrBphP that are involved in the network
are presented. The Agp1 homologs are Asp-161, Asp-197, Tyr-206, Arg-244,
Ser-247, His-250, Ser-262, and His-280, respectively. B, three-dimensional
arrangement of the BV chromophore and its hydrogen bonding partners in
the first network into which the nitrogen atoms of the pyrrole rings are
embedded. The second hydrogen network involving the propionate side
chain of pyrrole ring B has been omitted for clarity, as it is separated from the
first. The figure was drawn using MOLSCRIPT (37) and RASTER3D (36).

DrBphP. In the structural model of the CBD of DrBphP (4), the
amino acids Asp-207 and His-260 (homologous to Asp-197 and
His-250 in Agp1) are positioned close to the ring B and C nitro-
gens of the chromophore. Analysis of the potential hydrogen
bond interactions in the CBP by means of the programs
HBPLUS (20) and LIGPLOT (21) reveals the tetrapyrrole chro-
mophore to be embedded in two independent hydrogen bond
networks (Fig. 104). Only the first network, which is the more
extended one comprising 5 amino acids and 2 water molecules
together with the chromophore, involves the BV pyrrole rings
(Fig. 10B). The nitrogen atoms of the BV pyrrole rings A, B, and
C form hydrogen bonds with a water molecule (Wat12), which
in turn is linked by a hydrogen bond to the 81 nitrogen of His-
260. The €2 N-H group of His-260 forms a hydrogen bond to an
oxygen of the ring C propionic side chain, whereas the other
oxygen is linked to Ser-272 and His-290 via Wat18. The €2 N-H
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group of His-290 also interacts with the carbonyl group of ring
D of BV. The N-H groups of the BV rings B and C are in hydro-
gen bond distance with the carbonyl oxygen of Asp-207.

As shown in this work, both Asp-197 and His-250 of Agpl
are important for stabilizing the protonation of the inner pyr-
role rings of the chromophore. The finding that the backbone
carbonyl of Asp-207 of DrBphP, and not the anionic side chain,
forms a hydrogen bond contact to the ring B and C N-H groups
of BV is in contrast to the situation in phycocyanin. In this case,
the carboxyl group of an Asp serves as a counterion for the
chromophore (30). The rather low pK, value of D197A of Agp1l
suggests that the carboxyl side group of Asp-197 also functions
as counterion for the chromophore in Agpl. Upon inspection
of the crystal structure of DrBphP it becomes evident that in
one of three possible rotamer positions obtained by rotations of
the C,—Cg bond, the carboxyl group of Asp-207 is located at a
hydrogen bonding distance of 3.3 A to Wat12. This conforma-
tion is unlikely in the Pr state because it causes a steric clash
with the ring D methyl side chain of BV, although it cannot be
ruled out for the protein in solution. Notably, this sterical hin-
drance is removed for the ZZE isomer of the chromophore, i.e.
for the lumi-R primary photoproduct and thereafter. This
observation suggests that conformational changes of Asp-207
(Asp-197 in Agpl) might be actively involved in the mechanism
of transient deprotonation and reprotonation of the chro-
mophore along the photocycle.

Only the protonated chromophore undergoes the photo-in-
duced Z-E isomerization of the C-D methine bridge in the first
step of the Pr — Pfr conversion. The rotation around the double
bond causes the rupture of the hydrogen bond between ring D
and His-290 of DrBphP (homologous to His-280 in Agpl) and
may induce further rearrangements of the hydrogen bond net-
work during the subsequent thermal relaxations of the chro-
mophore. As a result, the deprotonation of the chromophore is
facilitated in the meta-Rc state. In the formation of this state,
deprotonation of BV leads to the release of a proton to the
external medium in both the wild-type protein and the H250A
mutant. A similar mechanism had been suggested earlier for
pea phytochrome (10). The lack of proton release (and uptake)
in D197A of Agpl suggests that Asp-197 serves as the proton
release group by transient exposure of its carboxyl side chain in
meta-Rc. In the wild-type protein, proton re-uptake occurs in
the final reaction step of the Pr — Pfr photoconversion, i.e. the
meta-Rc — Pfr transition (7), which is inhibited in D197A and
H250A. We therefore conclude that the reversible Asp-197-
mediated proton transfer between the chromophore and the
external medium is intimately linked to the quite substantial
chromophore and protein structural rearrangements associated
with the formation of the Pfr state. It may be that the transient
proton translocation represents a trigger for these structural
changes. The lack of proton re-uptake and Pfr formation in H250A
then suggests that His-250 is directly involved in these conforma-
tional changes that complete the conversion to the Pfr state.
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