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ABSTRACT. The Asp-85 residue, located in the vicinity of the retinal chromophore, plays a key role in the
function of bacteriorhodopsin (bR) as a light-driven proton pump. In the unphotolyzed pigment the
protonation of Asp-85 is responsible for the transition from the purple fdgr & 570 nm) to the blue

form (Amax = 605 nm) of bR (Ko = 3.5 in 20 mM NaCl). The PurpteBlue transition can also be
induced by deionization (cation removal). These color changes offer a unique opportunity for time resolving
the titration of a protein residue using conventional stopped-flow methodologies. We have studied the
Purple=Blue equilibration kinetics in bR by exposing the system to pH and to cation jumps. Independently
of the equilibration direction (PurpteBlue or Blue—~Purple) and of the inducing concentration jump
([H*] or [cation]), the kinetics are found to exhibit analogous multicomponent features. Analysis of the
data over a range of cation concentrations and pH values leads to the conclusion that the rate-determining
step in the overall titration of Asp-85 is proton translocation through a specific proton channel. The
multicomponent kinetics, extending over a wide time range{2Q0* s), are accounted for in terms of

a pH-dependent heterogeneity of proton channels. A model is presented in which the relative weight of
four proton channels is determined by the state of protonation of two interacting, channel-controlling,
protein residues Aand A. These findings bear on the mechanism of the vectorial proton translocation

associated with the photocycle of bR.

The molecular mechanism of the light-induced proton

the cytoplasmic side. [For a recent review see Honig et al.

pump, bacteriorhodopsin (bR), is controlled by a series of (1995).]

proton translocation reactions involving several amino acids,

as well as the Schiff base (SB) which links the retinal

The direct role of Asp-85 in the light-induced function of
bR has stimulated extensive work related to its role in

chromophore to the Lys-216 protein residue. [For a recent getermining the structure and spectrum of the nonphotolyzed

series of review articles on bR and other retinal proteins see
Ottolenghi, M. and Sheves, M., Eds. (1995) Photophysics

and Photochemistry of Retinal Proteitsr.. J. Chem. 3§3—
4), 193-515.] Mechanistic key roles are played by the
(protonated) Schiff base and by its neighboring Asp-85

residue which is located closer to the extracellular side of
the membrane (Henderson et al., 1990). During the M stage
of the photocycle, at neutral pH, a proton is translocated from

the SB to Asp-85 inducing a proton release from a group
suggested to be Glu-204 (Brown et al.,, 1995) to the
extracellular medium, thus initiating the proton pump mech-
anism which is completed by uptake from the cytoplasmic
side. Atlow pH, below the I§, of the proton releasing group

in M, proton uptake from the cytoplasmic side precedes the )
1992), suggesting that theeffects of free or bound cations on the membrane surface

release reaction (Zimanyi et al.,
latter occurs directly from Asp-85. An additional critical

role of Asp-85 is its postulated participation in the “repro-
tonation switch” which during the photocycle changes the
proton accessibility of the SB from the extracellular side to
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pigment. Primarily, the transition from the purple (high pH)
form of bR to its blue (low pH) form (Oesterhelt &
Stoeckenius, 1971; Moore et al.,, 1978) was found to be
associated with protonation of the negative Asp-85 residue,
in the vicinity of the chromophore (Mowery et al., 1979;
Fisher & Oesterhelt, 1979; Warshel & Ottolenghi, 1979;
Nakanishi et al., 1980; Subramaniam et al., 1990; Metz et
al., 1992; Masuda et al., 1995). An analogous Punriéue
transition can also be induced by deionization (cation
removal) rather than by acidification (Kimura et al., 1984;
Chang et al., 1985; El Sayed et al., 1995). The binding of
metal cations to bR, and the way they control the state of
protonation of Asp-85, was first interpreted in terms of the

(Kimura et al., 1984; Chang et al., 1986; Ariki et al., 1987;
Dunach et al., 1987; Concoran et al., 1987; Szundi &
Stoeckenius, 1987, 1988, 1989). It was later claimed that
apart from the surface charge (which lowers the surface pH
causing protonation of Asp-85) cation binding at specific
negative protein sites should also play a critical role (Ariki
& Lanyi, 1986). It was later suggested (Jonas & Ebrey,
1991; Zhang et al., 1992; Stuart et al., 1995; El-Sayed et
al., 1995; Birge et al., 1996) that the purple color of bR is
determined by a divalent cation interacting with two negative
protein residues (denoted here as Y and Z), identified
respectively as Asp-85 and Asp-212 which are both located
in the vicinity of the Schiff base (Grigorieff et al., 1996).
Accordingly, the Purple-Blue transition is suggested
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to be associated with the uptake of two protons by theseics Ltd., U.K., SX-17MV). All experiments were carried

two residues and with the simultaneous unbinding of the out by mixing equal volumes of bR suspensions with the

metal cation. appropriate acid, buffer, or salt solution. The spectropho-
Important information which is not available from equi- tometer was used for following the slow components of the

librium pK, measurements may be obtained by studying the reaction above 3 s. The titration fraction occurring faster
acid—base equilibration kinetics of protein residues (Honig than 3 s was termed “fast” (F) while the slower components
et al., 1995). Such experiments may shed light on the Were termed “slow” (S). bR concentrations were £.807°
accessibility of such residues to the external medium, alsoM. All salts were Fluka analytical grade.

helping to resolve hidden (overlapping) titrations. Time-  pH jumps to low pH are associated with aggregation
resolved titrations are usually difficult to perform in proteins. phenomena which increase the scattering of the solutions.
However, due to the associated changes in color, they haveAggregation, which occurs on the time range of the S
been carried out in bR, using conventional stopped-flow components of the titration, was taken into account by
techniques, for both Schiff base (Druckmann et al., 1982, referring to wavelengths which are out of the spectral range
1995; Kataoka et al., 1994) and Asp-85 (Druckmann et al., of the Purple=Blue transition, namely; < 420 nm andl
1979, 1985, 1995; Kimura et al., 1984; Zubov et al., 1986; > 740 nm. A complete spectrum, between 400 and 800 nm,
Kataoka et al., 1994). In the case of Asp-85 the time- was recorded for each time point. After subtraction of the
resolved titrations have shown that (i) Asp-85 is exposed t = 0 spectrum, a linear base line correction of the difference
(to protons) to the extracellular side of the membrane; (ii) spectra was applied.

in variance with the highly exposed nature of the proton  pejonized blue membranes were obtained by passing bR
releasing group residue, the rate-determining step in thesyspensions through a cation-exchange resin column (Fluka
titration of Asp-85 is proton translocation along a saturable pgowex 50Wk 8). Such membrane suspensions H.0—
channel to the outside; (iii) and Asp-85 is an essential part 4.2) were exposed to ion jumps inducing the transition to
of a channel which allows proton exchange between the SBthe purple form. We were also interested in carrying out
and the extracellular medium (Druckmann et al., 1995).  pH titrations of such deionized suspensions which are
An unexplained phenomenon which interferes with the characterized by a relatively highiKp as compared to the
interpretation of the time-resolved titrations of Asp-85 is the parent nondeionized suspensions. With the purpose of
multiphasic kinetic nature of the pH-induced PurplBlue carrying out Purple-Blue pH titrations of such deionized
reaction, exhibiting both slow (Moore et al., 1978) and fast preparations, we have devised the following procedure for
(Druckmann et al., 1979, 1985) phases. Interestingly, preparing deionized purple membrane suspensions (dI-bR)
multicomponent kinetic patterns are also observed when theat a relatively high pH. After the membrane suspension was
Blue—Purple equilibration is induced by cation jumps passed through the cation-exchange resin column, the result-
(Kimura et al., 1984; Zubov et al., 1986). The question arises ing blue bR was treated with a 0.1 N KOH solution, adjusting
as to the relation that such patterns carry to those observedhe pH to ~6 (denoted as K-bR). To this membrane
in the pH-induced titrations. Primarily, it is important to suspension was added a crown ether (18-crown-6, Fluka)
understand the molecular mechanism underlying the multi- solution, adjusted to pH= 6, in order to complex most of
component kinetics: Is the rate of the reaction controlled the K" ions in the solution. The resulting (purple) membrane
by the rate of metal binding and unbinding, or by the Asp- suspension ([bR¥ 8 x 107 M, pH =6, 0.2 M crown ether)
85 protonation/deprotonation process? Are the complex was exposed to acidification experiments by adding HCI.
features associated with different titration channels or, e.g., Cation-removing jumps were performed using the above
with cooperativity between chromophores (Druckmann et al., K-bR solution (1.6x 107° bR, pH 6), adding toita 0.4 M
1985)? We have addressed these questions by performindl8-crown-6 solution to final concentrations of [bR] 0.8
time-resolved titrations of Asp-85 over a wide range of pH x 107° M, [18-crown-6]= 0.2 M, and [KOH]=6 x 10*
and cation concentrations. The PurpBlue transition was M.

induced in both directions, by both pH and cation jumps.  pK, values of the PurpteBlue titration [denoted in Table
An important observation is that the kinetics of the cation- 2 as 1K,(A)] were calculated by fitting the absorbance change
induced Blue~Purple transition is independent of the cation (A) at 630 nm as a function of pH using the expresgigoH)

type and concentration. Analysis of the data leads to the = A /(1 + 10WKa-pH). The [K, values corresponding to
following major conclusions: (i) The binding/unbinding of  the thermodynamic cycle of Scheme 1 were calculated by
metal cations is not rate determining in the titration of Asp- deriving a set of three equations representing the relative
85. The titration rate is determined by the rate of proton amounts of the three Hchannel components, associated with
transfer through an appropriate proton channel. (ii) The the two protein moieties, Aand A (see text):{A;~, Ay}
multiexponential features of the titration are rationalized in and{A;H, A;H} (F channels){AiH, Az} (S: channel),
terms of two fast proton channelgFy) = 30-80 s*and  [A;~ A,H} (S, channel). The K. values in the above

k(F;) = 1-3 s*, and two slow channel¥(S;) ~ 1072 s™ equations were simultaneously optimized using a line search
andk(S;) ~ 10°° s, The relative amounts of the two fast  z|gorithm to best fit the experimental data.

channelsA(F; + F,), and the slow channel&(S;) andA(S,),
are controlled by the state of protonation of two interacting RESULTS
protein residues Aand A.
() pH Jumps
MATERIALS AND METHODS
Purple to Blue Transitions. (a) Multicomponent Nature

pH or cation jump experiments were carried out using a of the Transitions Purple to blue transitions in bR were
Hewlett Packard diode-array spectrophotometer or a micro-induced by pH jumps in dark-adapted bR suspensions from
volume stopped-flow reaction analyzer (Applied Photophys- an initial neutral (pkl= 7) to a final low (pH < 4) pH value.
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Ficure 1: Characteristic difference spectra @énd ) and decay traces {agg, b,, and ) showing the purple to blue transition in bR,
induced by pH jumps from pH= 7 to pH= 2.4 ([bR]= 1.6 x 1075, 0.02 mM phthalate buffer, sodium salt;{a): Fast components
(<3 s). (h—bs) Slow componentsX3 s). Corrections for scattering due to aggregation have been carried out as described in the text.

Characteristic difference spectra corresponding to the fast(HCI, H,SQO,, TCA, and phthalic acid). It is evident that

(<3 s) and to the slowX3 s) components of the pH-7pH
2.4 transitions are shown in Figures Bad hh. Figures 1a

marked pH effects are observed on the relative amounts of
S, S, and F= F; + F,. No substantial pH effects were

as,, and b show kinetic traces at the two wavelengths, 530 found on the kinetics or on the relative amplitudég¢H;)/
and 630 nm, corresponding to the maximal amplitudes in A(F), A(F2)/A(F)] of the two fast components within the 2.4

the difference spectra. lItis clearly evident that the kinetics,

4.5 pH range (see also Table 1). The same general features

spanning a broad time range, are multicomponent. As shownof the pH effect, namely, a monotonous increaseA{R)

in Figure 2 very good fits were obtained using a four-
exponent analysis. The quality of fits with one, two, and
even three exponents was considerably lower.
additional components did not improve the quality of the

fits (the additional amplitudes were exceedingly small). Thus,

with decreasing pH, and peaking curves in the caség%i)
andA(S;) are observed for all four acids employed. How-

Adding ever, the details of the effect depend on the specific anion.

Thus, the titration-like curves ofA(F) move to lower pH
values in the sequence$lO,, HCI, TCA, and phthalic acid.

four appears to be the minimum number of exponents When analyzed according to the expressikfpH) = Anqax
required to describe the reaction. As a result we have (1 + 10"PkaPH)) pK, andn values as given in Table 2 were
adopted the four-component approximation as a plausibleobtained. Then ~ 2 value is in keeping with previous
working hypothesis (see Discussion below). The four rate observations (Jonas & Ebrey, 1991), indicating that the
parameters and the corresponding relative amplitudes arePurple to Blue transition is associated with a titration

given in Table 1. For reasons which will be clarified below,

involving two protons. The g, values (20 mM salt) in the

it is convenient to denote the four components as two fast cases of phthalate (2.7) and TCA (3.25) are substantially

components (F F,) and two slow components {S,). It is

important to note that jumps to low pH are associated with

lower than those of chloride (3.5) and sulfate (3.5).
Figure 3 shows that the relative amounts of the |a8d

considerable changes in scattering due to membrane agS, components do not simply follow the curve of the overall
gregation phenomena. These effects have been taken intditration. It is evident that, in all cases upon lowering the
account in the analysis of our data (see Materials and pH, the evolution of the Sand $ components lags behind
Methods) so that the parameters presented in Table 1 reflecthe F components, subsequently decreasing at lower pH

net absorbance changes, free from scattering artifacts.
(b) pH Effects The kinetics of the PurpteBlue pH jumps

were investigated over a range of final pH values pH

starting from the same initial pH value (p& 7). Figure 3

shows the pHdependence of the total amplitude of the

titration (A), along with those of the subcomponemgF)

= A(F1 + F), A(S1), andA(S,), for four characteristic acids

values. The effect of pH on the relative amounts of the three
components is best visualized by plotting the fractions of F,
S;, and S against pH. As shown in Figure 4 the corre-
sponding fractions®y = A(i)/Y A(i), i.e.,Ar = A(F)/[A(F) +
AS) + A& Asi = A(SYTAF) + A(S) + A(S)], and
As2= A(S)TAF) + A(S) + A(S,)], exhibit complementary
“bell-shaped” curves. It is thus evident that the increase in
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FIGURE 2: Experimental points and curves (solid lines) calculated Olm =~ x Ooc
on the basis of a four-exponential fit in the case of a characteristic 5 b NI Ted
Blue—Purple (10:1, C&:bR) cation jump. Figure shows three = SN tig 3_2
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pH are associated with a complementary decrease and 2 E|® 2eg
increase irAr, respectively. As mentioned aboéF;) and o Tl L3132 EQ
. . (]
A(F) exhibit an analogous pH dependence, namely, their < 2™« =<3 %%
relative contribution is pHindependent. o 8% I £
A pH dependence was also found for the rate constants 2 AR = S5
of the '_two_slow decay Componenkésl) and k(S_g). As & g 8w 9_ §§
shown in Figure 5 both rate constants increase in the range g <SS ssol|o T g
. . . oM =
below pH~ 3.2, which qualitatively corresponds to the low a) g e 8
pH range of the bell-shaped curves of Figure 4. In contrast ¢ ?' o LT g
to this behavior essentially no pHffects were observed on g ~| o Q 2 Lo
k(F1) andk(F,) in the above pH range. Moreover, in variance @ © 0 X® % © >
with the effects of the specific anion on the overafl,mf £ N o~ 2 % g
the titration and on the relative contributions af S, and & = T25
F, no anion effects were observed on the value&(Bf) 4 S g g 2
andk(F). Thus, the following values were obtained for a o g\ Lad|ed .-
jump from pH = 7 to pH = 2.45: k(F;) = 30.0 + 3.0, E 3 ° ‘”’ 2

32.0+ 3.0, 36.0+ 3.0, 33.0+ 3.0, andk(F,) = 4.0+ 2.0,
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Table 2: K, Values of Protein Residues (Y and Z) Responsible for the Overall Paflige Transition (jK4(A)) and of Residues Controlling
the Kinetic Components of the Titration {Aand Ay)?2

titration parameter titrated groups HCI 250, TCA phthalate HCI (deionized)
pKa (A) Y, Z 3.50+ 0.04 3.54+ 0.04 3.15+ 0.05 2.70+ 0.07 4.6£0.2
n=19+0.3 n=20+0.3 n=2.0+0.3 n=17+0.3 n=15+0.3
pKa (1) Az (with AzH) 3.07 3.05 257 2.26 5.74
pKa (2) A (with Ay0) 3.22 3.08 2.18 2.44 4.33
pKa (3) Az (with A;H) 3.20 3.26 3.42 2.66 5.03
pKa (4) A (with Ap7) 3.35 3.30 3.03 2.84 3.62

aThe four K, values, K1) to pK4(4), are calculated according to the model of Scheme 1 to fit the experimental valdesAsf, andAs;
shown in Figure 4. The model assumes that the relative contributioAs, ék;, As,, are proportional to the relative amount of states | and states
IV, 1l, and 1l (see text), respectively. TheKp(1)—pKa(4) values are subject to the restrictiolfl) + pKa(4) = pKa(2) + pKa(3).

Absorbance Change
AQ)/ZAG)

Ficure 3: pH and anion dependence of the total amplitude (A)
and subcomponent&\(F) = A(F1 + F,), A(S,), andA(S;)] of the
pH-induced Purple-Blue transition in bR. TheA parameters  Fgure 4: pH and anion dependence of the relative amounts
correspond to the absorbance changes of the transition monitoredfractions) of the various components of the Purple to Blue
at 630 nm. The solid lines in the case of theurves correspond  transition. FractionsAg, Asy, Asy) are defined agy = AG)/SA().

to the titration curve fits (see text). Titrations from pH 7 were Data are the same as in Figure 2I) (A (O) and Asz () Ast.
carried out with (a) HCI £ 0.02 M NaCl); (b) HSO, (+ 0.01 M The lines are calculated according to the model of Scheme 1 to fit
N&,SQy); (c) TCA (+ 0.02 M NaTCA); (d) 0.02 M phthalate buffer  the experimental points. Thekp values obtained in these fits are
(sodium salt). given in Table 2.

3.6+ 2.0, 5.3+ 2.0, 3.8+ 2.0, using HCI, HSOy, HsPOy, Purple—Blue transition (pH 4-5) an additional transition is
and TCA, respectively. In all cases the valueAQF:)/A(F; observed associated with an absorption increase at 480 nm
+ F2) was 0.8+ 0.08. These parameters are essentially and a decrease at 580 nm. This transition occurs on a time
identical to those reported for phthalic acid in Figure 5 and range comparable to that of the S components. However, it
in Table 1. is small in amplitude-{5% relative to that of the PurpteBlue

We finally note that when acidification experiments are titration) and therefore did not interfere with our analysis of
carried out at pH values which are at the onset of the the Asp-85 titration.
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(c) Effects of Dark-Light Adaptation. The isomer
composition of dark-adapted bR at neutral pH is 48
transand 60% 13is (Scherrer & Stoeckenius, 1985). The

Friedman et al.
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Ficure 6: Titration of purple deionized bR. The Purpt8lue
transition is induced by acidification with HCI. Absorbance changes
monitored at 630 nm. (a)¥) Overall titration @), (O) fast
ComponentsA(F) = A(F, + F)); and @) slow ComponentsA(S)).

(b) Relative amount of the fast componers,= (A(F)/(A(F) +

A(S)), and of the slow componentag = A(S)/A(F) + A(S). The

lines have been calculated using the model of Scheme 1 (see legend
to Figure 3).

Purple=Blue transition in bR shifts from around 3, in the
presence of 100 mM salt, to higher values (Kimura et al.,
1984; Jonas & Ebrey, 1991). Analogously to the experi-

question arises as to whether the multiphasic nature of thements described above for nondeionized bR, we have carried

Purple to Blue transition may be associated with such isomer0ut Purple~Blue titrations of deionized highix prepara-
heterogeneity of the dark-adapted membrane. We addresse#Ons using the crown ether method described in Materials
the problem by carrying out pH jumps, analogous to those and Methods. As shown in Figure 6a the HCl-induced

described above, with samples light-adapted at pH7,
which are exclusivehall-trans. A characteristic jump to
pH = 2.4 (phthalate buffer) yields rate parametk(is,) =

titration is shifted upward to aky value of 4.6+ 0.2. The
titration kinetics (Table 1) exhibit both fast components.
However, only a single slow component, similar in decay
rate to S (see Table 1), was observed. The relative amount

0.8+ 0.08], which are analogous to those of the dark-adaptedof the fast componenA(F)/[A(F) + A(S)] follows a bell-
samples (see Table 1). We conclude that the nature of theshaped curve (Figure 6b) analogous to those reported in

specific isomer, 13is or all-trans, has no effect on the
kinetics of the fast components of the PurpBlue transi-

Figure 4. The rates and relative amplitudes of the two fast
components were found to be essentially identical to those

tion. As to the slow components, these were also present inobserved for the nondeionized (low(§) systems. As shown
the light-adapted system but could not be quantitatively in Table 1 a jump to pH 3.5 (deionized) yields values for

analyzed due to the interfering effects of the light to dark
adaptation kinetics. Thuslldrans—13-cisisomerization at
neutral pH occurs on a time scale’X h) which is longer
than that of the F and;Somponents of the PurpteBlue
titration (but which overlaps with £ Isomerization is
accelerated at low pH due to the catalytic effect of proto-
nation of Asp-85, i.e., of the generation of the blue form
(Balashov et al., 1993). In this case it overlaps with the S
kinetics.

(d) Titration of Deionized Purple Membraneét is well
established that upon cation removal the apparkpbpthe

k(F1) andk(F,), as well as folA(F;, + F,), which are similar
to those obtained for a pH jump to pH 3.3 for the
nondeionized system. Similar jumps frompH 6.0 were
also carried out to the final pHalues of 4.0, 4.5, and 5.0.
The values observed féF;) (25.0+ 5.0, 24.0+ 5.0, and
33+ 5.0, respectively) ank(F;) (3.5+ 1.0, 3.1+ 1.0, 2.4

=+ 1.0, respectively), are pHhdependent and analogous to
those observed for pH= 3.5. The same applies to the
intrinsic ratio between the two fast processes which was
found to be essentially the sam®&(i,)/A(F, + F;) = 0.8+
0.05) in all cases.
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Ficure 7: Characteristic different spectra @) and kinetic traces fab,, as, bs) showing the pH-induced transition from blue bR (pH
2.6) to purple bR (pH= 3.6). The initial suspensions at pH 2.6 were prepared by adding CaiCa?*]:[bR] = 10:1) to the deionized
systems as described in the text {@ &) Fast components<(3 s); (b to bs) slow componentsX3 s).

Blue to Purple Transitions The equilibration kinetics  For the jump to piH= 3.6 the four component analysis yields
between the Blue and Purple forms of bR was also ak(F;) value (70+ 10 s') which is of the same order of
investigated by performing pH jumps in the opposite magnitude as that of the opposite (Purple to Blue) titration
direction, namely, from low pH (pH= 2.6) to higher pH to pH= 3.3 k(F1) = 32.0 s!). The same applies to the F
values (up to pH= 7.2). A problem when working with  component (0.4, vs 1.0 s'). However, it appears that
bR suspensions at low pH is the aggregation phenomenathe relative amplitude of F(A(F)/A(F, + F,) = 0.46) is
associated with substantial scattering. We have found thathigher than that (0.20) observed for the Purple to Blue
aggregation phenomena around gH2.6 are substantially  transition.
inhibited when the blue, low-pH, bR suspension is prepared In Figure 8a the total amplitudeA] and the relative
by first deionizing the system by passing it through the amounts of the fast and slow decay components are plotted
cation-exchange column and subsequently adding a con-as function of the final pH. It is evident that the overall
trolled amount of C& (10:1 [CaC}]:[bR]). The resulting amplitude exhibits a titration curve with &pvalue (K. =
solution exhibits the same PurptBlue K, value as that 3.3+ 0.2) which is the same as that measured in the opposite,
of the non-deionized bR system (as well as of solutions with Purple to Blue titrations (Table 2). However, the relative
higher [C&']:[bR] ratios; see below). An additional advan- amplitudes of the various components show an additional
tage of this titration procedure is that pH jumps from low pH effect which occurs in the range between pHt.5 and
pH (blue) bR to high pH (purple) bR (both in the presence pH ~ 7. Upon increasing the pH the fast components
of 10:1 [CaC}]:[bR]) can be directly compared with increase at the expense of the slow components which
Blue—Purple transitions induced by cation jumps rather than become essentially negligible at pd 7. As to the rate
by pH jumps. Such cation jumps, which will be described parameters, no marked pH dependence on the various rate
below, lead to final solutions with controlled pkind [C&*]: components was found in the range between pH 3.2 and 6.
[bR] ratios, which can be set to match the final conditions
of the Blue to Purple pH jumps with a defined [Ca[bR]
ratio. This is obviously not possible when the pH jumps  As discussed above it is well established that the
are performed in nondeionized bR solutions carrying a Purple=Blue transition is affected both by pH and by the
noncontrolled amount of Gaions. concentration of metal ions. We have thus carried out a

Characteristic kinetic traces showing the Blue to Purple series of time-resolved experiments in which the Blue to
pH jumps, to pH= 3.6, are given in Figure 7. Itis evident Purple transition is induced by cation jumps rather than by
that the basic features reported above for the opposite (Purpleghe previously described pH jumps. Figure 9 shows char-
to Blue) titration, namely, the multicomponent nature of the acteristic kinetic traces associated with a cation jump in
titration, are maintained in these low to high pH jumps. which 50 equiv of CaGlwas added to a deionized (blue)
Characteristic kinetic parameters are presented in Table 1.bR membrane suspension. The initial pH of the blue

(I) Cation Jumps
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for both Purple to Blue and Blue to Purple pH jumps. The
decay constants and the respective amplitudes obtained by
a four-component analysis in the case of a characteristic 10:1
[Ca&™]:[bR] jump are given in Table 1. Analogous experi-
ments were carried out for a series of finaPCaoncentra-
tions as well for several other metal ions (N&g?", EUY).

The respective kinetic data, given in Table 3, show that the
basic rate and amplitude parameters are essentially indepen-
dent of the concentration and nature of the specific ion
involved. The~100-fold concentrations employed in the
case of N& are implied by its much lower binding constant

to the high-affinity binding sites of bR (Kimura et al., 1984;
Jonas & Ebrey, 1991).

It has been reported that the isomer composition of dark-
adapted Blue bR is 1:all-trans:13-is (Smith & Mathies,
1985). Due to difficulties associated with the very fast light
to dark adaptation of blue bR (Balashov et al., 1993) the
isomer composition in the light-adapted state has not yet been
established. Nevertheless, to probe the effect of the state of
retinal isomerization on the Blue to Purple cation jumps,
experiments were carried out exposing the blue membrane
in the stopped-flow syringe to intense white light. The cation

FicUre 8: pH dependence of the relative amounts of the various jumps were performed immediatelg { s) after turning off

components of the BluePurple transition. (a) pH jumps (initial
conditions are as in Figure 6). (b) Cation €dR, 10:1) jumps
(pH = 4.0-4.2).

the light source. The maximum amplitudes of #yg; +
F,) difference spectrum of the light-adapted samples were
found to be red shifted to 552 and 632 nm (compared to

membrane suspensions, prepared by passing the (purple) bB32 and 626 nm, respectively, in the dark-adapted suspen-
membranes through the cation-exchange column, was in thesions). This is indicative of an isomer composition which
range between 4.0 and 4.2. The final pH, after 1:1 mixing is richer in theall-trans component (though not essentially

with the CaC} solution, was 3.#3.9. In keeping with the

100% all-trans, as it is the case for light-adapted purple

work of Zubov et al. (1986) multiphasic decay patterns are membranes at higher pH values). The kinetic rate parameters
observed which are reminiscent of those described aboveof such jumps are given in Table 1 along with those of the
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Ficure 9: Kinetic traces and difference spectra showing the formation of purple bR following 1:1 mixing of deionized bR 4p) and
50:1 [CaC}]:[bR], solutions (pH = 3.8). (@) F components; (® S; and $ components; (@ a) stopped-flow traces; and {bhs)

spectrophotometer traces.
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Table 3: Kinetic Parameters Characterizing the BHrarple Transition Induced by Various Cation Jufps

cat Mg?*™ Na* EW*
1:1 2:1 10:1 50:1 11 2:1 10:1 50:1 500:1 5000:1 2:1 5:1
F1 k 60 60 64 66 64 64 64 72 53 63 70 98
A 0.27 0.31 0.25 0.49 0.33 0.30 0.40 0.48 0.37 0.51 0.38 0.61
F, k 05 0.18 0.8 0.59 0.71 0.51 0.34 0.69 2.16 0.65 1.26 0.85
A 0.05 0.09 0.16 0.22 0.17 0.14 0.19 0.22 0.12 0.16 0.10 0.19
S k 34x102 22x102 1.3x102 3.0x10229%x102 21x102 15x102 24x102 35x102 35x102 41x102 43x 102
A 0.26 0.24 0.29 0.21 0.27 0.23 0.12 0.22 0.14 0.20 0.27 0.14
S, k 1.0x 108 1.6x 108 561x 104 53x 104 8.1x 104 75x10% 9.1x 10% 75x 104 1.4x 103 1.1x 103 1.1x 103 1.1x 103
A 0.42 0.36 0.30 0.08 0.23 0.33 0.29 0.06 0.37 0.13 0.25 0.06

apH, = 4.0-4.2, pH = 3.7-3.9. Ratios represent the [cation]:[bR] molar rakoralues are in .

dark-adapted suspensions. It is evident that the differentbeen previously reported by Zubov et al. (1986). As

isomer composition does not affect substantially the kinetics described above, such kinetics are now best described in
of the F and $components. This conclusion is analogous terms of a four-exponent analysis. Two major observations
to that derived above in the case of the F components of theshould be taken into account when attempting to interpret
opposite, Purple to Blue, transitions induced by pH jumps. such multicomponent kinetics. First, that analogous (though

Since the kinetics of light-dark adaptation occur on a time
scale which is comparable to that of 8 similar conclusion
is still precluded in the case of this component.

not exactly identical) kinetic patterns are observed for both
Purple to Blue and Blue to Purple equilibration processes.
Second, that such patterns are maintained independently on

As reported above, substantial pH effects were observedwhether the transitions are induced by pH jumps or by ion

in the case of Blue-Purple pH jumps, starting with non-
deionized suspensions adding Ca€lNaOH (Figure 8a).

jumps. Both analogies qualitatively apply to the rates and
to the relative amplitudes of the four components and are

We have carried out analogous experiments starting from clearly evident when pH or cation jumps, in either direction,

deionized blue membranes (pH 4.0—4.2). The relevant

amplitude data are given in Figure 8b. It is evident that an

increase iMA(F, + F,) and a corresponding decreasé\{s;

are carried out to the same final pH (Table 1).
A previous approach, accounting for the multiphasic
kinetics of Purple to Blue pH jumps, suggested cooperativity

+ $) occur upon increasing the pH from 4 to 7. The effect effects on the basis of the trimer structure of bR in the purple
is analogous to that (Figure 8a) reported above in the casemembrane (Druckmann et al., 1985). Accordingly, the fast

of the pH-induced Blue-Purple transition. Interestingly, an
increase by a factor of4 is also observed for botk(F;)
andk(F,) in the 5-7 range.

titration of two of the trimer members (F affects the
structure of the third, resulting in a slow rate compones} (F
for the last third of the titration. This approach is inconsistent

Experiments (with low time resolution) have been also with the present observation of similar kinetic features for

carried out in which the reverse Purpt8lue transition was

the opposite (Blue to Purple) titration, with the four (rather

induced by a deionizing cation jump. For this purpose we than two) components, and with the effects of pH on their
first prepared a purple bR preparation in which all cations relative amounts. Primarily, the trimer approach is incon-
were replaced by potassium by adding 0.1 N KOH to a de- sistent with the presence of the additional components, S
ionized (blue) bR membrane suspension to final concentra-and $. In the case of Blue to Purple cation jumps, the
tions of [KOH]= 1.2 x 1073 M, [bR] = 1.6 x 10> M. This multiphasic kinetics were explained by a reaction scheme
preparation was mixed with an equal volume (and equal pH) involving a pre-equilibrium of blue-bR with a (blue) precur-
of a 0.4 M 18-crown-6 solution to final pH values of 4.0, 4.5, sor of the final purple form (Zubov et al., 1986). This model
and 5.0. In all cases we observed a single slow componentpredicts a dependence of the fast componeftqfthe metal
with a predominant fast componeA(F) = 0.8 (Table 1). concentration, which is in variance with the data of Table 3.
These patterns are similar to those characterizing the reversdvoreover, it cannot account for the observation that analo-
Purple—Blue transition induced in deionized bR by pH gous kinetics characterize the Bta®urple equilibration,

jumps as reported above (see also Table 1, footaopte
DISCUSSION

Multiphasic Nature of the Kinetics of the Bk urple
Transition: Previous Approaches

Any analysis of the titration of Asp-85 in bR should first

independently of the direction of the titration and of the
nature of the inducing concentration jump (pH or cation).
Another feasible possibility is that the multi-exponential
titration kinetics is related to thall-trans:13-cis heterogene-

ity of bR. This possibility is readily excluded by the absence
of substantial effects of lightdark adaptation on the pH-
induced and cation-induced kinetics, as well as by most of

address the mechanism underlying the multicomponentthe arguments presented above with relation to the trimer

kinetics of the Blue>Purple transition. The two fast
components Fand F, were first observed by Druckmann et

and pre-equilibrium mechanisms.

Proposed Titration Mechanism

al. (1981) for pH pumps from purple bR (pH 7) to blue bR
(pH 2.1-2.7). Our present results indicate a more complex  As outlined in the introduction, two major approaches have
equilibration kinetics, requiring the inclusion of the two been proposed to account for the pH and metal cation effects
additional slow components 8nd $S. Moreover, the same  on the Purple»Blue equilibrium. One approach (model a)
patterns are also shown to characterize the opposite, Blue taclaims that free or bound metal cations on the membrane
Purple, pH jumps. In the case of Blue to Purple transitions surface compete with protons and thus determine the local
induced by cation jumps, three kinetically distinct steps have proton concentration at the binding site, which determines
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the state of protonation of Asp-85 (Chang et al., 1986; whereky andk,are dissociation and association rate constants
Kimura et al., 1985; Ariki et al., 1987; Concoran et al., 1987; andK is the thermodynamic equilibrium constant. This was
Dunach et al., 1987; Szundi & Stoeckenius, 1987, 1988, found to be the case for the titration of the Schiff base of an
1989). The second approach (model b) attributes the aboveatrtificial bR in the pH 79 range. Alternatively, the titration
effects to the competition between protons and metal cationsrate of a protein residue may be controlled by the pH-
on a specific binding site (not essentially on the surface) independent rate of proton transfer through an appropriate
associated with two protein groups, Y and Z (Ariki & Lanyi, channel. This mechanism was proposed in the case of the
1986; Jonas & Ebrey, 1991; Zhang et al., 1992; Stuart et titrations of the Schiff base and of Asp-85 at relatively low
al.,, 1995; Birge et al., 1996). More specific versions of (<7) pH: values.

model (b) identify Y as Asp-85 (Jonas & Ebrey, 1991; EI-  In variance with our previous analysis, in which the
Sayed et al., 1995; Stuart et al., 1995; Birge et al., 1996) titration of Asp-85 was treated as a single-component reaction
and Z as Asp-212 (Jonas & Ebrey, 1991). The latter (Druckmann et al., 1995), we now have to account for
assignment has, however, been put into question on the basisonsiderably more complex kinetic patterns, specifically for
of NMR data indicating that in the blue form Asp-212 is the observation of four kinetic components and, primarily
still deprotonated (Metz et al., 1992). Some of the models for the pH dependence of their relative amplitudes and rates.
also include a direct interaction of the metal ion with the We approach these phenomena by suggesting that the rate
Schiff base (Jonas & Ebrey, 1991; El-Sayed et al., 1995) of protonation or deprotonation of Asp-85 is controlled by
while others (Birge et al., 1996) do not. These class b modelsthe rate of proton transfer through a specific channel.
imply that the apparentify, of Asp-85 is determined by the  Accordingly, the multicomponent kinetics are attributed to
cation concentration. Accordingly, high and loWvalues the presence of seral protein states, and thus of s=al

are observed in the absence and presence of cations, respgroton channels, determined by the state of protonation of
ectively. In other words, protons and metal ions compete protein residues. This approach is preferred over the
on the Y, Z binding site determining the state of protonation alternative approach, namely, the “free” aelohse equilib-

of Asp-85. Obviously, a combination of the two models is rium (eq 1), because of two major arguments. First, as
also possible. We note that according to model b it is pos- mentioned above, in the case of the SB titration eq 1 does
sible that the apparentp of the titration is that of the Z not hold below pH 7. Since the SB and Asp-85 appear to
(and Y") metal binding group(s) rather than that of Asp-85 be titrated through the same proton channel (Druckmann et
itself. al., 1985, 1995; Kataoka, et al., 1994), this will also apply

It is important to emphasize that our present time-resolved {0 ASP-85. Second, eq 1 predicts that the observed titration
titration data do not contribute to a clear discrimination raté should depend dh, i.e., onK. We have shown that
between the above two modélsThus, in the subsequent the rate of the fast component of the Asp-85 titratik(it,),
discussion we shall concentrate on the titration mechanismiS essentially unchanged in the cases of a synthetic aromatic
after the titration has been triggered, either according to PR pigment and of the bR mutant R82Q exhibiting Asp-85
model a or to model b. In both cases the trigger is binding/ PKavalues (5.2 and 7.0, respectively), which are substantially
unbinding of a metal cation and the complementary unbind- higher than that of the native pigment (Druckmann et al,,
ing/binding of one or more protons. The observation (Table 1985)- ) ) )

3) that the multicomponent kinetic features of the Itis evidentthat the major challenge when attempting to
Blue—Purple, cation-induced reaction are totally independent ationalize the multicomponent titration features of Asp-85
of the nature and concentration of the metal cation indicates!n terms of a multiple channel approach, is to provide a
that the metal binding/unbinding process is not rate deter- molecular description of the related structural (channel)
mining, neither in the trigger step nor in the subsequent Asp- heterogenc_alty. The marked pH _effect on the relative weights
85 deprotonation/protonation step. Accordingly, the simplest Of the various components (Figures 4, 5, and 7) clearly
approach is to assume that the kinetics of the titration of SUggests that such channel heterogeneity is pH-controlled
Asp-85 are controlled by its protonation/deprotonation rates, and may thus be attributed to the titration of several protein

implying that it is this very process which exhibits the residues. Consider for example the pH-induced Purple to
multicomponent kinetics. Blue titration fractions shown in Figure 4. The two fast

components predominate at high pH. As the pH is lowered
they decrease, passing through a minimum and rising again
at still lower pH values. The two S components exhibit an
opposite, complementary, behavior but are shifted relative
to each other. The simplest model to account for this
behavior is to assume that there are two protein groups, A
and A, that control the proton channel to Asp-85 by giving
rise to four pH-dependent protein states:

When attempting to rationalize such complex kinetic
features we first note that in variance with elementary-acid
base equilibria, the titration kinetics of protein residues may
exhibit complex features [see Honig et al. (1995)]. In a
previous analysis (Druckmann et al., 1995), we have shown
that a titrable protein residue can behave as a “free™-acid
base moiety, for which the observed protonation or depro-
tonation rate constant is given by the expressions

K(obs)= k, + k[H'] ) State I A LA F channels
_ State Il AH, A, S, channel
K=kiks @ State IlI: A, AH S, channel
State IV: AH, AH F channels

2 According to the present observations the trigger step, associated

with the binding/unbinding of metal ions, does not affect the titration e ; ;
rates even in the case of a large trivalent cation such &s. Hiis It is impossible to account for the rise and fall &, and

would be difficult to reconcile with model b binding sites which are Asz OF for the lag ofAs; after Asy, with only two titrations.
not close to the membrane surface. Thus, to avoid the complications associated with an ad-
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Scheme 1

PK() _
[AIH 4 AZH]IV D — [Al ’ A2H]IH
el ks ]
_ PK4(2) - -
AH, AT, =5 ALA7

ditional group f3), we have assumed a simple model in
which the two group#\; andA; are interactive according to
Scheme 1, where one allows for different values for the
various Ky's which will be complex functions of the mutual
states of protonation as well of the specific anion involved.
Figure 4 compares the relative weights of the four states (|
IV) calculated according to Scheme 1, with our experimental
points forAg, Asi, andAs, in the case of the various anions
used in the acidification experiments. The fittdd,walues
are given in Table 2, along with those of the overall titrations.

It is evident that Scheme 1 yields very good agreement with

our experimental data for all of the anions employed. We
note that the model of Scheme 1, in which th€, pf a

protein residue depends on the state of protonation of another

residue, was first applied to bR by Balashov et al. (1995,
1996) to account for the pH-dependence of the Perfkie
transition and for the Asp-85-catalyztedns—13-cisisomer-

ization. In that case, the intergroup interaction between the
two groups (Asp-85 and Glu-204) leads to larger differences

between the variousk values then those shown in Table
2. Evidently the interactions betwedn and A, appear to
be smaller than those between Asp-85 and Glu-204.

Biochemistry, Vol. 36, No. 38, 19971379

nondeionized system (Figure 4). It appears that the p
values of A; and A; in the deionized system change in a
way that shifts the “bell-shaped” curve, as well as decreases
the maximum value ofs and increases the minimum value
of Ae. An analysis of these data in terms of the model of
Scheme 1 yields very good agreement, yielding thg p
values given in Table 2. The presence of only one S
component may be rationalized by assuming that in the
deionized system ;Sand S exhibit similar k values.
Alternatively, it is also possible that the complete absence
of the S component in the deionized system is due to a very
large upward shift of the K, of A,. In any event, these
observations suggest that metal ions induce an upward shift
not only in the (K, of the overall titration (e.g., of Y and

Z7), but also in those of the rate-controlling groups,and

A,. It is tempting to suggest th&; and A; are associated
with the second strong metal binding site in bR (El-Sayed
et al., 1995).

It is worthwhile recalling that while the total relative
contribution of the two fast component8gf and those of
the two slow componentA§; and Asy) are pH dependent,
no substantial effects were found on the intrinsic fractions
of the two fast component&(F;)/A(F, + F2) andA(F,)/A(F,

+ F,). (The relative contribution of Fvaries in the range
A(F)/IA(F, + F;) = 0.2-0.5, depending on the specific
system; see Tables 1 and 3.) This implies that a model based
on a pH-induced heterogeneity cannot be applied in order
to account for the biphasic nature of the fast processes. At
present we are still incapable of presenting a feasible
explanation for the biphasicity of the fast reactions.

There are several points which should be emphasized with _Having discussed the pH dependency of the amplitudes

relation to the model of Scheme 1:

(a) The model implies that, for the same gpshd [MP*]
conditions, similar kinetics (controlled by the protonation/
deprotonation of Asp-85) will be exhibited by both
Purple~Blue and Blue-Purple equilibration reactions.
Moreover, this should apply independently on whether the
reactions are induced by proton- or by metabncentration
jumps. As shown, e.g., in Table 1 this prediction is basically
in keeping with our observations.

(b) According to the proposed model the channel-control-

ling titrable groupsA; andA; differ, from the metal binding
groups, Z and Y, which determine the effecti€,f Asp-
85. However, modified versions of the model can also
account for the cases that Z and/or Y may be identified with
A; and/orA,. At the present stage of the investigation this
possibility cannot be excluded.

(c) Another inherent assumption is that the adidse
equilibration of theA; and A; groups is faster than that of
Asp85, i.e., it is completed on a time scale of less than
several milliseconds.

(d) An interesting feature of the postulatedpvalues,
both of the overall titration (i.e., of Zand Y~) and of the
rate-controlling groupsé; and A, is their dependency on
the specific acid involved. This suggests that the corre-
sponding anions are bound in the vicinity of the titrable
groups, affecting their kg, values.

(e) An important factor which affects both the overall
titration K, as well as those of Aand A, is the salt

of the various titration components, one should consider the
effects of pH on the rate constants pertaining to such
components. As shown in Figure 5 there appear to be two
classes of pH effects on these rates. The first (Figure 5b,c)
concernk(S,) andk(Sy). In variance with the pH indepen-
dency of k(F;) and k(F,) (Figure 5a), both slow rate
components exhibit a sharp rise below pH 3. One possibility
is that an additional low g, group is protonated affecting
the H" channel efficiency of Sand S. This explanation,
which means adding two additional low pH channels, S
and 3, implies a pH-dependent biphasicity in each of the
two slow components which may be difficult to detect.
Alternatively, we cannot exclude the possibility that in S
and S (but not in i and F) the titration follows eq 1 with

ks predominating at high pH ankl [H*] at low pH. The

pH effect on the fast components observed between-fH
and pH~ 7 is opposite to that oR(S;) andk(S;), namely,
k(F1) andk(F,) increase upon lowering the'ttoncentration.
Here again the effect may be rationalized by invoking an
additional titration of a protein residue witlKp~ 6. This
phenomenon will be addressed in future work.

CONCLUSIONS

On the basis of the complex time-resolved titration features
of Asp-85 in bR, we suggest that the protonation/deproto-
nation kinetics of this key residue are determined by the
existence of several states of the protein which give rise to
several corresponding proton channels. These are determined

concentration. Thus, in our deionized bR preparations the by the state of protonation of at least two protein groups A

apparent g, of the titration is raised from below 3.5 to about
4.5 (Figure 6). Similarly, the “bell-shaped” curves in Figure
6 exhibit a comparable upward shift with respect to the

and A. The latter, kinetics-controlling, groups may, or may
not, differ from the groups (Y and Z) which determine the
effective K, of Asp-85. The K 's of all four residues are
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