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ABSTRACT The reaction of the retinylidene Schiff base in
bacteriorhodopsin (bR) to the water-soluble reagent hydrox-
ylamine is enhanced by >2 orders of magnitude under illumi-
nation. We have used this reaction as a probe for changes in
Schiff base reactivity during the photocycle of wild-type bR and
mutants defective in proton transport. We report here that
under illumination at pH 6, the D8SN mutant has a 20-fold
lower rate and the D212N mutant has a >4-fold higher rate for
the light-dependent reaction with hydroxylamine compared
with wild-type bR. In contrast, the reactivities of wild-type bR
and the D96N and T46V mutants are similar. It has been
previously shown that the D96N and T46V replacements have
no significant effect on the kinetics of ‘““M”’ formation but have
dramatic effects on rate of the decay of M. We therefore
conclude that the hydroxylamine reaction occurs before for-
mation of the M intermediate. Most likely it occurs at the ‘‘L>’
stage of the cycle and reflects increased water accessibility to
the Schiff base due to a light-driven change in protein confor-
mation.

Bacteriorhodopsin (bR) is a retinal-based integral membrane
protein that functions as a light-driven proton pump in the
extreme halophile Halobacterium halobium. A model for the
secondary structure of the protein is shown in Fig. 1. A
central component in the mechanism of proton transport is
the protonated Schiff base formed between retinal and the
e-amino group of Lys-216. Absorption of a photon initiates a
photocycle that involves the formation and decay of at least
five distinct intermediates: K, L, M, N, and O (2). This
photocycle is coupled to the translocation of protons, which
occurs in two stages: (i) a fast proton release from the
extracellular side (r = 50 usec) that coincides with deproto-
nation of the Schiff base and the formation of the ‘M
photointermediate and (ii) a slow proton uptake from the
cytoplasmic side ( = 10 msec), which occurs after decay of
the M intermediate (3).

Recent site-specific mutagenesis studies with bR have
identified Asp-85, Asp-96, and Asp-212 as key components in
the mechanism of proton translocation (4). Fourier transform
IR experiments have indicated that, in addition to the Schiff
base, the above residues undergo transient protonation
changes during the photocycle (5-7). Time-resolved studies
of the photocycle have further clarified the role of these
residues in proton transport (8—10). Asp-96 is protonated in
bR (5, 6) and functions in the latter half of the photocycle as
a proton donor to the deprotonated Schiff base (11, 12). A
number of experiments with Asp-85 mutants have shown that
Asp-85 is deprotonated in bR (5, 13, 14) and indicate that the
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FiG. 1. Model for secondary structure of bR from Henderson et

al. (1). Locations of the amino acids replaced are indicated in
boldface letters; single-letter code is used. The site of retinal attach-
ment, Lys-216, is boxed.

Asp-85 carboxylate functions as a proton acceptor during the
first part of the photocycle leading to proton release into the
extracellular medium.

The Schiff base in bR is susceptible to reaction with
reagents such as hydroxylamine and sodium borohydride. In
purple membrane, where bR is present in the form of a
two-dimensional hexagonal lattice, the reaction with hydrox-
ylamine requires illumination (15). bR solubilized in lipid/
detergent micelles also shows a light-dependent reactivity
with hydroxylamine; however, there is detectable reactivity
to hydroxylamine even in the absence of illumination (T.
Mogi and H.G.K., unpublished work). Oesterhelt and col-
leagues (16, 17) have proposed that the acceleration of the
reaction under illumination in the case of purple membrane is
due to specific reaction of hydroxylamine with the M inter-
mediate.

Here, we have studied the rates of the hydroxylamine
reaction in lipid/detergent micelles both in the dark and in the
light for a variety of bR mutants. For the dark reaction, which

Abbreviations: bR, bacteriorhodopsin; CHAPS, 3-[(3-cholamidopro-
pyl)dimethylammonio]-1-propanesulfonate: [Myr,]PtdCho, dimyris-
toylphosphatidylcholine; bR mutants are designated by the wild-type
amino acid residue (single-letter code) and its position number
followed by the substituted amino acid residue (for example, in the
mutant D85N, Asp-85 is replaced by asparagine).
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is a probe of structural perturbations in the vicinity of the
Schiff base caused by different mutations, we find that
mutants that display blue-shifted chromophores generally
show higher reactivity to hydroxylamine than the wild type,
whereas mutants with red-shifted chromophores show lower
reactivity. For the light-dependent reaction, we conclude that
() the M intermediate does not react significantly with
hydroxylamine, (ii) the reaction is probably specific to the
“L” stage of the photocycle, and (iii) there is increased
accessibility of water to the Schiff base during the photocycle
due to a conformational change after all-trans — 13-cis retinal
isomerization.

METHODS

Preparation of bR Mutants. The construction, cloning,
expression, and purification of wild-type and mutant bacte-
rioopsins have been described (4, 18). Chromophores were
formed in 1% dimyristoylphosphatidylcholine ([Myr,;]Ptd-
Cho)/1% 3-[(3-cholamidopropyl)dimethylammonio]-1-
propanesulfonate (CHAPS)/0.2% SDS/1 mM phosphate
buffer, pH 6.0.

Reaction of All-trans and 13-cis Retinal with Hydroxylamine.
The reaction of hydroxylamine (100 mM) with 13-cis and
all-trans retinal in 1% [Myr,]PtdCho/1% CHAPS/60 mM
phosphate buffer, pH 6, results in formation of the corre-
sponding retinal oximes. The reaction is complete in <10 sec.
As reported (15), both oximes show structured peaks that are
very similar: a main peak at =360 nm and a lower-wavelength
shoulder.

Reaction of bR with Hydroxylamine in the Dark and Under
Steady Illumination. Hydroxylamine reactions were carried
out at pH 6 in 0.8% [Myr,]PtdCho/0.8% CHAPS/0.16%
SDS/100 mM hydroxylamine. All experiments were done at
22 + 2°C. For the light reaction, samples were illuminated by
a 100 W fiber-optic illuminator equipped with a long pass
495-nm cut-off filter (GG 495 from Melles Griot, Irvine, CA).
The kinetics of retinal oxime formation was monitored by
recording absorption spectra of the micellar protein solu-
tions.

Reaction of bR with Hydroxylamine Under Pulsed Illumi-
nation. Protein samples were illuminated at 1-sec intervals
with a 7-nsec long, 532-nm pulse from a DCR-11 Nd-YAG
laser (Spectra-Physics). The laser was operated at =100 mJ
per pulse. Absorption spectra were recorded between flashes
with a 1420 UV-enhanced optical multichannel analyzer and
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model 1460 controller (Princeton Applied Research) inter-
faced with a 340S monochromator (Spex Industries, Edison,
NJ) as described (19). Final concentrations in the reaction
mixture were 0.75% [Myr,]PtdCho/0.75% CHAPS/0.15%
SDS/250 mM hydroxylamine/37.5 mM phosphate buffer, pH
7.0 = 0.1. Higher hydroxylamine concentrations were used in
these experiments compared with the steady-state experi-
ments only to accelerate the formation rate of retinal oxime.
The samples were excited with a short laser pulse at intervals
of 1 sec, which is longer than the lifetimes of the photocycles
of wild-type bR and the mutants studied. This technique
ensures that there is no significant excitation of photointer-
mediates that were produced by the previous pulse. Control
experiments were done with illumination in the absence of
hydroxylamine and with hydroxylamine in the absence of
illumination.

RESULTS

Light-Induced Reaction of Hydroxylamine with Wild-Type
bR. The time course of the reaction of wild-type bR in mixed
micelles at pH 6 with hydroxylamine under steady illumina-
tion is shown in Fig. 2. The formation of retinal oxime is
characterized by an isosbestic point at 395 nm. The kinetics
of the reaction was determined by following changes in
absorbance at 360 and 550 nm, although only changes in the
latter are displayed in Fig. 2 Inset. The half-time for the
light-induced reaction is 1.8 min, which is =200-fold faster
than the corresponding reaction in the dark (Table 1).

Light-Induced Reaction of Hydroxylamine with Aspartic
Acid Mutants. Fig. 3 shows the effects of site-specific re-
placement of Asp-85, Asp-96, or Asp-212 by asparagine on
the light-induced reactivity to hydroxylamine under steady
illumination. All three replacements have profound effects on
the proton transport activity (4). At pH 6, formation of retinal
oxime is slowed down by >1 order of magnitude in the D85N
mutant (#,/, = 40 min), compared with wild-type bR (., = 2
min). In contrast, the D212N mutant shows enhanced reac-
tivity to hydroxylamine; complete conversion of the chro-
mophore to retinal oxime occurred in <30 sec. The light-
dependent reactivity of the D96N mutant is, however, com-
parable to that of wild-type bR. This result is significant
because the lifetime of the photocycle of the D96N mutant at
pH 6 is =1 order of magnitude longer than that of wild-type
bR. This increase is known to be due to the presence of a
long-lived M intermediate (9). When the reaction was done in
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F1G.2. Time course of the light-enhanced reaction of the Schiff base in wild-type bR with hydroxylamine in [Myr,]PtdCho/CHAPS micelles
at pH 6.2. The sample was illuminated with yellow light for the indicated time periods. Loss of the bR chromophore is matched by formation
of the retinal oxime chromophore. (Inset) Comparison of rates of retinal oxime formation with (0) and without (@) illumination as measured by

changes in A at 550 nm.
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Table 1. Accessibility of bR mutants to hydroxylamine in the
dark at pH 6.0

Absorption

Mutant maximum, nm ty/e, hr
S141C 466 0.49
W182F 465 0.53
D212A 537 0.87
D8SE 584 0.87
WI189F 526 0.94
W138C 531 1.13
P186G 472 1.36
D212N 545 1.41
T89A 545 1.51
W86F 530 2.00
Y185A 554 2.48
D115N 544 2.66
S141A 540 3.13
T46V 550 4.10
T89D 556 4.89
D96A 554 5.5
D96N 554 5.97
D96A + 100 mM azide 554 6.17
S226A 551 8.25
T205V 550 8.54
D115E 541 8.91
Wild-type bR 551 9.42
R227Q 552 9.86
Y185F 556 10.8
R82Q 567 26.5
R82A 572 26.9
D212E 580 34.0
D115A 542 57.5
D85A 599 273.0
D85N 589 355.4

The t,/, values are derived from best-fit single-exponential curves.

the presence of 100 mM azide, the half-times of the hydrox-
ylamine reaction for D96N and wild-type bR were found to be
1.9 min and 2 min, respectively. Under these conditions the
lifetime of the M intermediate is reduced by =1 order of
magnitude in the D96N mutant relative to that of wild-type bR
(11, 20). We therefore conclude that the M intermediate does
not react significantly with hydroxylamine.

10 g
i D8S5N
-~
- C
~ 08
£ N
c \a
o \A\
.'f-,’ 0.6 N
~ \‘
[+ ] S
g 04 TS 096N
8 0 \A\\ "
3 R
2 ild-type 74
< D2I2N wild-type
0.2
0 1 1 1
0 | 2 3 4

Time (minutes)

FiG. 3. Comparison of reaction rates of the chromophores in
wild-type bR (a) and D85N (@), D96N (»), and D212N (0) mutants
with hydroxylamine as measured by changes in A at 550 nm.
Reaction conditions are as for Fig. 2. The abscissa represents the
total length of illumination time. Absorbances at 550 nm have been

scaled to equal 1.0 at #,.
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We have used our knowledge of the time-resolved photo-
cycles of the D96N and T46V mutants to further test the
above conclusion. Both mutants display absorption maxima
and light/dark adaptation features comparable to those of
wild-type bR (4, 18). However, at pH 7, the decay of the M
intermediate is 30-fold slower in the D96N mutant and 6-fold
faster in the T46V mutant, compared with wild-type bR (13,
18). We have verified that under the conditions of the present
experiments, hydroxylamine does not alter these differences
in the rate of M decay. If the hydroxylamine reaction
occurred primarily at the M stage of the photocycle, it is
expected that the number of photocycles required to bleach
the D96N mutant would be considerably lower and the
number for the T46V mutant would be considerably higher
than for the wild-type protein. Fig. 4 shows the kinetics of the
decrease in chromophore absorbance as a function of the
number of pulses delivered to the sample for wild-type bR
and the D96N and T46V mutants. It is clear that the number
of pulses required for 50% chromophore loss in the D96N and
the T46V mutants is essentially identical. This result further
demonstrates that the M intermediate has no significant rate
of reaction with hydroxylamine.

Reaction of bR Mutants with Hydroxylamine in the Dark.
The reaction of hydroxylamine in the dark at pH 6 with the
wild-type protein is characterized by a single exponential rate
constant (t;,, = 9.42 hr). In Table 1, the rates of reaction of
a representative set of mutants that affect the properties of
the chromophore are presented. The set includes many of the
amino acid replacements that have been shown to have
significant effects on proton transport activity. The locations
of these residues in the protein are marked in the model for
the secondary structure shown in Fig. 1. The D85N and the
D85A mutants are most resistant to hydroxylamine with #,/,
values of 355 and 273 hr, respectively. Both these mutants are
completely inactive in steady-state proton translocation (4,
13). The reactivities of mutants T46V, D96N, and D96A (with
and without azide) are, however, similar to that of wild-type
bR.

At pH 6, the A, values of these mutants range from 466
nm for the S141C mutant to 599 nm for the D85A mutant
(Table 1). Most of the replacements that affect the absorption
maximum also affect the rate of hydroxylamine reactivity. All
of the residues whose replacements result in proteins with
altered absorption maxima are part of the retinal-binding
pocket in the model suggested by Henderson et al. (1) on the
basis of electron microscopic data and by Rothschild ez al.
(21) on the basis of spectroscopic data. There is a significant
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FiG. 4. Rates of hydroxylamine reaction of wild-type bR (a),
D96N mutant (a), and T46V mutant (@) under pulsed illumination.
Samples were pulsed at a frequency of 1 Hz as described, and
absorption spectra from 400 nm to 700 nm were collected at 700 msec
after the laser pulse using a 10-usec window. To obtain adequate
signal/noise ratios, spectra were signal-averaged in blocks of 50.
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correlation between a red-shift in the absorption maximum
and a decrease in the rate of reactivity to hydroxylamine,
although there are a few exceptions (e.g., D85E). Thus, the
most reactive mutant, S141C, has a Ap,x at 466 nm, whereas
the least reactive mutant D85SN has a Ap,, at 589 nm.

There is a 30-fold enhancement in the rate of reaction of
wild-type bR with hydroxylamine between pH S and 8 (Fig.
5). The Anax is essentially unchanged over this pH range, and
the enhancement is most likely due to the increased concen-
tration of the unprotonated form of hydroxylamine (pK, =
6.2). A similar enhancement of reactivity is seen with the
D96N mutant between pH 5 and 8. However, a much steeper
pH dependence is seen for the R82A and D8SE mutants,
which show rate enhancements of 130 fold and 160 fold,
respectively, between pH 5 and 8. In contrast, the D85N
mutant shows only a 5-fold increase in reactivity to hydrox-
ylamine between pH S and 8.

DISCUSSION

The retinylidene Schiff base plays a key role in the mecha-
nism of proton translocation by bR. Studies of changes in the
local environment of the Schiff base during the photocycle
are therefore of fundamental interest in understanding the
molecular mechanism of proton transport. The reaction of the
Schiff base with hydroxylamine reflects both the intrinsic
reactivity of the Schiff base as well as its accessibility to
hydroxylamine. As discussed below, the present study of the
reactivities of wild-type bR and different mutants in the dark
and under illumination has provided some insights into the
above reactions and the structural changes that may occur in
bR during the photocycle.

Reaction of bR Mutants with Hydroxylamine in the Dark.
Time-resolved H,0/?H,0 exchange experiments with purple
membrane have shown that the protonated Schiff base in bR
can undergo rapid proton exchange with bulk water on a time
scale of <3 msec in the dark (22). NMR experiments have
suggested that this exchange can be as rapid as 0.1 msec (23).
Although purple membrane is largely resistant to the water-
soluble reagent hydroxylamine in the dark (15), the micellar
suspensions of monomeric bR used here show a detectable
rate of reaction with hydroxylamine in the absence of illu-
mination. This is most likely due to the presence of a more
flexible conformation in the monomeric state as compared
with the crystalline purple membrane lattice.
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D85N (@), D8SE (0), and D96N (2) to hydroxylamine at different pH
values. The respective Anyax values at pH 5 are 552 nm, 586 nm, 588
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534 nm, and 548 nm. Reaction times are the inverse of rate constants
derived from single exponential fits of the kinetics of retinal oxime
formation.
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The results shown in Table 1 indicate that bR mutants with
red-shifted chromophores appear to have lower rates of
reactivity than those with blue-shifted chromophores. One
interpretation of this finding is that a smaller “opsin shift”
compared with wild-type bR corresponds to weaker retinal—
protein interactions and greater water accessibility to the
Schiff base. For some of the blue-shifted mutants (e.g.,
W182F and W189F) there is evidence that the blue-shifted
chromophore exhibits greater structural heterogeneity (24),
consistent with the higher hydroxylamine reactivity.

It is clear from Table 1 and Fig. 1 that the amino acids
whose replacements affect hydroxylamine reactivity do not
appear to be localized to one particular side of the membrane.
However, the results show that the mutations that have large
effects on the kinetics of proton release to the extracellular
medium (D85N, D212N, and R82A) also have large effects on
the reactivity to hydroxylamine. Furthermore, in the struc-
tural model of Henderson et al. (1), the region between the
Schiff base and the extracellular medium is hydrophilic and
loosely packed, whereas the region between the Schiff base
and the cytoplasm is hydrophobic and tightly packed. There-
fore, the hydroxylamine reaction probably occurs preferen-
tially from the extracellular side of the protein.

We have shown (14) that the R82A and D8SE mutants have
pK. values of 6.4 and 6.2, respectively, for the purple-to-blue
transition. Both mutants show much higher rate increases for
the hydroxylamine reaction between pH 5 and 8 than wild-
type bR. This result suggests that the transition from a
blue-to-purple form is accompanied by an enhancement in the
reactivity of hydroxylamine to the Schiff base. For the D85N
mutant, only a 4-fold increase in reactivity is seen over the
same pH range. No purple form is seen in the D85N mutant
between pH § and 8, but instead the Schiff base deprotonates
with a pK of 7.0 (13). This result implies that the deprotonated
Schiff base has lower reactivity to hydroxylamine than does
the protonated Schiff base, which is consistent with the
mechanism reported (25) for this class of reactions.

Reaction of bR Mutants with Hydroxylamine Under Illumi-
nation. Time-resolved spectroscopic measurements have es-
tablished that replacement of either Asp-85 or Asp-212 by
asparagine has profound effects on the kinetics and quantum
yield of proton release and the associated formation of the M
photointermediate. The recent structural model for bR (1)
and an earlier model (5) place both Asp-85 and Asp-212 at
approximately the same distance from the protonated Schiff
base. It is therefore interesting that replacement of Asp-85 as
asparagine reduces reactivity to hydroxylamine, whereas
replacement of Asp-212 by asparagine enhances reactivity to
hydroxylamine. The D212N mutant shows significant bleach-
ing under illumination, even in the absence of hydroxylamine
(4, 14). The enhanced light sensitivity of this mutant with and
without hydroxylamine suggests greater susceptibility of the
Schiff base to attack by water and water-soluble reagents.

Decay of the M intermediate is slowed down by >1 order
of magnitude in the D96N mutant (9, 11, 20, 26), whereas this
decay is accelerated =~10-fold in the photocycle of the T46V
mutant (18). However, the rates of hydroxylamine reaction in
the D96N and T46V mutants are essentially identical. This
result shows that no significant reaction of the Schiff base
with hydroxylamine occurs at the M stage of the photocycle.
Because M is the only intermediate in the photocycle in
which the Schiff base is deprotonated, we conclude that the
intermediate most reactive to hydroxylamine contains a
protonated Schiff base. Time-resolved experiments have also
indicated that there are differences in the later steps (7 > 1
msec) of the photocycles of wild-type bR and the above
mutants. For D96N, decay of the M intermediate appears to
correlate with formation of the initial bR state with no
detectable accumulation of other intermediates. In contrast,
decay of the M intermediate in the photocycle of the T46V
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mutant results in the accumulation of a red-shifted interme-
diate (18): The lifetime of this intermediate increases steeply
with an increase in pH. Because the rates of hydroxylamine
reaction with the T46V and D96N mutants are identical, it
appears unlikely that the reaction occurs at a stage after
formation of the M intermediate. In contrast to the differ-
ences in decay of M, the kinetics of M formation in D96N and
T46V mutants are similar and are slowed down by a factor of
~3 compared with the kinetics of M formation in wild-type
bR. If the hydroxylamine reaction occurred preferentially
before formation of the M intermediate, the reactivities of
both mutants would be expected to be slightly enhanced
compared with wild-type bR. The slight enhancement in the
reactivities of D96N and T46V mutants relative to wild-type
bR suggests strongly that the conformation most reactive
with hydroxylamine occurs before rather than after the M
intermediate and indicates that the reaction is selective to the
K and/or L stage of the photocycle.

CONCLUDING REMARKS

The light-induced reactivity of hydroxylamine with bR during
the photocycle suggests that there is an increase in the
accessibility of water and, therefore, hydroxylamine to the
Schiff base. We conclude that the reaction occurs as a
consequence of a conformational change caused by the
light-catalyzed all-trans — 13-cis isomerization of retinal but
before deprotonation of the Schiff base. Because the K
intermediate is formed on a time scale too short for a
significant change in protein conformation, the L intermedi-
ate is the most likely candidate for the reaction with hydrox-
ylamine. The Schiff base is also protonated in the N and O
intermediates, but our experiments suggest that these inter-
mediates do not react significantly with hydroxylamine.

Different protein conformations are very likely involved in
different stages of proton translocation—i.e., proton release
and proton uptake (27). The present experiments bear on the
changes in accessibility of water to the Schiff base early in the
photocycle. Further changes that occur in water concentra-
tion around the Schiff base in the later steps of the cycle
remain to be investigated. The role of structural water
molecules in the reprotonation of the Schiff base by Asp-96
is an especially important question because Asp-96 is located
~10-12 A from the Schiff base (1). Additional probes of
permeability to water and of conformational changes are
desirable for a detailed understanding of the molecular mech-
anism of proton transport.
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