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Influence of the size and protonation state of acidic residue 85
on the absorption spectrum and photoreaction
of the bacteriorhodopsin chromophore
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Fhe conscquences of replacing Asp-85 with glutamate in bacteriorhodopsin, o expressed in Halobacterium sp. GRB. were
imvestgited. Simidarhy to the wevirro mutated and in Exchierichia coli cxoressed protein. the chromophore was found to exist as a
mnture of blue abvarpiion maximum 615 nm) and red (332 nm) forms. depending on the pH. However, we feund two widely
separated pA | vadues Gibout S.4 and 104 withoat added salt), arguing tor two blue and two red forms in separate equilibria.
Both bhie and red forme of the prow inare in the two-dimensional ervstalline state. A single pA” . such as in the E. coli expressed
protein. was observed only ater solubilization with detergent. The photoayele of the bluc forms was determined at pH 4.0 with
610 nm photoeseitatior, and that of the red forms o+ Y 10.5 and with 520 ni photeexcitation. in the time-range of ) ns to | s.
The blue forms produced no M. but o K- and an L-like intermediate. whose spectra and klnctics resembled those of blue
wild-type bacicriorhodepsin betow pH 3. The red .orms produced o K-ike intermediate, as well as M and N. Only the red forms
transported protons, Spedific perturbation of the neighborhoed of the Schiff base by the replacement of Asp-85 with glutamate
wain sugeested by (5 tee shift and splittng crthe 38, Jor what s presumabhy the protonation of residue 85, (2) a 36 nm
hlue-shiftin the absorpuon of the all-rrass red chromophore and o 25 nm red-shift of the 13- N chromophore. as comparcd to
wild-type bacteriorhodopsin and its Nintermediate, and (3 significant acceleration of the deprotonation of the Schiff base at pH
“obut not of ats reprotonation and the tollowing steps in ihe photoc e

Introduction

A great deal of evidenee shows that proton truns-
port in bactenorhodopsin includes at least the follow-
ing events: (1 light-induced isomerization of the reti-
nal around the 13- 13 carbon bond [2.29] (2) transfer
of the Schitt base proton to Asp-85 and relcase of this
o1 another proton from a ncarby residuc o the eter-
mal side 13432143 proton rnster from Asp-96 (o the
Schitf base 4132733 () reprotonation of Asp-Y6
from the cvioplsinic siae and reisomerization of the
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retmal [15.2736] and (5) return to the original state of
bacienorhodopsin, These events correspond. respec-
tively. to the spectroscopically detectable transitions
known as (D BR - - J - K->KL ->E. () L - M.
(33M >N (3 N—-0 uand N - BR. and (5) O - BR
(reviewed in Ref. 352 for a recent report on the photo-
ovele hincties, ¢f. Ref. 42). In addition. the occurence
of structural changes n the protein during proton
transt ort was shown [17].

Studies of bacteriorhodopsins in which critical acidic
residues, such as Asp-85 and Asp-96. were replaced
with isomorph’c bat non-protonable or keteromorphic
amino acids have contributed much to above scheme.
We concentrate here on the Asp835 mutants. The chro-
mophore <pectrum in the AspS8S - Glu protein became
greatly pH dependent in the physiological pH range: at
P below 6 4 blue form. absorbing near 610 nm.
predominated. while at higher pH a red form. absorb-



ing near S40 nm. was seen {4.28.32.360]. The cquilibriom
between dhese forms was affected by the nature of
detergent also, when present (compare data in Refs,
24, 32 and 36). The red-blue transition resembled the
purple-blue transition long known in wild-type bac-
teriorhodopsin [10.11.25.38]. except that under similar
conditions the latter occurred at about pH 3. This
similarity, and the pH-independent blue color of the
protcin obtained when Asp-85 was replaced with a
non-protonable residue [28.33.36). strongly suggested
that the color change to blue was a consequence of the
protonation of Asp-85. If this is so, the negative charge
of the tonized Asp-85 is an important part of the
counterion t¢ the Schiff base. From & C=0 stretch
frequency of 1765 ecm ™' in the M state an unusually
low pK, (2.5-3) for a carboxyl group involved in pro-
ton transport was expected [40). and could be assigned
to Asp-85 [3]. The apparent stabilization of the ionized
Asp-85 may be a consequence of interaction with the
nearby positively charged Arg-82 residue. It seemed
reasonable to suppose that Glu-85 was not in a posi-
tion to inieract as effectively with Arg-82, and the pK,
of this residuc was thereby raised [28.36]. Consistent
with this idea was the observation that replacement of
Arg-82 with a ncutral residuc also raised the pK, for
the color _hange [34].

Some of thie above results with Asp8S — Glu substi-
tution were obtained with cloned and in vitro muated
bacteriorhodopsin expressed in  Escherichia  coli
[24.28.36]. others with in vivo mutated hacterio-
rhodopsin in Halobacterium sp. GRB selected tor Iack
of phototrophic growth {4.32]. In this study v.. e
use of the latter kind of samples where the jrotein is
located. as wild-type bacteriorhodopsin. in tw nuen-
sional crystalline arrays (purple membranes) ther
than in detergent micelles or reconstituted liposomes.
The chromophore spectra indicated 5t this makes an
important difference in the state of the A~rs3 - Glu
protein. We have also dissected - spectroscopic
changes after flash excitation in these sawples. and
described the photocycles of the red and blue forms.
Although the red form. whose absorption maximum is
blue-shifted. produced a wild-type like M intermediate
we found that onc of the two other intermediates
detected (the N species) had a red-shifted maximum
relative to its wild-type equivalent. Thus. replacement
of Asp-85 with glutamate appeared to shift the absorp-
tion band of the all-rrans chromophore o lower wave-
lengths but that of the 13-cis chromophore to higher
wavclengths,

Materials and Methods
Halobacteriten sp. GRB strain 384 (Asp83 - Glu)

was obtained carlier by mutagenesis of the wild-tvpe
GRB strain {42]. The celis were grown with low acra-
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tion and intense ilfumination in order o produce Lurpe
amounts of the protem. The Latter was solated as
previously  deseribed  [20]0 Solubilization. when  re-
quired. was with (L5 Triton X-100 at pti 7. by incu-
bating 24 h 2t room temperature [8] after which time
the samples did not sediment and exhibited the blue-
shift: characteristic of monometic bacteriorhodopsin,
For some meusurements at lower pH the protein was
encased i endamide gels [25] in order o prevent
aggregation: other measurements were in suspensions,
Cell envelope vesicles were prepared also as before
[19].

For X-ray diffraction the samples were collected in
I mm diamcter capillaries by centrifugation. and ex-
posed for 68 h to a “fine focus’ 0.1 > 1 mm beam from
a Cu anode (40 kV. 30 mA). The powder-type diffrac-
tion pattern was recorded on film placed 10 ¢m from
the samples. We are indebted 1o Dr. Thomas Hart-
mann  (Martinsried.  Germany) for performing  the
diffraction cxperiments. Diffraction of the Asp-83 —»
Glu bacteriorhodopsin sheets showed them to be highly
ordered in both blue and red states of the chro-
mophore.

Stationary spectra were measured with a Shimadzu
UV-250 spectrophotometer outfitted with a crvostat
for low temperature measurements as before [44] less
otherwise stated. however, all spectra were determined
at 22°C, Scatiering curves constructed from hydroxyl-
aminc¢ blcached samples were subtracted from the
measured spectra. Time-resolved  difference spectra
were measured after subnanosecond laser excitation
with a gated multichannel analvzer described carlier
[45]. Non-lincar regression analysis was with a procram
which utilized Marquardt-Levenberg  algorithm.  In
some cases absorption changes at 410 nm were deter-
mined e a single wavelength instrument [4i]. Action
spectra for the photoproduction of the M intermediate
were obtained with an excimer /dve laser.

Transport of protons in cell emvelope vesicles was
measured as betore [20] In order to reduce o Liribu-
tions trom halorhodopsin and interference trom the
sodium/ proton antiporter present in these mem-
branes, the vesicles were heated ar 35°C for S min
before the measurements (and allowed to recover for |
h). and the light-dependent pH changes were mea-
sured in 4 M K(Cl.

Results

pH dependency of the chromophore spectrusm

Fig. 1A (solid lines) shows absorption spectra for
AspBS — Glu bacteriorhodopsin in 0.4 M NaCl at dif-
terent pH valucs between 3 and 10.7. The pH-depen-
dent shifts were tully reversible. Although not readily
discerned in this graph. above pH 7 a single 1soshestic
point was obsenved which shifted somewhat at more
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Fig. 1 Measured (A) and resolved (B spectra of the blue and red
species in ASpRS > Glu bacteriorhodopsin. (A) Solid Tines: absorp-
ton spectra of dark-adapted samples at pH 4400 500 7.0, 9.0. 1040,
and 1027 (beginning with the spectrum of highest amplitude). Dotted
lines: hneur combimations of the two component spectra in (B) which
best fitted the measured spectran (B Estimates of the spectra of the
DMue nasimum at 615 nm) and red (maximum at 532 nm) species i
the mistures shown in (A).

acidic pHL. Nevertheless, as an approximation, we at-
tempted to decompose the measured spectra into two
component spectra derived trom spectra near the pH
extrernes and shown in Fig. 1B. They have the charac-
teristic skewed shape of rhodopsin spectra. and their
maxima arc at 532 nm Cred’ species) and 615 nm
{'bluc” species) Combining these in proportions to best
fit the measured spectra gave the dotted lines at inter-
mediate pH values in Fig. 1A, The discrepancies on
the red side of the spectra could be removed by using
two slightly different spectra tor blue species, and a
single spectrum for the red species similar to that in
Fig. 1B (not shown).

The caleulated fraction of the red species in samples
containing cither no salt or 0.4 M NaCl. are shown in
Fig. 2A and B. respectively, as functions of pH (1),
Aiso shown are the amplitudes of the maximal absorp-
tion changes at 410 nm after flash excitation. duc to
the M intermediate (@), scaled (with the same factor in
A and B) to coincide with the other data near pH 7.
Description of the results required two widely sepa-

rated pA | values for the blue-red transition. This is
ditferent from an carlier study [36] with Asp85 — Glu
bacteriorhodopsin expressed in E. coli and teincorpo-
rated into liposomes, where a single apparent pK,
ncar 6 was reported. The solid lines were calculated
from a Kkinctic scheme in which 32% of the chro-
mophore changed from blue to red with a pK, of 54
and 68% changed from blue to red with a pK, of 10.4
(Fig. 2A). In the presence of 0.4 M NaCl these pK,
values were 4.6 and 9.5, respectively (Fig, 2B).

The apparent heterogeneity of the sample with re-
spect to the pK, of the color transition probably ex-
plains the small discrepan~ n the spectral fits when
using two rather than three components (Fig. 1A).
Rapid cquilibrium between the two red specics (or
between the two blue species) would result in only one
obscervable pK, (as scen indeed with solubilized sam-
ples. cf. below). Thus, the simplest assumption is that
the two blue species deprotonate independently to give
two red species. When a sample was heated to 65°C for
30 min. cooled and its spectrum remeasured, a small
but unambiguous shift from the red to the blue species
was observed (not shown). This suggests that intercon-
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Fig. 2. pH dependency of the tractional concentration of the red
species in Fig, 1 () and maximum amplitude at 410 am after flash
excitation (@), The latter data were scaled to roughly coincide with
the concentrations at neuatral pH. (A) Absence of added NaCi: (B)
0.4 M NaCL The solid lines represent two independent red-blue
chromophore equilibria. with pR, values of 5.4 and 104 in the
absence of NaCl, and 4.6 and 9.7 in its presence.
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Fig. 3. Action spectrum for the photoproduction of the intermediates
in the millisecond time range in the photocycles. Photoexcitation
wavelength was varied by tuning a dye-laser. and maximal absorption
changes at 410. 500 and 610 nm normalized to pulse intensity are
shown at pH 3.7. 6.7 and 9.). The selected wavelengths at the
different times are indicative for the produced intermediates (posi-
tive amplitudes) or bleached initial states (negative amplituces). Due
to absorbance changes ortginating from the photocycle of the blue as
well as the red form at two different times. the absorbance traces at
500 and 610 nm are labelled with "¢’ (early) or "' (late) in the inset
lower left. For details of lifetimes of the intermediats see Figs. 5.7
and text.

version between the red species. and the consequent
redistribution of the equilibria, is possible, but must
proceed over a high activation barrier.

The amounts of M produced by flash excitation
were consistent with the two pK,, values (Fig. 2A and
B, @), and argued that only the red species generated a
deprotonated Schiff base. The increases in M vield.
which corresponded to the second red species pro-
duced at high pH, were smaller than expected from the
spectral transition, however. The action spectrum for
the photoproduction of M (Fig. 3) confirmed that the
intermediate originated from the red species in the
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mixtures. The decav kinetios for M were biphasic in
these samples at all pH values (not shown), Fhus, the
two kinctic components did not correspond in am
obvious way to the two postulated red species.

The pH dependency of the Asp83 — Glu chro-
mophore changed dramatically after solubilization with
Triton X-1¥). The spectra, in this case without added
salt, are shown in [z, JA they could be deeomposed
into blue and red species similar to those in Fig. 1B,
but absorbing at 60Y nm and 533 nm, respectively. The
relative concentration of the red species in these sam-
ples showed monophasic change with pH (Fig. 4B).
The chromophore was gradually and irreversibly lost
below pH 4.5 and above pH 7.3, but this did not greatly
change the results in Fig. 4. The line in Fig. 4B
represents a double blue-red equilibrium. such as in
Fig. 2A. but with rapid equilibration of the two red
species. The apparent pK , is 7.2: to fit the shallow pH
dependency the dissociation of 0.5 protons was used in
the cquations. The latter was noticable also in the
higher pK, transitions in Fig. 2. and is undoubtedly
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Fig. 3. Measured spectra of the blue und red species in Triton X-100
solubilized dark-adapted AspsS — Glu bacteriorhodopsin, and their
pH dependency. (A) Solid lines: absorption spectra of samples at pH
4.5 5.1 57, 6.20 and 6.7 (beginning with the spectrum of highest
amplitude). (B} Fractionat concentration of the red species, deter-
mined from decomposition of spectra. such as in (A), a1 various pH.
The solid line 1epresents an apparent ph | of 7.2 for the transition.
with 1 = 0.5 protons dissociating.
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consed by surface effeets. which are often scen in the
pH dependency of bacteriorhodopsin properties [23].

Photochiromism of the ciisophore

As reported before for these somples [32] sustained
(several min) illumination of dark-adapted Asp85 —
Glu bacteriorhodopsin with white light did not produce
shifts in its spectrum. characteristic of light-adaptation
in tne wild tvpe Sustained lumination with red light
affected the spectra. however. il Jopfated 3-10% of
both blue and red forms of the protein. and accumu-
lated new species. with absorptions between 450 and
500 nm and between 350 and 400 nm, respectively (not
shown). A first illumination with blue light had no
detectable cffect. but blue light fully reversed the shifts
from previous illuminations with red light. Such pho-
tochromic behavior was reported for the bluc form of
wild-type bacteriorhodopsin [6.12.22], for halorhod-
opsir [43]. and for the Arg82 — Gin mutant {34]. The
photochromism of the sampies did nct affect our deter-
minations of transient absorption changes (sce below)
because the measuring bHght contained enough blue
component to prevent significant spectrescopic shifts.

Light-driven proton transport

Measurements of proton transpert rates in ccll enve-
lope vesicles prepared from L halobium sp. GRB
strains 384 and wild-type (not shown) confirmed that
(1) the action spectrum for transport placed the ab-
sorption maximum of the active Asp85 — Glu protein
at about 530 nm. as determined carlier from photosta-
tionary currents (4] and proton uptake in reconstituted
proteoliposomr s [36], and (2) the iransport activity of
the Asp8S -+ Glu protein fell off more rapidly at low
pH than that of the wild-type protein [36]. However.
consistent with the behavior of the purified protein
(Fig. 2). in our case decrease in the transport rate was
seen only below pH S5, suggesting a pK, well below
this pH. while in the carlier study a much higher
apparent pR, was repurted.

Photacveles of the blue and red species

The photoreaction of the blue forms of the Asp8S

» Glu protemn wes determined at pH 4.0, in the pres-
ence of 0.4 M ONaCL o using 610 nm exatation. Repre-
sentative difference spectra at various delay times after
the tlash are shown in Fig. 5. Two interconversions
were evident: (1) The initial intermediate. which ab-
sorbed on the red side of the spectrum of the parent
protein was comerted. i the ps time-range, to &
blue-shifted species (Fig. SA). (2) Decay of the latter.,
in the ms time-range. resulted in direct recovery of the
parent chromophore (Fig. 5B) Estimates of the ab-
sorption spectra of these intermediate: were obtained
by resolving selected difference spectra into two com-
ponents, as described elsewhere [39]. As shown in Fig.
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Fig. 3. Representative difference spectra of the blue speciels) at
different delay times after 610 nm flash excitation, measured at pH
4.0, in the presence of 0.4 M NaCL Absorption of the sample at 610
nm was about 0,8 (4 mm pathlength). (A) 1) ns to 150 us time
interval: (B) 250 us 10 25 ms time interval.

6A, the result of these calculations were spectra con-
taining single peaks, with absorption maxima of 626
und 560 nm. Because of their resemblance to the K
and L intermediates of the acid form of wild-type
bacteriorhodopsin [14.38], they arc labeled K and L.
The measured difference spectra were then decom-
posed into algebraic sums of the component difference
spectra calculated from the absolute spectra in Fig. 6A.
The residuals of these fittings were within + 5% of the
difference amplitudes. Thus, the component difference
spectra accounted satisfactorily for the measured dif-
ference spectra. The weighting factors, which were the
fractional concentrations of the intermediates [39] are
shown versus the times after the flash in Fig. 6B. Up to
0.4 ms they added up to 1 at each time-point, indicat-
ing that no recovery of the parent chromophore had
taken place. After this time, the disappearance of L
was fully explained with the recovery of the blue species
(ct. the isosbestic point in Fig. 5B).

In a similar way, the photoreaction of the red forms
was determined at pH 105 in the presence of 0.4 M
NaCl, with 520 nm excitation. Fig. 7 shows representa-
tive difference spectra at different delay times, which
revealed three transitions: (1) production of M (peak
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Fig. 6. Photoreaction of the blue speciets): calculated spectra for the

intermediates labeled as K and L (A) and their kinetics (B). from

data such as given ir Fig. 4. The dotied line in (A) (labeled as BRYis
the spectrum of the blue specie(s). given for comparison.

near 410 nm) from the initial red-shifted intermediate
on the us time-scale (Fig. 7A), (2) decay of M. which
generated a second red-shifted species on the ms
time-scalc (Fig. 7B), and (3) regeneration of the parent
spectrum from the latter species without other de-
tectable intermediates (not shown). Estimates for the
absorption spectra of the three detected intermediates
are given in Fig. 8A. The spectrum of the bluc-shifted
species identified it unambiguously as M. The other
species are labeled as K and N. for reasons which will
be given in the Discussion. The M of the Asp85 — Glu
protein absorbed at 413 nm, the other two species at
570 nm and 585 nm, respectively. The kinetics of their
risc and decay are shown in Fig. 8B. As with the blue
species, the decomposition of the measured difference
spectra into the three component difference spectra
accounted for virtually all of the absorption changes.
We had attempted to describe the two photocycles
from flash-induced difference spectra also at pH 7.
where both blue and red species would contribute to
the changes. Using 610 nm and 520 nm excitation
wavelengths biased the results in favor of the photoint-
ermcdiates of the blue and red species, respectively,

7

bt even so. mictures of species from both photocyeles
were obtained in all cases, Resolution of these. on the
basis of the component spectra determined at higher
and lower pH. proved to be not feasible because (a)
the difference in the spectra of the two blue forms
(with high and low pK . ¢f. Figs. 1 and 2) shifted the
bluc depletion peak somewhat at pH 7 tfrom what was
observed at pH 4. and (b) in the photocvele of the red
forms at pH 7 two additional, greatly red-shifted inter-
mediates appeared. one at the earliest delay times, and
the other at the latest delay times (probably an O-like
species). The kinetics of M could be evaluated unam-
biguously in spitc of these complications because its
absorption band near 410 nm is well separated from
the others. Fig. 9A shows the amplitude of M as a
tuniion of delay time at pH 7.0 ( ). and the fit of two
cxponentials for the rise and tve for the decay (line).
The M amplitudes at pH 10.5, similarly fitted to four
exponentials (from Fig. 8B) are also included (®). For
comparison. M kinetics and exponential fits for wild-
type bacteriorhodopsin at pH 7.0 and 10.5 arc given in
Fig. 9B (data from Fig. 4 in Ref. 42). The M kinetics
for the Asp85 — Glu mutant (in Fig. 9A) could be
thereby compared with those of wild-type bacterio-
rhodopsin (Fig. 9B): (a) At pH 7.0. but not at pH 10.5.
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both components of the rise of M were dramatically
taster in the Asp85 — Glu mutant than in wild-type.
Thus. at pH 7 the two time constants in wild-type
bacteriorhodopsin were 12 ps and 116 ge with weights
of 16% and 8477 whilc in the mutant these parameters
were | oups (7270) and 15 us (2870). The overall rise
time was thus ncarly two orders of magnitude greater
in the mutant, (b) The decay of M in wild-tvpe bac-
teriorhodopsin at pH 7 was described by a single
exponential with a time constant of 3.5 ms. but at
higher pH it assumed. increasingly, biphasic churacter.
At pH 105 the two time constants in Fig. 9B were 1.1
ms and 76 ms. with weights of 807 and 200/ . Impor-
tantly. the Asp85 — Glu protein showed simifar behav-
ior. although with a somewhat shifted pH dependency.
Thus, in Fig. YA ar pH 7 the two decay components
had time constants of 1.2 ms (4477) and 18 ms (5677).
while at pH 10.5 they were 2.6 ms (8177) and 90 ms
(197 ).

Discussion

We found that replacement of Asp-83 with glutu-
mate resulted not simply in the rise of a single pK | tor

the purple-blue transition. as reported  before [36],
fnstead. two apparently separate not readily intercon-
vertible conformations with widely different pK | val-
ucs were detected. and the spectrum of the two depro-
tonated forms exhibited a signtficant (36 nm) bluc-shift
relative to wiid-type (Fig. 1 and 2). Since illumination
ot both deprotonated species produced M (Fig. 2), they
must have both contained all-trans chroraophores. An
irportant difference between purple membrance sheets
and I coli expressed bacteriorhodopsin is the lack of
enystalline structure in the latter, as shown by recently
published spectra of induced CD [9]. The reasons for
this arc not clear. Converting the Asps3 -» (Gilu protein
from a two-dimensional crystalline array to monomers
in detergent micelles resulted in the merging of the two
pA, values into one (Iag, 4). The reperts on E. coli
expressed bacteriorhodopsin are difficelt to evaluate
hecituse the spectral titrations were chown as wave-
fength maxima ot spectral mixtures vs. pH [36]. Al-
though we found that this mcthods representation
would have missed many of the details in our data, it

10 i
£ o /ﬁ aspB5-giu
c )
o Z
<
5
{’z C‘CJL p:* 10.5 <
S |
E : /
° | /ﬁ pH 7.0
® |
LD am |
0.0 00 . . * * *
-8 -7 -6 -5 -4 =3 =2 -1 0
log time, s
- - - - - . - r
1.0} j
£ i
[« I
o
<
©
5 05 ]
3 !
G
£
S
® |
0.0 t——a)crnaiooy

-8 -7 -6 -5 -4 -3 -2 -1 0
log time, s

Frg. 90 Kinetics of M rise and decay. (A) AsphS — Glu bacterio-
rhodopsin at pH 7.0 ¢ Y and at pH 10.5 (e, dats from Fig. 8B): (B)
Wild-type bacteriorhodopsin at pH 7.0 ¢ ) and 10.5 (8). The data in
(B) are from Fig. 4 in Ret. 30, The relative amplitudes of the
absorption changes at 410 am are shown v the delay time after
photoexcitation (320 nm laser pulse for the mutant, 380 nm for
wild-type). The lines represent non-lincar regression fits. with two
rise and one or two decay components as discussed in the text,



does appear that there are differences between the
results, and they are anainly due to the presence o
absence of crystalline sheets. Hoseems likely that the
two Asp8S > Glu conformations identificd by the two
pK, values exist alse in the detergent micelles and
proteoliposomes. but rapid cquilibrium between them
prevented the observation of separated pK |, values,

The photocycle of the Asp8S — Glu blue form(s)
was quite similar to that of the biue form of wild-type
bacteriorhodopsin [16.38], confirming carlicr sugges-
tions that the two kinds of blue chromophores are
analogous. On photoexcitation the Asp8S — Glu blue
forms produced the K- and L-like intermediates found
in the photocycle of the wild-type blue protein, and no
M (Fig. 6). Since the photoreaction sequence did not
proceed as far as M. the intermediates could be identi-
ficd unambiguously as K and L. Besides their pK,
values (Fig. 2). the two Asp85 — Glu blue forms dif-
fcred only in a minor way in the chromophore spectra
(not resolved in Fig. 1B); presumably the spectra of
their photoproducts were also similar. The kinetics of
the K - L transition (Fig. 6B) were not described by a
single ¢xponential; some or all of this complexity may
have originated from differences in the K to L inter-
conversions for the two blue forms. In wild-typc bac-
teriorhodopsin, however, such deviations from expo-
nential kinetics could be accounted for with back-reac-
tions [39,40.42] and these are very likely present here
also.

Since the absorption spectrum of the red forms was
about 36 nm blue-shifted from that of wild-type bac-
teriorhodopsin. identification of the photoproducts
could not be based simply on their absorption maxima.
The species which followed M absorbed. for example.
at 585 nm (Fig. 8A). This is 53 nm red-shifted from the
band of the red species. and might be considered.
superficially, the equivalent of O, a similarly red-shifted
intermcdiate which appears after M in the wild-type
protcin. The kinetics arguc for a different conclusion,
however. At pH 10.5 the faster phase of the M decay
corresponded to the rise of this intermediate., and the
slower phase to its decay (Fig. 8B). It is N which has
this kind of relationship to M in wild-type bacterio-
rhodopsin [27.40]. interpreted as arising from the pro-
ton transfer and isomerization reactions. M < N = O.
The large accumulation of the intermediate at high pH
also suggested that it must be the equivalent of N,
sincc O is not observable at pH much above 7 in
wild-type bacteriorhodopsin [21.41]. As expected from
this, there was an indication of another, possibly O like
intermediate in the Asp85 — Glu photocycle at pH 7
(cf. Results).

The precursor of M absorbed at 570 nm, i.c., 38 nm
red-shifted from the absorption band of its parent,
which is assigned as a K-like intermediate. In this case.
the reason that L was not observed (Fig. 8B) would be

i

that an unusually rapid Lo Areaction had lowered iis
transient accnmubation. Hlununation at SO K at ph 10>
and warming to various wmperatures up to 200 K (ot
shown) revealed also onh one tred-shifted) intermedi-
ate before M.

The obsernved cecelerated rise of Mo the Aspss
Gy protem ot pH 7 (Fig 9L relame o wild-tvpe
tFig. R contirms carlier reports [4.28]0 Interestingls.,
at higher pH the rse of M becomes much more rapid
in wild-tvpe bacteriorhodopsin (Fig. 9B: Ref. 3 and
approaches that i the mutant. The origin of the bipha-
stc rise was attributed to the L «» M equitibration reac-
tion [39.40] in the witd-type protein, and this interpre-
tation should apply for the mutant also. The decay of
M contained two time-constants at both pH 7 and 10.3
(Figs. 8B and YA); these were better separated at the
higher pH. Biphasic M rise cad decay in wild-type
hacteriorhodopsin. observed mostly at pH > 7. has been
long attributed to two M species in parallel photoeveles
{5.7.14.18]. but recent models account for it satisfucto-
rily with a single photocycle containing a significant
N — M back-reaction and the slowing of the N decay
at higher pH [1.27.39_ 40}, which produce a pH depen-
dent second. slower decay component. The similarity
of the pH dependencies of the decay kinetics of M in
the Asp8S - Glu and wild-ivpe  bacteriorhodopsin
(Figs. 7B and 8) indicates good analogy between the
two systems. Differences between the mutant and
wild-type proteins were mainly in the decay of the
intermediate labeled as K and in the rise of N, which
contained additional time-constants. with small ampli-
tudes. in the mutant (Fig. 8B) The origin of these may
be the heterogencity of the red species at high pH (Fig,
2)

A moleculur explanation for the observed splitting
of a single pK | for the purple-bluc transition in wild-
type bacteriorhodopsin into two widely separated pK |
values in the Asp&S — Glu inutant is more probiemati-
cal. These pK, values are presumed to refer to the
protonation of the residue at position 85, and will be
influenced by neighboring groups. 1t seems likely that
the cause of the two pK, values is found in th-
dispositions of neighboring residues. cither because
disruptions of specific interactions or forming others
(e.g.. with Arg-82). or because of altered packing in
this region of the protein residues. The lower of the
pA, values observed (4.6-5.4. depending on ionic
strength) is normal for a carboxyl group exposed to the
medium. Th: higher pK, (9.7-10.4, depending on the
ionic strength) indicates a higitly unusual environment
which stabilizes the protonated carboxyl group by as
much as 6.7 kcal /mol. Thus. when the length of residue
&5 was increased by a methvlenic group. the Schiff base
seemed to sample different charge environments be-
forc and during the photocyele than it does in wild-tvpe
bacteriorhodopsin.
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