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ABSTRACT: A fusion protein in which the C-terminus ¢falobacterium salinarunsensory rhodopsin |

(SRI) is connected by a flexible linker to the N-terminus of its transducer (Htrl) was constructed and
expressed ifd. salinarum The fusion protein mediated attractant responses to orange light and repellent
responses to UV/violet light that were comparable to those produced by the wild-typgH8Rtomplex.
Immunoblot analysis oH. salinarummembrane proteins demonstrated intact fusion protein and no
detectable proteolytic cleavage products. Rapid oxidative cross-linking of a monocysteine mutant in the
Htrl domain confirmed that the fusion protein exists as a homodimer in the membrane. Htrl-free SRI and
Htrl-complexed SRI have been shown previously to exhibit large differences in the pH dependence of
their photocycle kinetics and in th&pof Asp76 that controls a pH-dependent spectral transition in SRI.
These differences were used to assess whether only one or both SRI domains in the fusion protein were
complexed properly to the Htrl homodimer. Measurement of the photochemical activity, the photocycle
kinetics, and the absorption spectra at various pH values established that both SRI domains are complexed
to Htrl in the fusion protein, and therefore the stoichiometry is 2:2. Closer examination of the Htrl effect
on SRI revealed that Asp76 titration in Htrl-free SRI fits tw,walues, with 98% and 2% of the molecules
titrating with pKy's of 7 and 9, respectively. The same twid s of Asp76 are evident in Htrl-complexed

SRI, but with 13% with K, of 7 and 87% with K, of 9 and a similar bias toward the&kpof 9 in the

fusion protein. Titration of the fusion protein with Ala substitution at Arg73, a residue in the photoactive
site, in the SRI domain indicates that a basic residue at Arg73 is necessary for thekquebp observed.

A model in which Arg73 plays a role in the Htrl effect on SRI is discussed.

Sensory rhodopsin | (SRIAmax 587) is a phototaxis  Htrl-complexed SRI, while §; decay is pH-dependent in
receptor which is complexed with its membrane-embedded Htrl-free SRI, with a half-life varying from~80 ms at pH
transducer (Htrl) to mediate attractant responses to oranget to ~4 s at pH 7 at 23°C. Therefore, flash-induced
light and repellent responses to UV/violet light 2). Photon absorption measurements aflecay in the SRI photocycle
absorption by the dark form of SRI, $R leads to the  provide a useful assay for SRHtrl interaction.
transient deprotonation of its retinylidene Schiff ba®eand A second assay for SRHitrl interaction is provided by
the formation of its attractant signaling statg;s$4max 373) the Hitrl influence on a shift in its absorption spectrum, the
(4). A second photon absorbed by,§egenerates Sk and “blue-purple transition”, undergone by SRI as the pH is
causes a repellent respon$g (n the absence of UV/violet  increased4—11). The alkaline-induced shift in its absorption

light, Sgrsreturns thermally within seconds to the s3rstate. maximum is from 587 nm (blue form) to 552 nm (purple
The kinetics of &3 thermal decay is greatly influenced by  form) and is due to the deprotonation of Asp76, a counterion
its complexation to its cognate transducer HG+@). Sz73 to the protonated Schiff base in the receptor. Htrl interaction

decay is pH-independent with a half-life 6800 ms for with SRI raises the g, of Asp76, thereby altering the pH at
which the blue-purple transition occurs. In the SRitrl

T This work was supported by National Institutes of Health Grant complex,_the transition Qccurs with KQOf ~9, whereas it
RO1GM27750. occurs with a §, of ~7 in the absence of Htrl.

* Corresponding author. Telephone: 713-500-5458. Fax: 713-500-  Htrl| appears to form a homodimer in th&alobacterium

5499. E-mail: John.L.Spudich@uth.tmc.edu. ; ; ;
1 Abbreviations: SRI, sensory rhodopsin | frohtalobacterium salinarum membrane 12) as do the eubacterial taxis

salinarum Hitrl, the transducer associated with SRI; TM1 and TM2, transducers, such as ti@almonella typhimuriunand Es-
the N-terminal proximal and distal transmembrane segments of Htrl; cherichia coliaspartate chemotaxis receptor Tas{17).

respectively; SRy and SRs,, the blue acidic and purple alkaline forms . .
of unphotolyzed SRI: §s the deprotonated Schiff base intermediate &S &N attractant ligand, and therefore at saturation the molar

in the SRI photocyclebop gene encoding bacteriorhodopsin (BR) ratio [MBP]:[Tar] is 1:2 (L8). The attractant ligand aspartate
apoprotein;sopl, gene encoding SRI apoprotein; HR, halorhodopsin. also exhibits half-of-the-sites binding to the Tar dim&s)(

Mutant forms of SRI and Htrl are designated with the single-letter code;  js ot clear whether 1 or 2 SRI molecules associate with
for example, SRI-R73A indicates substitution of the residue at position . . . .
73 in SRI with an alanine residue; Htrl-G29C indicates substitution of the Htrl dimer in the membrane. As with any symmetrical

the residue at position 29 in Htrl with a cysteine residue. homodimer, two identical binding sites must exist, but one
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Published on Web 02/27/2002



3892 Biochemistry, Vol. 41, No. 12, 2002 Chen and Spudich

may be occluded by occupancy of the other, as occurs with absorption change at 590 nm following the flash &g is
MBP binding to Tar. We undertook to answer this question the SRI absorbance at 587 nm, determined by difference
by forcing equal membrane molar content of SRI to Htrl by spectroscopy using retinal regeneration of JOHl-bleached
expressing a fusion of theopl and htrl genes in a strain  membranes2b).

lacking both proteins. If the ratio in the membrane complex  pH Titration. The pH of the pigment suspension was
were 1:2, we would observe 50% complexed and 50% free measured with a Beckma®72 pH meter after sodium
SRI, whereas if both binding sites on the Htrl dimer could hydroxide solution was added in microliter quantities to the
be simultaneously occupied, we would observe 100% com- cuvette. Absorption difference spectra were recorded with
plexed SRI. These two possibilities are readily distinguished an SLM-Aminco UV-vis spectrophotometer (SLM-Aminco,

by absorption and kinetic spectroscopy. Urbana, IL). The change in absorption of the suspension at
600 nm, the wavelength of largest change in the blue minus
MATERIALS AND METHODS purple SRI difference spectrum, was used as a quantitative

measure of the blue-purple transition from spectra adjusted

were expressed from their native promoter in plasmid pkJ306 fOF Paseline drift by fixing the value at 750 nm, at which

(4), and Htrl-free SRI was expressed underliop promoter neither the blue nor pu.rple SR absqrbs. Care was taken (o
in plasmid pTR2 ). Pho81Wr (BR-HR SRI Hitrl- accept only data sets in which the isosbestic point for the

SRIIHtrll -, carotenoid deficient and restriction deficient) blue-purple transition was maintained throughout the titration.

(20) was used as thid. salinarumrecipient in plasmid trans- All samples wereﬁ 4 M NaCl. Fits to _the titration data were
formations performed with algorithms from SigmaPlot (Jandel, San

Construction of the Plasmid Encoding the SiRitrl Ra[;‘?lel’lng)é Linking Analvsi©xidati linki
Fusion Protein.A 720 bp Nsi/Ncd sopl gene fragment Isulfide Cross-Linking Analysi©xidative cross-linking

(PCR product from plasmid pKJ306), a 2.2 Kot/Ncd of en_gineered_ cysteine residues was carri_ed out as described
bop promoter region, and a 4.4 Kotl/Nsil fragment of previously using Cu(lI)—(1,10Tphenanthrollee)s a catalyst
plasmid pKJ410 were ligated together to form plasmid pXP2, (12). Tfe?‘ted samples were incubated at room temperature
where thesoplgene is under the control of thep promoter. for 39. min and'separated by SB.QAGE n nonrgducmg

The pKJ410 is a pKJ306 derivative which contains the Htrl conditions and immunoblotted with anti-SRI antibody.

gene under thboppromoter. An 890 bisad/Xba fragment

(a PCR product from plasmid pKJ306) encoding the C- RESULTS AND DISCUSSION
terminus of Htrl replaced a 1.3 kBad/Xba fragment of Expression of the Fusion ProteiThe 130 kDa fusion
plasmid pKJ410 to form plasmid pXP3. Recombinant PCR protein consisting of SRI connected to Htrl via a 9-residue
was used to introduce 27 nucleotideS@GTCGGCGTC-  flexible linker (21) was expressed id. salinarum membrane
GAACGGCGCGTCGGCG-3encoding a 9-residue flexible  proteins were separated by SBfolyacrylamide gel elec-
linker (Ala-Ser-Ala-Ser-Asn-Gly-Ala-Ser-Alap() between  trophoresis and analyzed by immunoblot with anti-Htrl
the C-terminal residue of SRI and N-terminal residue of Htrl. antibody and anti-SRI antibody. The fusion protein migrates
This 1.9 kbBanHI/Sad recombinant fragment starting from  ags single bands on both immunoblots (Figure 1) with no
the BanH| site of the bop promoter and ending at thad detectable bands at the Htrl position nor at the SRI position
site of Htrl replaced a 1.1 kiBad/BanHl fragment of  on the respective immunoblots. We conclude that the fusion

Plasmids and StrainsWild-type SREHtrl complexes

plasmid pXP3 to form plasmid pXP6, where the Sitrl protein is intact in theH. salinarummembrane.

fusion is under the control of thbop promoter. All the Phototaxis Response®ho81Wr cells containing the
mutations were introduced by the two-step megaprimer PCRyild-type SRI-Htrl complex exhibit attractant responses to
method with pfu polymerasezg). orange light assessed by the induction of swimming reversals

Motion AnalysisMotility responses to SRI photoactivation by a step-down of 600 nm light intensity and repellent
were assayed by computer-assisted cell tracking and motionresponses to UV/violet light assessed by the induction of
analysis as described)( Swimming cells were subjected  swimming reversals by a step-up of 400 nm light in an orange
to a 4 sstep-down in 600 nm light to test attractant signaling background. Pho81Wircells containing the fusion construct
and a 150 ms step-up in 400 nm light in an orange exhibited similar attractant responses to orange light and
background to test repellent signaling. repellent responses to UV/violet light (Figure 2), indicating

Membrane PreparationMembranes were prepared by that the 9-residue linker does not inhibit functional interaction
sonication of cells grown as describe®3) to stationary between the receptor and the transducer in vivo.

phase in complex medium containingugj/mL mevinolin. Dimer Formation between the Htrl Portions of the Fusion
Membranes were suspendedd M NaCl/25 mM Tris-HCI  Protein Some monocysteine mutants of wild-type Htrl form
(pH 6.8) at~10 mg of protein/mL in the final step of the  cross-linked dimers upon oxidative disulfide formation,
procedure. indicating that Htrl, like eubacterial chemotaxis transducers,

Flash PhotolysisFlash-induced absorption changes were assembles into homodimers2j. To test the fusion protein
measured by a laboratory-constructed cross-beam spectromfor dimerization, we introduced a cysteine into the first
eter with a frequency-double Nd:YAG laser (532 nm, 6 ns transmembrane helix (TM1) of the Htrl portion [at position
pulse, 40 mJ) providing the actinic flash4j. The flashing 29 in Htrl numbering 26)], corresponding to a position in a
frequency was 0.08 Hz. A total of @2 transients were related Htr protein, NpHitrll, that exhibits rapid disulfide
averaged for each trace at a constant temperature 818  cross-linking 27). Membrane proteins were separated on
The relative flash yields of SRI photocycling were calculated nonreducing SDSpolyacrylamide gels and immunoblotted
as AAsgd/Assz, Where AAsqp is the maximum amplitude of  with anti-SRI antibody. Most of the monocysteine fusion
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Ficure 1: Immunoblot analysis of membranes containing the wild-
type SREHtrl complex and fusion protein (FP). Membrane
suspensions of the wild-type complex (lanes 2 and 4) and fusion
protein (lanes 1 and 3) constructs were electrophoresed on a 109
SDS-polyacrylamide gel, transferred to poly(vinylidene difluoride)
(PVDF) membranes, and probed with anti-SRI (A) and anti-Htrl
(B) antibody. The positions of fusion protein (FP), Htrl, and SRI
are indicated to the right.
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Ficure 2: Phototaxis responses. Cells containing the wild-type
SRI-Htrl complex and cells containing fusion protein were
subjectedd a 4 sstep-down of orange light (A, B) and a 150 ms
step-up of 400 nm light in an orange light background (C, D) 2 s
after initiation of data acquisition. Traces represent population

reversal frequency transients collected by computerized motion

analysis at pH 6.0 and 4. The bar on the vertical axis indicates
0.1 reversal per 200 ms frame.
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Ficure 3: Oxidative cross-linking of single cysteine-substituted
Htrl-G29C of the fusion protein. Oxidative cross-linking catalyzed
by Cu(ll)-(1,10-phenanthrolingyvas performed with the membrane
suspension at room temperature at various times after catalyst
addition. A membrane suspension containing wild-type fusion
protein (without cysteine) was used to indicate the position of the
monomer. Lanes: 1, wild-type fusion protein;2, 0, 0.5, 1, 2, 3,

and 15 min cross-linking reaction of single cysteine-substituted Htrl-
G29C of the fusion protein. Abbreviations: M, monomer; D, dimer.

M

Table 1: Photochemical Reaction Flash Yield (%)Hfsalinarum
Membranes at pH 6.0

monitored wavelength

590 nm 400 nm
Htrl-free SRI 2.8 15
wild-type SREHtrl complex 13.8 8.2
fusion protein 14.2 8.7

0

Complexed SRThe photochemical reaction of SRI consists
of flash-induced conversion of $fto S73and a first-order
thermal return of &;to SRs7. These processes result in a
transient depletion of absorption at 590 nm and a transient
increase of absorption at 400 nm following a laser flash (532
nm, 6 ns). There are two readily monitored differences in
the photochemical behavior between Htrl-complexed SRI and
Htrl-free SRI. First, in the absence of Htrl, the flash yield
of the Sz intermediate in free SRI is only £320% that of
Htrl-complexed SRI §). To measure flash yields, we
subjected the membranes to p®H bleaching 25), moni-
tored SRI generation by reconstitution of the membranes with
all-trans-retinal to quantitate the extinction of unphotolyzed
SRI at 590 nm, and examined these membranes with known
SRI content by laser flash photolysis. The flash yields at
590 nm, measuring S& depletion and return, and at 400
nm, measuring $; formation, of free SRI were 20% and
18%, respectively, of the yields in the wild-type SHHitrl
complex (Table 1), confirming the previous report. The yields
of the fusion protein were nearly identical to those of the
wild-type complex. If 50% of the SRI in the fusion protein
were free, as would occur if the stoichiometry were one
receptor per transducer dimer, then the fusion protein yield
would be expected to be the average of the free SRI and
wild-type complex values. By this criterion there is undetect-
able free SRI in the fusion protein-containing membranes.
A second difference between free and Htrl-complexed SRI
is the pH dependence of the;Sdecay rate §, 7). In the
absence of Htrl, §; decay is strongly pH-dependent,
increasing from~80 ms at pH 4 to~4 s at pH 7, whereas
thety,; of Sz7sdecay of Htrl-complexed SRI exhibits a nearly

protein was dimerized before catalyst was added, and theconstant decay,,, of ~800 ms in this pH range. This

remainder formed a cross-linked dimer within 30 s at room

influence of Htrl has a dramatic effect on $Rdepletion

temperature (Figure 3). The rapid and complete cross-linking and return, rendering the photocycle of free SRI markedly
of the monocysteine-substituted fusion protein indicates that slower than that of the complexed form at higher pH 6.8
the SRI portion and the 9-residue linker do not disrupt dimer and markedly faster at lower pH 5.0 (Figure 4). In contrast,
formation of the Htrl part of the fusion protein. the flash-induced transient absorbance changes of fusion
The Flash Yield and Photocycle Kinetics of the Fusion protein are pH-independent and are indistinguishable from
Protein in H. salinarum Membrane Match Those of the Htrl- those of the wild-type complex at both the lower and higher
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Ficure 4: Flash-induced absorption transients at 590 nm of Htrl-
free SRI, Htrl-complexed SRI, and the fusion protein. The
membrane suspension containing Htrl-free SRI (blue trace), Htrl-
complexed SRI (red trace), and the fusion protein (black trace) was

N —

subjected to a 532 nm laser (6 ns), and absorption transients were

monitored at 590 nm. (A) pH 5.0; (B) pH 6.8. The three traces in

each panel were scaled to the same amplitude for comparison. The

amplitudes on the vertical axes are those for Htrl-free SRI.
Maximum depletion amplitudes for the other traces were as
follows: (A) Htrl-complexed SRI, 3.0x 1072 absorption unit;
fusion protein, 2.0x 1072 (B) Htrl-complexed SRI, 3.6< 1073,
fusion protein, 2.2x 102 Note that the relatively large signals of
the fusion protein (black trace) result in a narrow noise envelope,
which should not be mistaken for a fitted curve.

pH values (Figure 4). We conclude that also based on this
criterion both SRI molecules in the fusion protein dimer are
complexed with Htrl.

pH Titration of the Blue-Purple TransitiorSRI exhibits
a shift in its absorption maximum from 587 to 552 nm at
alkaline pH, which has been referred to as the blue-purple
transition (L). This transition is caused by the deprotonation
of Asp76, which blue shifts the absorption maximum of SRI
by contributing counterion stabilization of the protonated
Schiff base in the 552 nm (purple) speci&g)( In the blue
species, SRy, Asp76 is protonated. TheKp of Asp76, and
therefore of the blue-purple transition, is shifted 2 pH units
by Htrl interaction from~7 to ~9 (10, 28, 29). This
difference provides a third test of the state of SRI in the
fusion protein.

The pH titrations of the blue-purple transition for SRI in
membranes containing Htrl-free SRI, wild-type Htrl-com-
plexed SRI, and the fusion protein are shown in Figure 5.
When fitted to a monoprotic titration, the Htrl-free SRI and
wild-type Htrl-complexed SRI exhibitk, values of 7.4 and
8.7, confirming the previous reportsQ 28, 29). The titration
of the fusion protein closely matches that of wild-type Htrl-
complexed SRI and not that of the theoretical titration curve
that would result if the fusion protein contained 50% free
and 50% complexed SRI (Figure 5A).

The above results establish that both SRI binding sites in
the Htrl homodimer are capable of simultaneously binding
to SRI when the molecules are folded into a functional
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Ficure 5: pH titration of Htrl-free SRI, Htrl-complexed SRI, and
the fusion protein. Sodium hydroxide solution was added incre-
mentally to the membrane suspension containing Htrl-free SR,
Htrl-complexed SRI, and the fusion protein, and the pH and
absorption difference spectrum were measured after each addition.
(A) The decrease of absorption at 600 nm was plotted as the
percentage of the bluelf.x 587 nm) to purple Amax 552 nm)
transition against pH. pH titration data were fit to a singl&..p
The single K, values for Htrl-free SRI@®), Htrl-complexed SRI
(a), and the fusion proteirl) from the fits are 7.4, 8.7, and 8.9
respectively. (- - -) indicates the theoretical titration curve of the
sample containing 50% Htrl-free SRl and 50% Htrl-complexed SRI.
(B) The same pH titration data were fit to two uncoupléd palues.
The two K, values fit for Htrl-free SRI @) produced K, 7.4,
97.9%, and K, 9.3, 2.1%. The two K, values fit for Htrl-
complexed SRI4) gave K, 7.4, 12.7%, and g, 8.9, 87.3%. The
two pKj values fit for the fusion proteirl{) gave K, 7.5, 21.8%,
and K, 9.1, 78.2%. (C) Fractions of untitrated Asp76 of Htrl-free
SRI, Htrl-complexed SRI, and the fusion protein were calculated
from the same pH titration data. The fits were obtained by using
the Balashow-Ebrey model (for equation, see text). The fit for free
SRI (@) gave [Ka1 7.5, Ka28.9, Ka38.8, and [Ka4 7.6. The fit for
Htrl-complexed SRI &) gave Ka1 8.1, Kaz 7.7, Kasz 7.1, and
pKas 8.7. The fit for the fusion proteirl) gave (K, 8.1, K42 8.3,
pKaz 7.5, and [Ka4 8.9.
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complex in theH. salinarummembrane and that the Htrl
dimer modulates the properties of both SRI molecules in the
same manner as in the wild-type SRtrl complex. SRI
molecules in the fusion protein behave as Htrl-complexed

receptors rather than as free SRI based on measurements o

photoreaction yield, pH effects on the photocycle kinetics,
and the pH titration of the blue-purple transition, each of
which is diagnostic of the complexed versus free state of
SRI. Our results obtained with the full-length SRitrl
proteins in the native cell membrane are consistent with in
vitro measurements with purified components that indicate
equal molar content of NpSRII and an N-terminal fragment
of NpHitrll in molecular complexes3(Q, 31).

The capability of forming 2:2 complexes is not inconsistent
with a lower molar ratio of SRI to Htrl in the wild-type cell.

Biochemistry, Vol. 41, No. 12, 2003895
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From the same types of measurements made here, free SRIJ-'IGURE 6: pH titration of the R73A fusion protein. Titration data

is undetectable in wild-type membran&3.(Htrl may be in

excess of SRI in wild-type cells and therefore not be saturated

with SRI, in which case both 1:2 and 2:2 signaling complexes
may occur, or at low SRI:Htrl molar ratios essentially only

of the R73A fusion protein were fit to a singl&pof 9.0.

dent parameters3g): fon(pH) = a/(ae + By), wherea = 1
+ 10°PHPKas =1 + 10°H PR andy = 10P"PKay; pK,o and

1:2 complexes might exist. In this regard, measurements of pK,; are the K's of X when Asp85 is deprotonated or

absolute concentration8%) and rotational diffusion mea-
surements 33) of SRI in wild-type membranes have sug-

protonated, respectively, ant&g is the K, of Asp85 when
X is protonated. Kas, the K, of Asp85 when X is

gested ratios closer to 1:2 than 2:2. We emphasize that ourdeprotonated, is defined by the relatiokp= pKa1 + pKaz

results show that SRI and Htrl form 2:2 active complexes
and that SRI is properly coupled to Htrl according to
spectroscopic criteria, but our results do not distinguish

— pKas Studies of mutants of BR indicate that X is not a
single residue but rather is a complex of residues including
Arg82 (39), which forms a quadrupole ion complex with

whether one or two independent signals could be generatedhe protonated Schiff base, Asp85, and Asp24@-42).

through such complexes.

Models To Fit the Titration Behaor of Htrl-Free SRI,
Htrl-Complexed SRI, and Fusion Proteifihe single K,
fits to the three sets of titration data produced differafs p
values, 7.4 in the case of Htrl-free SRI and 8.7 and 8.9,
respectively, for the wild-type complex and the fusion
protein. These fits readily distinguish free from complexed
behavior of SRI, but the singleKp fit to the titration data
exhibits significant deviation from the data for the Htrl-
complexed SRI and for the fusion protein (Figure 5A).
Accordingly, we examined fitting the three data sets with
alternative models.

A simple two K, model for the titration data fits all three
titration data sets very well (Figure 5B). Independent fits to

We applied the BalashevEbrey model to our data and
obtained fits to the three data sets (Figure 5C) approximately
as good as that of the simple twé&pmodel (Figure 5B).
For Htrl-free SRI the fit converges to a condition in which
the Asp76 and X protonation states have very little influence
on the K, values of the other group; i.e., the coupling
strength is small (0.1) and therefore the,pand K2 values
are close to Kas and K3 respectively. For the wild-type
Htrl-complexed SRI and the fusion protein, the data fit with
the Asp76 K, shifting from 8.1 to 8.78.9 upon deproto-
nation of X. This occurs in the same direction as in BR, in
which X deprotonation shifts the Asp8&Kpfrom 2.6 to 7.5
but is a more moderate effect in SRI. In terms of this model,
the effect of Htrl on the K, of Asp76 can be dissected into

each of the three data sets produce essentially the same twowo separate effects. First, th&pof Asp76 is raised from

pKa values (7.47.5 and 8.9-9.3) with different relative
amplitudes, indicating consistent behavior of this model. A
physical interpretation of these results would be that there
are two distinct forms of SRI, one in which Asp76 exhibits
a K, of 7 and the other in which the Asp7&pis 9, and

the latter species is stabilized by Htrl interaction.

The pH titration of the blue-purple transition of SRI is
governed by the titration of residue Asp79.(In bacteri-
orhodopsin (BR), a similar blue-purple transition results from
titration of the residue Asp85, which corresponds in position
to Asp76 in SRI {1, 34—36). A second model to explain
the complex titration behavior of SRI is based on previous
analysis of BR. Careful titration over a wide range of values
established that titration of Asp85 in BR exhibits deviation
from a simple monoprotic titration equatioB7 38). To
explain their data, the authors proposed that tegh Asp85
is coupled to that of another titratable residue X in BR. In
the BalashowvEbrey model, the pH dependence of the
fraction of protonated Asp85 is a function of three indepen-

7.5 to 8.1 by structural changes induced by transducer
interaction, and second, Htrl increases coupling of tkg p
of the titratable group X to that of Asp76, further increasing
the apparent g, of the blue-purple transition.

By analogy with the suggested role of Arg82 in BR as
part of X in the BalashovEbrey model 88), one of the
coupled residues in SRl may be Arg73. To test this notion,
we constructed plasmids encoding R73A mutants of Htrl-
free SRI and of the fusion protein. No visible pigment was
produced in the R73A Htrl-free SRI mutant; however,
pigment was produced in the corresponding R73A fusion
protein. The titration data of the R73A fusion protein fit a
single K, of 9.0 (Figure 6), consistent with Arg73/Asp76
pKa coupling being responsible for the complex titration
behavior. The result is also consistent with the alternative
interpretation that there are two distinct forms of SRI, one
in which Asp76 exhibits alg, of 7 and the other in which
the Asp76 K, is 9, and the lower I§, species requires a
positive charge on the residue at position 73 in SRI.
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