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Abstract

Replacement of Asp-96 by Asn leads to a slowed M-decay (reprotonation of the Schiff base) during the photocycle of
bacteriorhodopsin. Addition of azide accelerates the M-decay to the value of the wild-type protein and restores proton pump
activity. Under this condition the recovery of the initial state is no longer correlated with the decay of M. Spectroscopic analysis
of this situation reveals that the intermediate following M, the N-state, accumulates and its decay gets the rate-limiting step in
the photocycle. This is proved by photostationary measurements where a pure N-BR spectrum is measurable. Additional
mutation of Leu-93 to Ala leads to decreased decay rates of intermediates N or O, depending on the temperature. Addition of
azide has therefore allowed the characterization of the intermediates following M. In mutants lacking Asp-85, a deprotonated
Schiff base (410 nm) is the starting point of a photoreaction initiated by blue light leading to a protonated form absorbing
maximally at 610 nm. Azide also accelerates the deprotonation of this product. In all cases, the protonated form of azide is the
catalytically active species. This suggests that the protonated azide is part of a hydrogen-bond system required for proton
movements within the two half-channels of BR.
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1. Introduction of seven transmembrane helices. The center of the ring
is a channel for the diffusion of ions that is divided into
half by the retinal’s Schiff base, which is protonated in
the initial state. After photoisomerization, initial relax-
ation leads to state L in bacteriorhodopsin (see Scheme
1), the proton pump BR. Scheme 1 shows the widely
accepted scheme of the photocycle of BR based on a
suggestion from J. Lanyi and co-workers [2].

A proton is transferred from the Schiff base to
aspartic acid 85 in the extracellular half-channel (EC)
and state MI is formed. While aspartic acid 85 remains
protonated, another still unknown group releases a
proton to the extracellular surface. The following step
in the reaction cycle is critical with respect to vectorial
transport: MI is converted in a virtually irreversible
reaction into MIIL. Both of these states contain a 13-cis
moiety, but in MII the Schiff base can accept a proton

Retinal-protein ion pumps translocate protons and
halide ions across the cell membrane of archeal
halobacteria using light energy (for review see Ref. [1].
Photon absorption causes an isomerization of the reti-
nal moiety bound covalently to the protein part of the
pumps, and following this photochemical reaction the
proteins can catalyze thermal reisomerization. The en-
ergy stored in the chromoproteins is used in part for
driving a reaction cycle ending at the initial state and
in part for the electrochemical potential of the translo-
cated ion. Retinal is located in about the middle of
these membrane-spanning proteins, which form a ring

BR—" K L MI
[ H to Asp-85
Abbreviations: BR, bacteriorhodopsin; HR, halorhodopsin; EC, MII o) BR
extracellular channel; CP, cytoplasmic channel; amino acids are H from Asp-96
denoted by the standard three-letter code.
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exclusively through the cytoplasmic half-channel (CP)
while accessibility in MI is solely through the EC. The
transition in M changing proton accessibilities is as-
sumed to be linked to protein conformational changes
which prepare the Schiff base for protonation by aspar-
tic acid 96 to form state N. Normally the cycle pro-
ceeds, after reprotonation of the Schiff base through
the CP, by transfer of a proton to aspartic acid 96 from
the cytoplasmic side and thermal isomerization to the
all-trans state O. In the last step of the reaction cycle,
under standard conditions, aspartic acid 85 is deproto-
nated through the EC and by this the initial state is
regencrated.

Specific mutagenesis of BR has revealed proteins in
which individual photocycle steps were drastically al-
tered. For instance, removal of the carboxylic group at
position 96 led to a decrease of the reprotonation rate
by a factor of more than 50 compared to wild-type
under identical conditions, whereas removal of the
carboxylic group at position 85 led to a truncated
photocycle after excitation with yellow light, character-
ized by the lack of the M intermediate. Mutation of
Leu-93 to Thr or Ala leads to a decreased rate of N
and/or O decay steps, which reflect the reisomerisa-
tion of the 13-cis- to all-trans-retinal and restoration of
the initial state [3].

Azide was described to catalyse the light-induced
de- and reprotonation step in halorhodopsin, a retinal
protein closely related to BR. This reaction normally
does not occur during the photocycle of this protein,
but is a side reaction leading to a decrease of
halorhodopsin’s activity as a chloride pump [4]. Be-
cause the amplitudes of the formation of the deproto-
nated form are not changed, whereas the rates of de-
as well as reprotonation are increased drastically, azide
was considered as a catalyst for both reactions in this
protein [5]. Furthermore, azide is a substrate of one
anion-binding site in HR [6].

In BR, azide was first described to reactivate proton
pump activity of BR Asp-96 — Asn due to its ability to
accelerate the reprotonation of the Schiff base, which
is the rate-limiting step in the photochemical cycle of
this mutant [20]. This finding was confirmed by several
other groups [7-9] and azide is now commonly used in
investigation of mutated BRs if de- and reprotonation
steps are affected by a mutation.

Blue light-driven stationary proton currents are also
strongly enhanced by addition of azide in mutants
lacking Asp-85 [10]. The corresponding photochemical
cycle of proton translocation (see Scheme 2) starts with
a deprotonated form (Mtrans), undergoes isomeriza-
tion upon capture of a photon, and thermally converts
to a protonated form absorbing maximally around 600
nm (BR6XX) by passing an intermediate absorbing
maximally at 450 nm. (The exact absorbance maxima
are determined by the respective substitution of Asp-

hv

Mtrans Mcis 450

BR6XX —— Mtrans
azide

Scheme 2

85.) The repopulation of the initial deprotonated form
is now strongly affected by the presence of azide.

In this contribution we describe the effects of azide
in more detail in mutated bacteriorhodopsins Asp-96
— Asn, Leu-93 - Ala/Asp-96 - Asn and Asp-85 —
Asn or Thr. Two different types of action of azide are
presented:

(i) in reprotonation steps of the photochemical cycle,
i.e., in mutants where carboxylic group Asp-96 is ab-
sent and

(ii) in deprotonation steps, i.e., in mutants where car-
boxylic group Asp-85 is absent.

2. Material and methods

Due to limited space we refer to our previous pub-
lished work and references cited therein, from which
all necessary information can be obtained [10-12].

3. Results and discussion
3.1. Azide’s action in the reprotonation reaction

A. Bacteriorhodopsin Asp-96 — Asn

Mutant bacteriorhodopsin Asp-96 — Asn has the
same absorption maximum and the same light-dark
adaptation time as wild-type protein [11]. The primary
photochemical reaction and following events in the
mutant protein are very similar to that in wild-type
protein up until the formation of intermediate M [7,12].
However, the decay of M is drastically slowed, and
concomittant to this pH-dependent process, the initial
state is reformed. Addition of azide not only acceler-
ates the decay of M but also decouples repopulation of
the initial state from M decay. This fact facilitates the
spectroscopic analysis of late intermediates. Fig. 1
shows absorption changes of the mutant protein at
selected wavelengths. 10 ms after flash excitation the
M intermediate has quantitatively decayed, yet only
some of the absorption changes at 570 nm are reversed
(Fig. 1, time window A). A global fit analysis revealed
that three time constants are necessary and sufficient
to describe all absorbance changes at different wave-
lengths simultaneously at temperatures between 30°C
and 12°C. At 19°C, the absorbance change at 410 nm is
reverted monophasically with a time constant 7,=1.8
ms and synchronously an absorption increase at 570
nm occurs with an amplitude of 49% of the initial
flash-induced decrease. The residual 51% of the ab-
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Fig. 1. Time-dependent absorbance changes at 410, 570 and 600 nm
of mutant BR Asp-96 — Asn in the presence of 100 mM azide.
Purple membranes (10 uM) were suspended in 10 mM sodium
phosphate pH 5.6 at 20°C. The photocycle was initiated by a single
dye laser flash at 590 nm (3 mJ, 18 ns). Three different time-do-
mains, A-C, are indicated which correspond to three rate constants,
used for global fit analysis of the kinetics.

sorption change recovers with two time constants, 75 =
7.8 ms (26%) and 7, =29 ms (Fig. 1, time window B
and C). Absorption changes at 660 nm are small com-
pared to those at 410 and 560 nm, and are character-
ized by 7, for the rise and 7, for the decay. (Fig. 1,
time window B). The difference spectra in Fig. 2
characterize the transitions which take place in the
time ranges A to C in Fig. 1. Fig. 2A shows difference
spectra with a time interval of 110 us, beginning 600
us and ending 3 ms after the laser flash. A positive
absorption feature is seen with a difference maximum
at 410 nm decreasing concomittantly with an increase
of absorption around 570 nm. The isosbestic point of
this transition is at 460 nm and therefore almost the
same as for the M to BR transition. This indicates that
M decays to a species absorbing very similarly to the
initial state but having a lower extinction coefficient
between 500 and 600 nm. This is typical for the N-in-
termediate of the photocycle [13].

In the time range from 3 ms to 16 ms (B in Fig. 1), a
single transition of positive absorption between 630
and 700 nm (A, =660 nm) to a species absorbing
between 500 and 630 nm (A_;, = 570 nm) is observed
(Fig. 2B). The isosbestic point of this transition is
located at 621 nm. The difference absorption maximum
at 660 nm is commonly assigned to the O intermediate
[14,15], but alternatives exist. A red-shifted intermedi-
ate K610 of the I3-cis photocycle [16] seems to be
excluded because light-adaptation in the mutant pro-
tein Asp-96 — Asn leads, as in the wild-type protein, to
more than 95% all-trans retinal. A second alternative
to the O-intermediate causing absorption changes
around 660 nm would be the L-intermediate. This
possibility will be considered in more detail below.
After the reversal of absorption changes around 660
nm, the final transition to the initial state becomes
observable (Fig. 2C). Absorption with a minimum at

570 nm in the difference spectra increases to its initial
value with the time constant r,. This spectroscopic
feature was attributed to an intermediate between M
and BR and was called R360 [17] or P [18]. Detailed
measurements especially at high pH have revealed that
P and R are identical to N [13]). The slow decay of N to
BR in the mutant protein causes a stationary accumu-
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Fig. 2. Time-resolved difference spectra in the three different time-
domains A-C indicated in Fig. 1. The spectrum at the begin of each
time domain is taken as the reference to illustrate the transitions
occuring in each time domain exclusively. Experimental conditions
are the same as described in Fig. 1. (A) Difference spectra were
recorded every 110 us between 110 us and 3 ms after the laser flash.
(B) Difference spectra every 110 us between 3 ms and 15 ms after
the flash. (C) Difference spectra every ms between 15 ms and 30 ms
after the flash.



194 J. Tittor et al. / Biochimica et Biophysica Acta 1187 (1994) 191-197

N D B B T
1073 o0

490 450 500 §59
RN

500 700 lom}
RANEEN L

[ | |

Fig. 3. Difference spectra of absorbance changes induced by the
measuring light in BR mutant Asp-96 — Asn and taken every 10 ms.
Experimental conditions were as described in legend of Fig. 1.

lation of N under the conditions of intense measuring
light. Fig. 3 shows the difference spectra during accu-
mulation of N in the photostationary state. Within the
limit of accuracy, the difference spectra in Figs. 2C and
3 are similar in the visible range, but differences are
seen below 500 nm where no positive absorption is
seen in the BR-N difference spectrum taken under
stationary conditions. Clearly, the absorption band of
the N intermediate is entirely covered by the absorp-
tion band of BR. The fact that the difference maximum
is at 570 nm indicates that the absorption maximum of
N is slightly blue-shifted compared to the maximum of
BR at 568 nm.

Additional electrical component in presence of azide.

Time-resolved photocurrents of oriented bacteri-
orhodopsin and the mutant Asp-96 — Asn immobilized
in polyacrylamid gels revealed a largest time constant
of 30 ms in the presence of azide, compared to 300 ms
in the absence of azide. Furthermore, a second time
constant of 1.5 ms is only observable in the presence of
azide. As a control, the experiment was also performed
with wild-type bacteriorhodopsin and no difference in
presence or absence of azide was found. By compari-
son with the spectroscopic experiments shown above
(Figs. 1 and 2) it is obvious that the 30 ms time-con-
stant reflects the decay of the N intermediate and its
electrogenicity shows that the N decay is correlated
with the release of the azide anion from the protein
through CP. The electrical component with 300 ms
(without azide) and 1.5 ms (in azide) are correlated to
the M decay in the mutant and reflect proton transfer
to the Schiff base.

PH dependence of the azide effect.

A second characteristic of mutant BR Asp-96 — Asn
is the strong pH dependence of M decay. The corre-
sponding time constant varies from 16 ms up to 10 s in
the pH range of 2 to 10 [19-21] and is also strongly
affected by the ionic strength of the bulk phase [21].
The pH dependence of the repopulation kinetics of the
initial state at 570 nm and the M-decay at 410 nm
reveal a pH dependence of both rates at 10 and 100

Table 1

Amplitudes and time constants of electric currents:

10 mM sodium phosphate (pH 5.1) and, if added, 10 mM NaN,.
Purple membranes of BR Asp-96 — Asn were oriented and immobi-
lized with an optical absorbance of 0.5 at 570 nm

BR without
azide: 60nA,350 us 6 nA, 10 ms
BR with
azide: 60 nA, 300 us 12nA,11ms
Mutant without
azide: 40 nA, 300 us 0.1 nA, 300 ms
Mutant with
azide: 60nA,300 us 12nA, 1.5ms 03 nA, 30ms

mM azide (Fig. 4A, B). The reaction rate describing
M-decay displays a stronger pH-dependence than that
for N-BR transition, and both become equal at pH 8.2
for 10 mM and at pH 9.2 for 100 mM azide (dashed
lines in Fig. 4). This obviously reflects the fact that
azide needs to be protonated to act as a catalyst and
this effect vanishes as pH increases (pK, of 4.9).
Moreover, the ratio of M intermediate and initial state
in the photostationary state should decrease as the
azide concentration increases because the rate-limiting
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Fig. 4. pH dependence of M decay (triangles) and BR recovery
(circles) at 10 mM azide (A) and 100 mM azide (B). Purple mem-
branes of mutant BR Asp-96 — Asn were suspended in a 1:1 mixture
of 10 mM sodium phosphate and Tris buffer. pH was adjusted by
adding 0.1 M HCI or NaOH. Temperature was kept constant at
19°C. Actinic light was from a dye laser at 585 nm (3 mJ, 18 ns). The
dashed vertical line indicate at which the two rates merge and
therefore the azide effect vanishes.
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Fig. 5. Ratio of 410 and 570 nm absorbance changes in the photosta-
tionary state at different azide concentrations and pH values of 9.0,
7.6 (100 mM Tris-HCl) and 6.0 (100 mM Mes). Lines are drawn to
guide the eye.

step shifts from M-decay to N-decay. In Fig. 5 the ratio
of the absorbances at 410 to 570 nm versus increasing
azide concentration is shown at pH values of 6.0, 7.6
and 9.0. Due to the shift of the rate-limiting step from
M-decay to N-decay, this ratio can decrease from 0.64
(if only M is present) to values smaller than 0.1 (at pH
6.0). Again, due to the pK of azide of 4.9, addition of
that substance is more effective at pH 6.0 than at
higher pH values, whereas no effect of azide (up to 100
mM) can be demonstrated at pH 9.0.

B. Bacteriorhodopsin Leu-93 — Ala, Asp-96 — Asn

(a) Photostationary behavior.

Replacement of Leu-93 by Ala or Thr in BR was
reported to slow down the N/O* decay. Resonance
Raman experiments revealed the existence of a long-
lived 13-cis-retinal in this mutant [3]. We take this as
an arguement that this O could be in 13-cis and there-
fore mark it as O* to distuinguish between the wild-
type O which was shown to have an all-trans-retinal
[22]. It is evident that this assumption has to be clari-
fied by further experimentation. Therefore, a double
mutation, Leu-93 — Ala in addition to replacement of
Asp-96 by Asn, was carried out and the resulting
protein investigated for its spectroscopic properties.
The absorption maximum of this mutant protein was
blue-shifted to 542 nm compared to 568 nm in wild-type
and the Asp-96 — Asn mutant. The content of retinal
isomers in this mutant was 80% all-trans and 20%
13-cis after 12 h at 4°C in the dark. After 10 min
illumination with yellow light (A > 511 nm, 110
mW /cm?) the isomeric ratio was determined as 90%
all-trans and 10% 13-cis.

Illumination of this protein with white light results
in a difference spectrum between the inital state (dif-

ference absorbance minimum at 540 nm) and the M
intermediate (absorbance maximum at 410 nm) with a
minor contribution from the O* intermediate (ab-
sorbance at 610 nm). This is shown in Fig. 6A. The
difference spectra are shown at time intervals of 10 ms
(zero time at the baseline) indicating at the largest
amplitude the establishment of the photostationary
state. Addition of 10 mM azide to this sample alters
the photostationary state mixture significantly. The dif-
ference spectrum now shows a minimum at 540 nm and
a maximum at 600 nm with an isosbestic point at 565
nm (Fig. 6B). This is attributed to a pure BR-O*
difference spectrum. The same difference spectrum is
also observed at 40°C, Apparently no N/BR difference
spectrum can be observed under continuous illumina-
tion with white light. A possible explanation is a photo-
chemical conversion of N leading to accumulation of
O*,

(b} Kinetic behavior.

Time-resolved difference spectra after flash excita-
tion of BR Leu-93 — Ala, Asp-96 — Asn in presence of
10 mM azide are shown in Fig. 7. At 22°C (Fig. A) the
M intermediate (A, at 410 nm) decays in 1.2 ms and
concomitantly N rises (A, at 530 nm). The decay of
N is concomitant to the recovery of the initial state,
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Fig. 6. Photostationary difference spectra of BR Leu-93 — Ala,Asp-
96 — Asn upon illumination with white light (11 mW /cm?) at 22°C.
BR (0.8 uM) was suspended in 10 mM Tris (pH 7.0) in the absence
(A) and in the presence of 10 mM azide (B).



196 J. Tittor et al. / Biochimica et Biophysica Acta 1187 (1994) 191-197

with a negative difference maximum at 590 nm, not
clearly seen in the three-dimensional representation in
Fig. 7A. The fast decaying absorbance band around
610 nm (0.8 ms) is most probably due to a photoprod-
uct of the cis-cycle and not discussed in this context, as
no correlating rate of conversion of any other interme-
diates was found. Therefore, this fast decaying 610 nm
form is considered to result from a photoreaction par-
allel to that of all-trans retinal. Increasing the tempera-
ture to 45°C leads to a shift of the absorbance traces
after M decay (0.9 ms). M decays under this condition
to O* (difference absorbance maximum at 610 nm)
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Fig. 7. Three-dimensional representation of flash-induced difference
spectra of BR Leu-93 — Ala,Asp-96 —» Asn. 0.8 uM BR were sus-
pended in 10 mM sodium phosphate (pH 6.0) at 22°C (A) and at
45°C (B). Laser excitation (single flash) was at 590 nm with 3 mlJ.
Spectra shown are averages of 10 measurements to improve the
signal-to-noise ratio.
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Fig. 8. Photostationary state of yellow and decay of the blue form of
BR Asp-85 — Asn after blue-light excitation (laser at 390 nm, 1 mJ,
20 Hz repetition rate) in absence (solid line) and presence of 160
mM azide (dashed line). BR Asp-85 — Asn (6 uM) was suspended in
10 mM Tris/Hepes at pH 9.0 and 100 mM Na(Cl.

which then decays in 116 ms to the initial state. The
negative absorbance of the initial state is at 530 nm. It
is concluded that the ratio of rate constants leading to
and from N and O* change with temperature, thereby
leading to the respective accumulation of N and O*.

3.2. Azide also affects deprotonation reactions in BR

Mutants of BR lacking the carboxylic group at posi-
tion 85 show a reduced pK, of their Schiff base to a
value of about 8.5 compared to > 13 in wild-type [23].
The deprotonated form absorbing maximally at 410 nm
was shown to generate stationary proton currents upon
continuous blue-light illumination [10]. This current
has the same sign as wild-type BR, indicating a proton
translocation pathway which starts by protonation of
the Schiff base and ends with a deprotonation reaction.
In the photostationary state, continuous blue-light illu-
mination produces a form which absorbs maximally at
610 nm and decays to the initial form in the time range
of seconds. This decay can be accelerated from 4.5 s to
14 s at pH 9.0 by addition of azide (Fig. 8). This
acceleration demonstrates that azide affects the depro-
tonation of the Schiff base in BR. Because proton
translocation has the same direction as in wild-type
and the 610 nm intermediate must be a protonated
Schiff base, the transition from 610 to 410 form shown
in Fig. 8 must be a deprotonation reaction through the
EC which is catalyzed by azide. The pH dependence of
this azide-dependent deprotonation is shown in Fig. 9.
Again, the effect of azide vanishes at higher pH values,
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Fig. 9. pH dependence of the azide effect shown in Fig. 8. The
numbers in the upper right-hand corner indicate the azide concen-
tration in mM.

indicating that the protonated azide is responsible for
the acceleration.

4. Conclusions

Azide was shown to increase the rate of two differ-
ent types of protonation changes. Mutants which are
kinetically defective in the reprotonation step in the
photocycle can be restored or even enhanced in their
natural rate of reprotonation by addition of azide. In
the absence of an additional mutation, the protein then
accumulates in the N state. However, if the isomerisa-
tion step is affected by a second mutation at position
Leu-93, the protein also accumulates in the N state at
22°C but in the O* state if the temperature is in-
creased to 45°C. These findings enable the study the
pure intermediates M, N and O* in one and the same
protein. Azide also increases the rate of the deprotona-
tion of the Schiff base in a mutant where the natural
proton acceptor Asp-85 is lacking. In both cases the
pH dependence of the azide effect indicates that pro-
tonated azide is responsible for this function. This can
be interpreted as azide being part of an intraprotein
hydrogen bond system which would be a prerequisite
for efficient proton transfer in the two half-channels of
BR [24-27]. Earlier measurements have already shown
that the entropy of activation for reprotonation is en-
hanced in mutant Asp-96 — Asn and azide actually
restores this entropic defect to a value found in wild-
type [20]. This indicates the necessity of an ordered
state in the CP channel for efficient proton transfer
which is lacking in mutant Asp-96 — Asn and restored
in presence of azide. Further experimentation will have
to show whether this explanation describes in fact the
molecular events which occur during the function of
BR as a light-driven proton pump.
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