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ABSTRACT: pharaonisphoborhodopsin (ppR; also calledpharaonissensory rhodopsin II, NpSRII) is a
receptor for negative phototaxis inNatronomonas(Natronobacterium) pharaonis. In membranes, it forms
a 2:2 complex with its transducer protein,pHtrII, which transmits light signals into the cytoplasmic space
through protein-protein interactions. We previously found that a specific deprotonated carboxyl ofppR
or pHtrII strengthens their binding [Sudo, Y., et al. (2002)Biophys. J. 83, 427-432]. In this study we
aim to identify this carboxyl group. Since the D75N mutant has only one photointermediate (ppRO-like)
whose existence spans the millisecond time range, the analysis of its decay rate is simple. We prepared
various D75N mutants such as D75N/D214N, D75N/K157Q/R162Q/R164Q (D75N/3Gln), D75N/D193N,
and D75N/D193E, among which only D75N/D193N did not show pH dependence with regard to the
ppRO-like decay rate andKD value for binding, implying that the carboxyl group in question is from
Asp-193. The pKa of this group decreased to below 2 when a complex was formed. Therefore, we conclude
that Asp-193ppR is connected to the distant transducer-ppR binding surface via hydrogen bonds, thereby
modulating its pKa. In addition, we discuss the importance of Arg-162ppR with respect to the binding
activity.

pharaonisphoborhodopsin (ppR;1 also calledpharaonis
sensory rhodopsin II, NpSRII) is one of the seven-trans-
membrane helical retinal proteins that use retinal as a
chromophore (1-4), whereby it binds a specific Lys residue
(Lys-205) through a Schiff base linkage. Recently, retinal
proteins have been found in various organisms of archaea,
eubacteria, and eukaryotes (5-8). Functionally, these proteins
are distinctly classified into two groups: light-driven ion
pumps such as bacteriorhodopsin from archaea, which
function to pump ions outward (9), and photosensors such
as ppR (for a review see ref10). Photosensors form a
signaling complex with their own transducer proteins. The
photosensor proteinppR binds with thepharaonishalo-
bacterial transducer proteinpHtrII in the membrane.

pHtrII is a two-transmembrane helical protein that belongs
to a family of two-transmembrane helical methyl-accepting
chemotaxis proteins (MCPs) (11, 12). MCP exists as a

homodimer composed of a 50-60 kDa subunit and forms a
ternary complex with CheA and CheW. Chemical stimuli
activate phosphorylation cascades that modulate flagellum
motors (13-15). For chemoreception in bacteria, MCP acts
not only as a chemoreceptor but also as a transducer. On
the other hand, for photoreception in archaea, the receptor
(e.g.,ppR) and the transducer (e.g.,pHtrII) are separated,
and direct interaction between them is required (16, 17). ppR
transmits light signals topHtrII, and this activates phos-
phorylation cascades that modulate flagellum motors. Using
this signaling system, the bacterium can avoid harmful near-
UV light, and thus, this process is called negative phototaxis.
ppR maximally absorbs light at 498 nm, which triggers
trans-cis photoisomerization of the retinal chromophore
(18). Relaxation of the retinal leads to functional processes
during the photocycle. Thus, the active intermediates of the
ppR/pHtrII complex are M- and O-intermediates (19).

ppR is stable in the membrane and detergent micelles (20,
21), and an expression system usingEscherichia colicells
can be used to produce large amounts of this protein (22).
Therefore,ppR has been well-characterized over the past few
years (2, 10). On the other hand, there has been less progress
in the characterization ofpHtrII. We previously discovered
the 1:1 stoichiometry of theppR/pHtrII complex and
determined its binding constants under various conditions
(23, 24). In addition, we showed that the Tyr-199 and Thr-
204 residues ofppR play roles in its binding withpHtrII
(25, 26). However, detailed studies on this interaction
mechanism have not been conducted.

As previously shown (Figure 5 in ref25), the dissociation
constant of binding,KD, increases with decreasing pH,
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meaning that a deprotonated carboxyl(s) ofppR or pHtrII
increases the interaction betweenppR and pHtrII. The
relationship between pH andKD is well-correlated with the
Henderson-Hasselbach equation with a pKa of 3.9. However,
the origin of this phenomenon is unknown. In the present
study we aim to identify this carboxyl group using mutant
proteins. Figure 1 shows the gene sequence ofppR for only
the helix F and G regions, which are located at the transducer
binding surface (17). The Asp-214 residue ofppR is only
the carboxylic residue present in helix F or G that projects
towardpHtrII (Figure 2). In this regard, the first candidate
is the carboxyl group of Asp-214. From the crystal structure
of transducer-freeppR, Royant et al. (27) proposed the
importance of a charged surface patch (Lys-157, Arg-162,
and Arg-164) on the cytoplasmic side ofppR for the
interaction withpHtrII (Figure 2). This patch does not exist
in other archaeal rhodopsins such as bacteriorhodopsin and
halorhodopsin. A second candidate is the carboxyl group
(Asp-102, Asp-104, and Asp-106 inpHtrII) that interacts
with the positively charged patch. For the third candidate,
the pKa of the carboxyl group of Asp-193 in helix G ofppR
decreases whenppR binds topHtrII (28), suggesting that
structural changes occur around Asp-193. Thus, this candi-
date is the carboxyl group of Asp-193, although it is
orientated toward the interior ofppR and not towardpHtrII
(Figure 2). The residue corresponding to Asp-193 inppR is

conserved as Glu-204 in bacteriorhodopsin (bR), which is
an important residue for proton release (29-33).

The results of this study rule out the first and second
candidates, and suggest that Asp-193 is the residue respon-
sible for binding. Here, we used various D75N mutants of
ppR because they lack an M-intermediate, and the O-like
intermediateppRO-like has the only observable decay rates
that can be easily measured by flash photolysis in the
millisecond time range. The rate constants are affected by
binding, which enabled us to estimateKD for the binding of
variousppR mutants topHtrII.

MATERIALS AND METHODS

Sample Preparations.Expression plasmids of D75NHis
andpHtrIIHis were constructed as previously described (24,
34). Here, His denotes a tag with six histidine residues
attached at the C-terminus of the protein. TruncatedpHtrII
expressed from position 1 to position 159 was used instead
of the whole protein because the truncated transducer is
enough to permit interaction withppR (35). Hereafter,pHtrII
signifies the truncated protein. The mutant genes D75N/
D214N, D75N/K157Q/R162Q/R164Q (called mutant 3Gln
hereafter), D75N/D193N, and D75N/D193E were con-
structed by PCR using the QuickChange method. Oligo-
nucleotide primers were designed from nucleotide sequences
in the GenBank database (accession no. Z35086), and DNA
was sequenced using a DNA sequencing kit (Applied
Biosystems). All constructed plasmids were analyzed using
an automated sequencer (377 DNA sequencer, Applied
Biosystems).

Mutant ppRs andpHtrII were expressed inE. coli BL21
(DE3) cells. The preparation of crude membranes and the
purification of proteins were performed as previously
described (36, 37). The sample medium was exchanged by
ultrafiltration (UK-50, Advantech, Tokyo), and the samples
were suspended in media whose compositions will be
described later.

For the preparation of theppR/pHtrII complex, purified
ppR andpHtrII proteins were mixed in a 1:5 molar ratio
followed by incubation for 1 h at 4°C. Complex formation
was confirmed by measuring the decay kinetics ofppRO-like

and using an in vitro pull-down assay as previously described
(23, 24).

Flash-Photolysis Measurements.The apparatus and pro-
cedure used for flash photolysis were essentially the same
as previously described (38). The decay ofppRO-like of
various D75N mutants was observed at 570 nm, and the time
courses were analyzed with a single-exponential equation
to estimate the kinetic constant. TheppR samples were
suspended in medium containing 360 mM NaCl, 0.1%
n-dodecyl â-D-maltoside (DM), and a mixture of seven
buffers (citric acid, Tris, Mes, Hepes, Mops, Ches, and Caps,
whose concentrations were 10 mM each), because this buffer
has the same buffer capacity over a wide pH range (2-9).
Before the flash-photolysis experiments, samples were
incubated for at least 1 h in medium whose pH had been
adjusted to the required value. All experiments were per-
formed at 20°C.

Determination of the Dissociation Constant KD and the
pKa of An Important Amino Acid Residue from Flash
Spectroscopy.The dissociation constantKD of various

FIGURE 1: Amino acid sequences of helices F and G ofpharaonis
phoborhodopsin (ppR) with residues of importance noted. The open
circle (Asp-193), closed star (Asp-214), and open star (3Gln)
indicate candidates of the carboxyl group whose ionic state may
give rise to binding betweenppR andpHtrII. The white letters
indicate highly conserved residues among archaeal rhodopsins such
as Asp-201 and Lys-205.

FIGURE 2: X-ray crystallographic structure of theppR/pHtrII
complex focusing on charged residues of helices F and G ofppR.
This view is from the cytoplasmic side along the membrane normal.
The structure was obtained from the Protein Data Bank (PDB code
1H2S).
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ppRD75N/pHtrII complexes was determined from the rate
constant under varying ratios ofppR mutant andpHtrII as
previously described (23): ThepHtrII concentration was kept
constant at 25µM, and varying concentrations ofppR mutant
were added to change the molar ratio ofpHtrII to the mutant.
ThepHtrII concentration was determined using SDS-PAGE
as previously described (23, 24).

The determination ofKD was performed at various pH
values. Thus, we obtained the relationship forKD vs pH,
and the experimental curves were fitted by the Henderson-
Hasselbach equation with a single pKa.

RESULTS

Decay Rate Constant of the O-like Intermediate ppRO-like.
D75N lacks an M-intermediate during the photocycle because
Asp-75, the proton acceptor from the protonated Schiff base,
is replaced by a neutral Asn (39, 41). A phototransient that
maximally absorbs at 570 nm is only observable over the
millisecond time range, which we call an O-like intermediate
(ppRO-like) due to the red-shifted absorbance maximum.

Using a single-exponential decay equation, we were able to
estimate the kinetic decay constants ofppRO-like. Absorption
maxima of the intermediate of all mutants used were not
changed by binding topHtrII, and these values were
essentially equal to that of D75N alone or its complex, whose
values were previously reported (24). Figure 3 shows plots
of the decay constants versus pH for variousppR D75N
mutants. We previously found that the rate constants of the
transducer-free D75N showed a marked pH dependence,
which is delineated by the dashed line in Figure 3c (25).
Analysis of this curve with the Henderson-Hasselbach
equation gave a pKa of 4.4. The pH dependence of the rate
constants was also observed for the D75N/D214N and D75N/
3Gln mutants. The pKa values for these pH dependencies
are listed in Table 1, and are almost equal to that of D75N.
On the other hand, for the D75N/D193N mutant the pH
dependence disappeared, while for the D75N/D193E mutant
the pH dependence remained and the pKa was shifted to 5.0
from 4.4 (the dashed line in Figure 3c and Table 1) due to
the replacement of Asp with Glu at position 193 in the D75
mutant. From these results, we identified the carboxyl group

FIGURE 3: Rate constants ofppRO-like decay of the transducer-free D75N/D214N (a), D75N/K157Q/R162Q/R164Q or D75N/3Gln (b),
D75N/D193N (c), and D75N/D193E (d) mutants. The dashed line in (c) shows data for the D75N mutant from Sudo et al. (25). The solid
lines are curves fitted using the Henderson-Hasselbach equation with a single pKa whose values are listed in Table 1. The medium contained
a mixture of seven buffers (see the Materials and Methods), 0.1% DM, and 360 mM NaCl, and the experiments were performed at 20°C.

Table 1: Estimated pKa Values from the pH Dependence forppRO-like Decay and the Dissociation Constant of theppRD75N/pHtrII Complex

pKa

(from decay)a
pKa

(from KD)b
pKa

(from decay)a
pKa

(from KD)b

D75N 4.4c 3.9c D75N/D193E 5.0 4.7
D75N/D214N 4.4 4.1 D75N (complex) <2 e
D75N/3Glnd 4.7 4.1 D75N/D193E (complex) 3.5 e
D75N/D193N ND ND

a pH-dependent decay rate constants are shown in Figures 3 and 4, from which pKa values were determined.b KD values are shown in Figure 5
as a function of pH, from which pKa values were determined.c From Sudo et al. (25). ND means not determined because of no pH dependence.
d 3Gln denotes the mutant K157Q/R162Q/R164Q.e This value was not determined because the results shown in Figure 4 were obtained in the
presence of high enough concentrations ofpHtrII to prevent dissociation of the complex.
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from Asp-193 as that which is responsible for the pH
dependence of the decay rate ofppRO-like. In comparing the
solid and dashed lines in (c), Figure 3 reveals that the
deprotonated state of Asp-193 facilitates the decay of
ppRO-like.

Figure 4 shows the decay rate constants ofppRO-like of
D75N in the presence ofpHtrII (the ppRD75N/pHtrII
complex) for various pH values. These experiments should
be performed in the presence of a high enough concentration
of pHtrII (above the KD value; see Figure 5) so that
dissociation of the complex does not occur. As described in
the Materials and Methods, titration ofppR against 25µM
pHtrII was performed, for whichppRO-like decay rates were
measured at every pH. One or two data points from these
titration experiments fulfilled the condition of a high enough
molecular ratio ofpHtrII, so that their average values could
be plotted. A comparison with the rate constants of D75NppR
alone (the dashed line in Figure 3) indicated the acceleration
of ppRO-like decay of theppRD75N/pHtrII complex. The
decay constant of theppRD75N/pHtrII complex was not
affected over a pH range of 2-10. On the other hand, D75N/
D193E/pHtrII showed a pH dependence, and decay is faster
under the alkaline condition where Glu-193 may have been
deprotonated. Hence, Figure 4 together with Figure 3
suggests that the pKa of Asp-193 of theppRD75N/pHtrII
complex is lower than 2. Another possibility is thatpHtrII
covers Asp-193 so that this residue is insulated from the
external milieu, although the X-ray crystal structure does not
support this hypothesis (Figure 2). This can be ruled out
because the D75N/D193E/pHtrII complex showed a pH
dependence, indicating that position 193 may make contact
with the external milieu. Analysis of this curve gave a pKa

value of 3.5. However, the pKa of this glutamic acid is 5.0
in the free state (Table 1), indicating that binding withpHtrII
decreases the pKa of the carboxyl group at this position.
Therefore, we concluded that association withpHtrII de-
creases the pKa of Asp-193 of D75N in theppRO-like state
to less than 2 from 4.4.

Estimation of the Dissociation Constant KD of the Complex
between Various D75N Mutants and pHtrII in the ppRO-like

State.We titrated 25µM pHtrII with various D75NppR
mutants to measure the decay rate constants ofppRO-like,
and eight kinetic traces were obtained under different molar
ratios of pHtrII to ppR for eachppR mutant. From these
data,KD values were estimated (for details, see refs23 and
24). In Figure 5, theKD values of various D75N mutants
are plotted over a pH range between 2 and 9. Table 2 lists
the stoichiometric ratio andKD value at pH 7, where binding
was stronger than that in acidic media (Figure 5). TheseKD

values are similar to that of the complex between the wild-
type ppR and pHtrII in the dark (0.16µM) previously
reported by Hippler-Mreyen et al. (35) except for D75N/
3Gln. Due to the low protein stability of the D75N/3Gln,
D75N/D193E, and D75N/D193N mutants, it was difficult
to measure the decay rate constants and binding parameters
under acidic conditions.

As previously described (25), the pKa determined from a
plot of KD vs pH for the D75N/pHtrII complex in the
ppRO-like state is 3.9. For D75N/D193E, the pKa shifted to
4.7. The pH dependence ofKD exists for D75N/D214N and
D75N/3Gln mutants, as shown in Figure 5, although the pKa

is a little larger than 3.9 (see Table 1). D75N/D193N did
not show any pH dependence, and theKD value for the acidic
region was almost the same as that of D75N (Figure 5c).
These binding analyses suggest that the carboxyl group of
ppR responsible for the pH dependence of binding (exactly
in the ppRO-like state) is not that from Asp-214 or the
counterions (Asp-102, Asp-104, and Asp-106) of the charged
surface patch, but rather the COO- of Asp-193. Thus, the
deprotonated state of Asp-193 inppR (ppRO-like) plays a role
in its interaction withpHtrII as well as the pH dependence
of theppRO-like decay rate (Figure 3). In Table 1, pKa values
determined from theppRO-decay rate andKD are listed and
are almost equal in value, indicating the importance of the
deprotonated (charged) state of Asp-193 for both phenomena.

Table 2 shows that the number of binding sites is almost
unity for all complexes, suggesting a 1:1 stoichiometry for
theppRD75N mutant/pHtrII complex that is the same as that
of the wild-typeppR/pHtrII complex (17, 23). A large KD

value for the 3Gln (K157K/R162Q/R164Q) mutant was
noted, suggesting that one of these three residues may be
important for interaction withpHtrII in the O-like state. The
implications of this will be discussed later.

DISCUSSION

Transducer Binding Changes the pKa of Asp-193 in the
ppRO-like State.From Figure 4, we concluded that association
with the transducer changes the pKa of Asp-193 in the

FIGURE 4: Rate constants ofppRO-like decay of the D75N/pHtrII
(open circles) and D75N/D193E/pHtrII (closed circles) complexes
at various pH values. The solid lines are curves fitted using the
Henderson-Hasselbach equation with a single pKa estimated to
be 3.5. The experimental conditions were the same as those in
Figure 3. The experiments were performed in the presence of a
high enough concentration ofpHtrII compared to that ofppR to
prevent the dissociation. For details, see the text.

Table 2: Dissociation Constants (KD) and the Number of Binding
Sites (n) of Complexes of VariousppRD75N Mutants and pHTrII in
the pPRO-like State

KD
a

(µM) n
KD

a

(µM) n

D75Nb 0.15 1.0 D75N/D193N 0.67 1.0
D75N/D214N 0.32 1.1 D75N/D193E 0.99 0.9
D75N/3Gln 9.5 1.0

a TheKD values are those at pH 7.0, which were taken from Figure
5. b Data were also taken from a study by Sudo et al. (24).
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ppRO-like state of D75N from 4.4 to<2 (Table 1). This
suggests thatpHtrII binding induces a conformational change
around Asp-193, which is located in the extracellular channel
and does not facepHtrII (Figure 2). We previously reported
that a pKa shift also occurs in the ground state (from 6.4 to
5.6) and the M-intermediate (from 4.9 to 3.9) (28) due to
complex formation. Bergo et al. (42) reported on the effect
of transducer binding on the pKa of an unknown Asp/Glu
residue which is deprotonated during the photocycle. Ac-
cording to the crystal structure of theppR/pHtrII complex
(17), the binding surface ofppR with pHtrII consists of
helices F and G, and no essential change inppR occurs due
to this association. Nevertheless, a pKa change was noted in
this as well as another study (28).

The Deprotonated State of Asp-193 Increases the Binding
Affinity, and Binding Decreases Its pKa. Using various D75N
mutants, we measured the decay rates ofppRO-like as well
as theKD values. D75N/D214N, D75N/3Gln, and D75N/
D193E showed pH dependence for both constants similar
to that of D75N, while D75N/D193N did not show a pH
dependence. Therefore, the residue responsible for the pH-
dependent dissociation constant is Asp-193. The pKa values
for both are almost equal (Table 1), which indicates that they
are regulated by the protonation state of Asp-193. The pKa

of Asp-193 of D75N is 3.9-4.4 (Table 1), and that of the
complex is<2 (Table 1 and Figure 4). Thus, schemes for
these states are as follows:

TheKD values for this scheme refer to those shown in Figure
5c. When the carboxyl group of Asp-193 is protonated in
the free form, the association withpHtrII may cause proton
release from this residue, which may increaseKD. The
negatively charged COO- state of Asp-193 may strengthen
the hydrogen bond described below, and thus, the carboxyl
group of this residue may be forcibly deprotonated by binding
with pHtrII. The D75N/D193N mutant forms a complex in
which the negative charge cannot be generated due to the
replacement of Asp by Asn, and therefore may be a cause
of the weak binding (Table 2 and Figure 5).

The X-ray structure shows two hydrogen bonds in theppR/
pHtrII complex, one between the Tyr-199 residue ofppR
and Asn-74 residue ofpHtrII, and the other associated with
the Thr-189 residue ofppR interacting with the Ser-62 and
Glu-43 residues ofpHtrII. Asp-193ppR also forms a hydrogen
bond with Thr-189ppR (Figure 6). It was previously discov-
ered that Thr-189ppR participates in the interaction withpHtrII
in the ground state (Yamabi et al., manuscript in preparation).
It is thus feasible that binding with the transducer changes
the degree of hydrogen bonding around Asp-193ppR through
the hydrogen-bonding network among Thr-189ppR, Ser-
62pHtrII, and Glu-43pHtrII. This hydrogen bonding may result
in a decrease in the pKa of Asp-193 in the binding state (see
the above scheme), although Asp-193 is located inside the
protein and thus does not appear to directly interact with
pHtrII (Figure 2).

FIGURE 5: KD values of the D75N/D214N/pHtrII (a), D75N/K157Q/R162Q/R164Q/pHtrII or D75N/3Gln/pHtrII (b), D75N/D193N/pHtrII
(c), and D75N/D193E/pHtrII (d) complexes at various pH values. The dashed line in (c) shows data for the D75N mutant from Sudo et al.
(25). The solid lines are curves fitted using the Henderson-Hasselbach equation with a single pKa whose values are listed in Table 1. The
experimental conditions were the same as those for Figure 3.

for pH > 3.9-4.4

D75N(COO- Asp193) atppRO-like + pHtrII T

complex(COO- Asp193) (KD ≈ 0.2µM)

for 2 < pH < 3.9

D75N(COOHAsp193) atppRO-like + pHtrII T

complex(COO- Asp193) + H+ (KD ≈ 0.8µM)
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Role of the PositiVely Charged Patch in the Interaction
with pHtrII. The substitution of Asp-214ppR did not signifi-
cantly affect theKD value in theppRO-like state. On the other
hand, the mutant K157/R162/R164 (3Gln) showed an
increasedKD value (Table 2). This suggests that at least one
of these residues is important for the interaction withpHtrII.
Among these, we found that Arg-162 is a required residue
for the interaction withpHtrII (manuscript in preparation).
The side chain of Arg-162 extends toward transmembrane-2
(TM-2) of pHtrII. According to the crystal structure ofpHtrII
(17), no residue functions as an electrically interactive
counterpart of the Arg-162 residue in TM-2 ofpHtrII. Since
the distance between Arg-162 ofppR and TM-2 ofpHtrII is
small, hydrophobic and/or van der Waals interactions may
occur. Details regarding the Arg-162 may be clarified in the
future.

CONCLUDING REMARKS

In the present paper, we propose a role for Asp-193 during
transducer binding in that the protonation/deprotonation state
of Asp-193 affects the binding and vice versa. This may
originate from the complicated intermolecular hydrogen-
bonding network. This residue is important since it is a
proton-releasing residue (28) and maintains the protein
conformation (43) and its protonation induces Cl binding
(28, 43). Binding of ppR with pHtrII decreases the pKa of
the carboxyl group of Asp-193ppR, which inhibits Cl- binding.
The effect of the protonation state of Asp-193ppR (e.g.,
comparison between Asp-193 and Asn-193) on phototaxis
is an important question that should be examined. In addition,
K157/R162/R164 contributes to complex binding.
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