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Influence of the Charge at D85 on the Initial Steps in the Photocycle of
Bacteriorhodopsin

Constanze Sobotta,†‡ Markus Braun,†‡* Jörg Tittor,§ D. Oesterhelt,§ and Wolfgang Zinth†‡

†Lehrstuhl für BioMolekulare Optik, Fakultät für Physik, Ludwig-Maximilians-Universität München, and ‡Center For Integrated Protein Science
Munich (CIPSM), Munich, Germany; and §Max-Planck-Institut für Biochemie, Martinsried, Germany

ABSTRACT Studies have shown that trans-cis isomerization of retinal is the primary photoreaction in the photocycle of the
light-driven proton pump bacteriorhodopsin (BR) from Halobacterium salinarum, as well as in the photocycle of the chloride
pump halorhodopsin (HR). The transmembrane proteins HR and BR show extensive structural similarities, but differ in the elec-
trostatic surroundings of the retinal chromophore near the protonated Schiff base. Point mutation of BR of the negatively charged
aspartate D85 to a threonine T (D85T) in combination with variation of the pH value and anion concentration is used to study the
ultrafast photoisomerization of BR and HR for well-defined electrostatic surroundings of the retinal chromophore. Variations of
the pH value and salt concentration allow a switch in the isomerization dynamics of the BR mutant D85T between BR-like
and HR-like behaviors. At low salt concentrations or a high pH value (pH 8), the mutant D85T shows a biexponential initial reac-
tion similar to that of HR. The combination of high salt concentration and a low pH value (pH 6) leads to a subpopulation of 25% of
the mutant D85T whose stationary and dynamic absorption properties are similar to those of native BR. In this sample, the combi-
nation of low pH and high salt concentration reestablishes the electrostatic surroundings originally present in native BR, but only
a minor fraction of the D85T molecules have the charge located exactly at the position required for the BR-like fast isomerization
reaction. The results suggest that the electrostatics in the native BR protein is optimized by evolution. The accurate location of the
fixed charge at the aspartate D85 near the Schiff base in BR is essential for the high efficiency of the primary reaction.
INTRODUCTION

The native environment of the archaeon Halobacterium
salinarum consists of saturated salt brines under conditions

of strong illumination (1–5). The metabolism of the archeon

depends on its specific location in that environment. When it

is close to the surface, where the oxygen concentration is suffi-

ciently high, the archeon lives from respiration. Under anoxy-

genic conditions, H. salinarum switches to phototrophic

growth and uses different retinal proteins. The membrane of

the Halobacterium is functionalized by four light-driven

transmembrane proteins: bacteriorhodopsin (BR, proton

pump), halorhodopsin (HR, chloride pump), and two sensory

rhodopsins (SR I and SR II). All of these proteins exert their

functions via the photoisomerization properties of their chro-

mophore retinal, which is bound to the protein via a Schiff

base (6–9). In the four proteins the ultrafast photoisomeriza-

tion of retinal as the primary reaction initiates different func-

tions: BR—proton transport to the extracellular side of the

membrane, generating an electrochemical gradient (photosyn-

thesis) (10,11); HR—a chloride anion is pumped into the cyto-

plasm to provide isoosmotic pressure conditions (12,13); and

SRI and SRII—signal transmission initiated by absorption of

visible or UV light used in phototaxis (14–18). The overall

structures of BR and HR are similar (19–23). Both contain

seven transmembrane helices, and the sequences of the two

proteins show a strong homology (24–30). The functionality

of BR and HR is highly dependent on the specific amino acids.
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For example, studies have shown that a single point mutation

at residue D85, together with adjustments of the pH value, the

salt concentration, or the illumination condition, can switch

the ion transport capability of BR from proton-outward pump-

ing to proton-inward pumping or to chloride-inward pumping

(31–33). Thus, the functionality of BR can be switched to an

HR-like behavior because of the substitution of the charged

aspartate D85 by the neutral threonine (T) in the vicinity of

the Schiff base of the retinal (mutant BR-D85T). In those

studies, threonine was chosen for that specific mutant because

a threonine is found at the equivalent position in HR. Since

aspartate (D) and threonine occupy a similar volume in the

protein, this choice should minimize structural changes

upon mutation (Fig. 1). This assumption is supported by

x-ray diffraction results from a similar BR mutant D85S

(34,35). The most prominent modification by this mutation

is expected to be an altered electrostatic environment around

the retinal. Under physiological conditions (pH ranging

from 4 to 12), the aspartate residue D85 of BR is negatively

charged. At high pH conditions (pH > 7), the anion-binding

sites of mutant BR-D85T and HR (where a threonine residue

is located at the corresponding position T111) are similar and

uncharged because of the neutral hydroxyl moiety in threo-

nine.

After optical excitation, the photoreactions of HR and the

BR mutant D85T show similar microsecond reaction

dynamics. However, the anion transport of the natural anion

pump HR is 10-fold more efficient (36). It was shown (33)

that one can shift the peak of the steady-state absorption

by varying the pH value and the salt concentration. This
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indicates that the electrostatic environment of the Schiff base

of the retinal chromophore depends on these parameters.

These observations argue for an extended experimental

study of the primary dynamics of the three samples (BR,

BR-D85T, and HR).

In the following, we will summarize published informa-

tion on the primary reaction steps of the photocycle in the

femtosecond and picosecond range for HR and BR. The

charge transport is initiated by the retinal photoisomerization

from all-trans to the 13-cis form for both HR and BR. The

essential processes in the ultrafast dynamics of BR can be

described by the sequence of intermediates:

BR/
hn

BR�FC/
�200 fs

BR�/
450 fs

J625 /
3�5 ps

K590

After photoexcitation of all-trans retinal, one finds a move-

ment out of the Franck-Condon region on the <200 fs

timescale, which may be connected to pronounced wave

packet-like motions on the excited-state potential energy

surface (37–40). The excited state decays with a time constant

of 450 fs to a hot ground state (J625) in a distorted 13-cis form.

The relaxed 13-cis photoproduct K590 is reached after ~3–5 ps

(37,41–43). After formation of the K590 photoproduct, slower

dynamics occur in the range of several nanoseconds and are fol-

lowed by proton transfer in the microsecond range from the

Schiff base to the aspartate residue D85. The aspartate D85

acts as primary proton acceptor at the extracellular side of the

protein (44–47). The primary steps leading to the isomerization

of the retinal chromophore on the (sub-) picosecond timescale

are separated in time by more than three orders of magnitude

from the processes directly related to the proton transfer.

FIGURE 1 Detailed view of the environment around the protonated

Schiff bases in BR (red) and HR (green). The two structures were overlaid

to minimize the root mean-square of the Ca atoms of the total proteins. For

clarity, only part of helices C and G are shown, as well as the side chains of

D85 and R82 (nomenclature of BR) and T111 (HR), and D212 and K216 of

BR, with their corresponding residues in HR. The chloride ion in the HR

structure (green sphere) is at exactly the same position as the carboxylic

group of the D85 side chain in the BR structure. (The figure was prepared

using Swiss-PdbViewer public domain software.)
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The primary reaction dynamics observed after photoexci-

tation of all-trans retinal in HR involve slower processes. A

biexponential (1.5 and 8.5 ps) decay of the excited state to

a 13-cis ground state is observed (48–52). A model for the

early steps of the photocycle of HR was proposed by Arlt

et al. (50): After photoexcitation of HR to the excited-state

HR*, two intermediate excited states are populated within

170 fs. These intermediate excited states decay with time

constants of 1.5 and 8.5 ps, and the 13-cis photoproduct is

formed. This reaction pathway was recently confirmed by

transient infrared (IR) experiments (49). In that study it

was found that one intermediate decays with a time constant

of 8.5 ps back to the trans-HR ground state, whereas the

other intermediate state undergoes trans-cis isomerization.

The 13-cis-HR ground state HR600 is formed with a time

constant of 1.5 ps. The transport of the chloride anion to

the cytoplasmic side takes place after the isomerization via

several long-lived intermediates in a time range of several

microseconds.

In earlier studies, the initial reaction steps in HR were

investigated only at low salt concentration (100 mM NaCl),

well below the physiological conditions of H. salinarum
(50). To date, the photoreactions of the BR mutant D85T

have only been characterized by transient absorption spec-

troscopy in the visible range of the spectrum with a milli-

second time resolution (33). These experiments covered

the long-lived intermediates in the photocycle that account

for the ion transport processes and are similar to the chloride

transport of wild-type HR. The influence of the point muta-

tion D85T on the initial dynamics (in particular, the isomer-

ization of the retinal) is not known.

In this work, we performed femtosecond, time-resolved,

transient absorption experiments on HR and the mutant

D85T at different pH values and salt concentrations. Care

was taken to perform the experiments on wild-type HR

and the mutant BR-D85T under conditions close to those

found in the cell under native conditions (e.g., low sample

concentration and protein bound in purple membrane). The

results provide new information about the role of the chloride

counterion in the primary reaction dynamics, and have impli-

cations for our understanding of the counterion in wild-type

BR and ultrafast isomerization dynamics.

MATERIALS AND METHODS

The femtosecond transient absorption experiments were performed using

a setup based on an in-house-built Ti:sapphire laser chirped pulse amplifier

(CPA) system with a repetition rate of 1 kHz, as described in detail else-

where (53). One part of the Ti:sapphire amplifier operating at a central wave-

length of 800 nm pumps a double-stage noncollinear optical parametric

amplifier (NOPA) that provides excitation pulses between 570 and 610 nm.

These pulses were compressed to a pulse duration of 100 fs (full width at

half-maximum (FWHM)) via a prism compressor and focused onto a fused

silica sample cell with an optical path length of 0.5 mm. The excitation light

energy densities were kept low enough to obtain a linear response from

the sample (54). Another part of the CPA output generated a white light

continuum for the probe pulses using a CaF2 plate (55). The polarization
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of the probe light was at the magic angle relative to the excitation pulses. The

absorbance changes were detected with a multichannel detector that allowed

broadband probing ranging from 430 to 760 nm (56). The sample volume

was completely exchanged between two laser shots.

Isolation of BR from cells was carried out according to the standard proce-

dure (57). After lysis of the cells in the presence of DNase I (Sigma, Stein-

heim, Germany), the resultant membrane fragments were washed with water

and then purified by centrifugation on a sucrose gradient (25–45% w/w).

Membrane fractions of buoyant density 1.18 g/mL were collected, washed

repeatedly with water, and then resuspended in the appropriate buffer solution

(pH 7.5) for spectroscopic measurements. The samples were light-adapted for

at least 30 min before the measurements were obtained, and circulated

through fused silica flow cells with an optical path length of 0.5 mm.

HR from H. salinarum strain D2 was prepared in a membrane-bound form

as described previously (58). In this study we did not use the lowest band

from a sucrose gradient (25–45%); rather, we used the one next to it. This

band, which contained 80–90% of the total expressed HR, was isolated

and washed two times and resuspended in 50 mM MOPS buffer (3-(N-mor-

pholino)propanesulfonic acid) at pH 7.5 either without salt or 4 M NaCl

added.

BR mutant D85T was prepared by means of site-directed polymerase

chain reaction (PCR) mutagenesis by overlap extension as described previ-

ously (59). The PCR product was cloned in the shuttle vector pUS-Mev.

Mutagenesis was followed by transformation and homologous expression

in H. salinarum strain SNOB, a bacterioopsin deletion strain (59).

Membrane suspensions containing 5 nmol of the chromoprotein were

mixed with an equal volume of isopropanol to denaturate the protein.

Sodium phosphate buffer pH 7.0 was added to obtain a final concentration

of 100 mM. Extraction of retinal was performed by addition of 1.5 volumes

of hexane (two times). The organic phase was dried from residual water by

treatment with Na2SO4. The volume of hexane was reduced to 100 mL and

injected into a high-performance liquid chromatography system with

a Lichrosorb 60 column and retinals eluted with 5% ethylacetate in hexane.

All-trans and 13-cis retinal were identified by comparison with extractions

from wild-type purple membranes, and 9-cis retinal was identified by the

retention time and by the fact that the extracted proportion increased by shift-

ing the illumination wavelength to the red (60).

The relevant parameters for the investigated samples of BR, HR, and the

BR mutant D85T are summarized in Table 1.

RESULTS

Steady-state absorption

HR samples were investigated in aqueous solution with NaCl

concentration cNaCl ¼ 4.0 M and also without NaCl. The BR

mutant D85T was investigated under four different condi-

tions: low salt, cNaCl ¼ 0 M and pH ¼ 6.0 (sample

D85Tlow salt, pH 6); high salt, cNaCl ¼ 1 M and pH ¼ 6.0

(sample D85Thigh salt, pH 6); low salt, cNaCl ¼ 0 M and

TABLE 1 Properties of the investigated samples (buffer,

pH value, salt concentration, and absorption)

Sample Buffer pH Value Salt concentration l

max

BR 20 mM KPO4 7.5 150 mM KCl 568 nm

HR 50 mM MOPS 7.5 no salt added 578 nm

HR 50 mM MOPS 7.5 4 M NaCl 578 nm

D85T 50 mM TRIS (HCl) 8.0 no salt added 616 nm

D85T 50 mM TRIS (HCl) 8.0 1 M NaCl 617 nm

D85T 60 mM NaPi (NaOH) 6.0 no salt added 615 nm

D85T 60 mM NaPi (NaOH) 6.0 1 M NaCl 570 nm
pH ¼ 8.0 (sample D85Tlow salt, pH 8); and high salt, cNaCl ¼
1 M and pH ¼ 8.0 (sample D85Thigh salt, pH 8).

The steady-state absorption spectra of the two HR samples

are presented in Fig. 2 a. For HR the absorption maximum is

located at 578 nm. The spectral shape and the spectral posi-

tion of the absorption are independent of the NaCl concentra-

tion. The sample without NaCl shows a reduced scattering

background and noise level.

In Fig. 2 b the absorption spectra of the four D85T samples

(solid lines) and wild-type BR (broken line) as reference are

presented. The absorption maximum of wild-type BR is

observed at 568 nm. The absorption spectra of the mutant

D85T strongly deviate from those of wild-type BR. In addi-

tion, they depend on the pH value and NaCl concentration

(33). The samples D85Tlow salt, pH 8, D85Thigh salt, pH 8, and

D85Tlow salt, pH 6 show the same spectral behavior in the red

spectral range, with an absorption maximum around 615 nm.

Only in a spectral range below 500 nm can differences be

observed in their absorption spectra, which may be related

FIGURE 2 Steady-state absorption spectra of the investigated samples.

(a) HR dissolved in 50 mM MOPS buffer at pH 7.5 with no salt (0 M

NaCl) or 4 M NaCl added. (b) BR wild-type (broken line) and mutant

BR-D85T (line) with different pH values and salt concentrations (as indi-

cated in the graph).
Biophysical Journal 97(1) 267–276



270 Sobotta et al.
to differences in the scattering background. The sample

D85Thigh salt, pH 6 differs from all other samples by having

a strongly broadened absorption spectrum, with the absorp-

tion peak at 570 nm and a distinct shoulder extending into

the red.

Transient absorption dynamics

HR at different salt concentrations

Fig. 3 shows an overview of the transient absorption changes

for HR with high (4 M) NaCl concentration and without

NaCl. The wavelength for optical excitation was chosen to

be 575 nm. A first inspection of the experimental data shows

that both HR samples behave in a very similar way (Fig. 3).

The population of the electronically excited state is seen via

an instantaneous rise of the stimulated emission signal at

650 nm and the induced absorption signal around 500 nm.

On the timescale of 100 fs, there are initial excited-state

relaxation processes followed by a biphasic decay of

FIGURE 3 Transient absorption spectra for HR with (a) no (0 M) and (b)

high (4 M) NaCl concentration excited at 575 nm. The delay time between

�1 ps and 1 ps is plotted on a linear axis and, for longer delay times, on a

logarithmic axis. The ultrafast dynamics of both HR samples is not influ-

enced by the salt concentration.
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excited-state absorption and stimulated emission on the time-

scale of a few picoseconds. Subsequently, a red-shifted state

with increased absorption around 650 nm and bleaching

around 570 nm is formed with spectral signatures character-

istic of the HRk reaction intermediate. It should be noted that

the overall features—femtosecond excited-state dynamics,

biphasic decay of the electronic state, and absorption spectra

of the intermediates—are very similar for both samples. One

may conclude that the large difference in NaCl concentration

(0 M vs. 4 M) does not influence the general features of the

initial reaction dynamics of HR.

A more detailed analysis of the transient absorption data

also suggests a high similarity between the samples. The

time constants determined in a global fitting procedure are

displayed in Table 2, which shows only small differences

between the two samples. The spectral features connected

with the various time constants do not exhibit pronounced

differences. The decay-associated difference spectra of the

HR sample with low salt concentration (which were recorded

with a better signal/noise ratio because of the lower-scat-

tering background) are presented in Fig. 4. These spectra

are very similar to those published previously (50).

Absorption dynamics of the BR mutant D85T

For the D85T mutant, transient absorption data were recorded

under four different sample conditions (two pH values and

two different salt concentrations). The transient absorption

data of all four samples were recorded under identical exper-

imental conditions. Qualitatively, an inspection of the tran-

sient absorption changes reveals that the three samples

(D85Tlow salt, pH 8, D85Thigh salt, pH 8, and D85Tlow salt, pH 6)

show nearly identical results. It should be noted that these

three samples also exhibit very similar stationary absorption

spectra. In addition, these three samples qualitatively show

transient behavior identical to that described above for HR:

after the initial excited-state dynamics, biexponential pico-

second transients lead to a red-shifted photoproduct. The

two picosecond time constants are somewhat longer than

those observed for HR (Tables 2 and 3).

The transient absorption changes in the D85Thigh salt, pH 6

sample deviate significantly from those of the other D85T

samples. Pronounced differences during the first picosecond

indicate that an additional fast reaction process is present

in the D85Thigh salt, pH 6 system. Analysis of the data with

a multiexponential global fitting procedure assigns a 0.5 ps

kinetic constant to this additional process (Table 3). This

additional fast decay component can be seen directly in the

TABLE 2 Time constants of the dynamics for HR

t1/[ps] t2/[ps] t3/[ps] t4/[ps]

HR (4M NaCl) 0.1 (33%) 1.0 (33%) 5.2 (37%) offset (�3%)

HR (without NaCl) 0.1 (31%) 1.4 (42%) 8.1 (31%) offset (�4%)

The values in brackets give the relative amplitudes of the respective decay

components for the probe wavelength at 500 nm.
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experimental data when one compares signal traces from the

two D85Tlow salt, pH 6 and D85Thigh salt, pH 6 samples in the

spectral ranges of induced absorption and stimulated emission

(Fig. 5). The concentration of the D85Tlow salt, pH 6 and

D85Thigh salt, pH 6 samples was adjusted to obtain an identical

number of excited molecules because of the pump pulse. At

later delay times (tD > 1 ps), the induced absorption signals

of the two samples for the probe wavelength of 510 nm

(Fig. 5 a) behave very similarly, apart from a constant scaling

factor. For shorter delay times, however, an additional fast

0.5 ps component is clearly seen for the D85Thigh salt, pH 6

sample. A similar observation is made for the decay of the

stimulated emission signal at 678 nm (Fig. 5 b), where an

additional ultrafast change in signal amplitude shows up.

In Fig. 6 the decay-associated spectra for the D85Tlow salt, pH 6,

D85Thigh salt, pH 6, and BR samples are compared. The decay-

associated spectra for the D85Thigh salt, pH 6 sample are presented

on the right-hand side for the time constants 0.5 ps, 3 ps, and

12 ps, as obtained from the global fitting procedure. The global

fit yields time constants of 3 ps and 12 ps for the D85Tlow salt, pH 6

sample, and 0.5 ps and 3 ps for the BR sample. The respective fit

amplitudes are shown on the left-hand side. The decay-associ-

ated spectra for BR are plotted with scaled amplitude by a factor

of 0.25. Fig. 6 clearly shows that the decay-associated spectra of

TABLE 3 Time constants of the BR mutant D85T

t1/[ps] t2/[ps] t3/[ps] t4/[ps] t5/[ps]

D85Tlow salt, pH 8 0.1 (18%) — (0%) 3.1 (35%) 14.9 (47%) offset

D85Thigh salt, pH 8 0.1 (13%) — (0%) 2.4 (37%) 11.9 (50%) offset

D85Tlow salt, pH 6 0.1 (12%) — (0%) 2.5 (28%) 12.6 (60%) offset

D85Thigh salt, pH 6 0.2 (9%) 0.5 (12%) 4.0 (59%) 16.8 (20%) offset

The values in brackets give the relative amplitudes of the respective decay

components for the probe wavelength at 500 nm.

FIGURE 4 Decay-associated difference spectra of HR (0 M NaCl) for the

time constants 0.1 ps, 1.4 ps, and 8.1 ps. The offset spectrum accounts for

long-lived intermediates in the photocycle. Because of scattering of the

pump pulse, the gray shaded part of the transient spectrum around 575 nm

is not shown.
the 0.5 ps component of BR and D85Thigh salt, pH 6 are

very similar. In addition, the decay-associated spectra for the

long time constant of ~12 ps in the two mutant samples

D85Tlow salt, pH 6 and D85Thigh salt, pH 6 display a similar

behavior. For the 3-ps component, some differences in the

decay-associated spectra can be observed in the red spectral

range between 600 and 750 nm for the D85Tlow salt, pH 6 and

D85Thigh salt, pH 6 samples.

An inspection of the decay-associated spectra (Fig. 6) and

the transient data (Fig. 5) suggests that the D85Thigh salt, pH 6

sample exhibits, to a certain extent, a BR-like behavior

(37,43). This can be seen when the differences in the tran-

sient absorption changes of the D85Tlow salt, pH 6 and

D85Thigh salt, pH 6 samples are calculated (dotted line in

Fig. 5 a). This difference is very similar to the gray curve,

which is the transient absorption signal of wild-type BR at

the same probing wavelength scaled by a factor of 0.25.

FIGURE 5 Transient absorption signal for the BR mutants D85Thigh salt, pH 6

(line) and D85Tlow salt, pH 6 (broken line) at a probe wavelength of

510 nm (upper panel) and 678 nm (lower panel). The difference

spectrum (dotted line) is calculated according to (A(D85Thigh salt, pH 6)

� 0.75 � A(D85Tlow salt, pH 6)). For comparison, the transient signal of

wild-type BR (gray line) is shown (scaled by a factor of 0.25).

Biophysical Journal 97(1) 267–276
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By taking into account a contribution (25%) of wild-type

BR-like behavior, the decay-associated spectrum of the 3 ps

kinetic component of D85Thigh salt, pH 6 can be well repro-

duced from the data of D85Tlow salt, pH 6. We conclude that

D85Thigh salt, pH 6 contains a major fraction that exhibits

a BR-like behavior with an initial reaction of 0.5 ps.

DISCUSSION

Halorhodopsin

The complete anion transfer in HR at physiological condi-

tions is a multistep process (4) that is initiated by the photo-

isomerization of the retinal chromophore located in the ion

channel. The transient absorption measurements for HR

presented above show the same biexponential decay of the

excited electronic state, and rather small differences in the

time constants for both NaCl concentrations used. Thus,

the primary steps in the HR photocycle do not depend on the

NaCl concentration. This is somewhat surprising since the

function of HR (namely, the pumping of chloride anions

into the cytoplasm) strongly depends on the NaCl concentra-

FIGURE 6 Decay-associated spectra of wild-type BR (open circles),

D85Tlow salt, pH 6 (squares), and D85Thigh salt, pH 6 (triangles) for the time

constants ~0.5 ps, ~3 ps, and ~12 ps. The decay-associated spectra of

wild-type BR are scaled by a factor of 0.25.
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tion. Even if one can assume that the occupation of the chlo-

ride anion donor site is influenced by the NaCl concentration

in the solvent, the transient absorption measurements show

that this occupation does not influence the dynamics of the

retinal photoisomerization in HR. This finding is also sup-

ported by the steady-state absorption studies, in which no

effect of the NaCl concentration on the spectral position or

shape of the retinal absorption spectrum was found. This

means that either the photophysics of the retinal chromo-

phore at the Schiff base of HR is largely independent of

the details of the surroundings of the primary donor, or the

occupation of the primary anion donor site is not influenced

by changes in the NaCl concentration. The concentration of

chloride anions is only important for the later steps of the

photocycle (33,61).

Mutant D85T

The special properties of the mutant samples can be summa-

rized as follows: The mutation D85T considerably alters the

spectral and dynamic behaviors of BR. The pH and salt

dependence of the D85T mutant indicates that the samples

can be placed into two classes:

1. The three samples (D85Tlow salt, pH 8, D85Thigh salt, pH 8

and D85Tlow salt, pH 6) show a red shift of the peak of

the absorption spectrum to ~615 nm. They exhibit a biex-

ponential decay of the excited electronic state with time

constants in the 3–12 ps range. The related decay-associ-

ated spectra resemble those of HR. However, no chloride

pumping activity is found under these conditions.

2. The mutant D85T high salt, pH 6 behaves in a different way: its

absorption peaks at 570 nm, with a strong red-wing absorp-

tion. There is an additional fast-reacting kinetic component

(time constant: 0.5 ps) and a (weak) chloride pumping

activity (33,62). Qualitatively speaking, this mutant sample

behaves as if ~25% of the protein has the absorption spec-

trum and primary reaction dynamics of native BR. An esti-

mation of the relative isomerization quantum yields for the

D85Thigh salt, pH 6 and D85Tlow salt, pH 6 samples of 4:3 was

obtained from the transient absorption signals at 678 nm for

long delay times. This also is in good agreement with

a BR-like contribution of ~25% in the sample.

The inspection of the steady-state absorption spectrum of

the D85Thigh salt, pH 6 sample supports this interpretation.

The absorption spectrum of D85Thigh salt, pH 6 exhibits signa-

tures for an inhomogeneity. The maximum of the absorption

spectrum is located at 570 nm, where the absorption

maximum of the wild-type BR is also found. However, this

band is much broader than that found for BR, and a distinct

shoulder still remains at ~615 nm (Fig. 2). The broad absorp-

tion spectrum of D85Thigh salt, pH 6 can be modeled (Fig. 7) by

a superposition of the ‘‘typical’’ D85T absorption (as seen for

the D85Tlow salt, pH 8, D85Thigh salt, pH 8, and D85Tlow salt, pH 6

samples) and the wild-type BR absorption. This indicates that
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for high NaCl concentration and low pH value (sample

D85Thigh salt, pH 6), electrostatic conditions similar to wild-

type BR can be achieved for a fraction (estimated to be

~25%) of the D85Thigh salt, pH 6 sample. Apparently, the low

pH value and high chloride anion concentration in the

D85Thigh salt, pH 6 sample lead to a structural and electrostatic

environment for the retinal chromophore for a certain amount

(25% of the molecules) that is very similar to the situation

found in wild-type BR.

Apart from the spectral and dynamic properties, the trans-

port behavior is also changed for the four D85T samples.

Whereas the D85Tlow salt, pH 8, D85Thigh salt, pH 8, and

D85Tlow salt, pH 6 samples are inactive transport proteins,

the D85Thigh salt, pH 6 sample exhibits a photocycle with

active chloride transport. The reactive channel characterized

with the time constant of 0.5 ps is responsible for the active

transport. This reactive channel is only accessible for 25% of

the D85Thigh salt, pH 6. The nonreactive channels are des-

cribed by time constants of 3 ps and 12 ps, and represent

loss channels connected with no ion transport.

In this investigation, three quantities were used to charac-

terize the retinal proteins: 1), the absorption spectrum, which

depends on the electrostatics in the surroundings of the

retinal chromophore and on the presence and position of

the counterion; 2), the primary reaction (isomerization)

dynamics, which depends on the potential energy surface

and is determined by the steric interactions of the retinal

and the electrostatics of the surroundings; and 3), the overall

FIGURE 7 Steady-state absorption spectra of BR, D85Tlow salt, pH 6, and

D85Thigh salt, pH 6. The combination of the spectra of BR (30%) and

D85Tlow salt, pH 6 (70%) reproduces the spectrum of D85Thigh salt, pH 6.
ion pump activity, which is related to the isomerization effi-

ciency, the appropriate counterion, and the properties of the

ion transfer channels (as shown in earlier work (31–33)). The

behavior of mutant D85T under different buffer conditions

might be explained as follows: At high pH values, the as-

partic acid D212 in the vicinity of the Schiff base is deproto-

nated. The associated negative charge causes repulsion of the

chloride ion, preventing it from approaching the protonated

Schiff base. This explanation is corroborated by the fact

that in a previous study of the D85S/D212N double muta-

tion, the pH dependence of anion binding was found to be

reduced (35). In additional crystallographic analyses, the

protonated Schiff base and the amino acids arginine R82

and aspartate D212 were identified as members of the

anion-binding site in the mutant D85S (35). The absence

of the Cl� counterion leads to red-shifted absorption and

slow reaction dynamics, and disables the Cl� pumping

activity. For a pH value below the pKa value of 6.9 for

D212 (34), a Cl� ion could be bound, provided that the

Cl� concentration in the sample is high enough. Thus,

a correctly bound Cl� ion might only occur in the

D85T high salt, pH 6 sample. If this is indeed the case, the

experimental results indicate that the probability that the

Cl� ion position is occupied is ~25% at 1 M NaCl and pH

6.0. The time constant of the initial reaction dynamics of

0.5 ps indicates that these proteins have a potential energy

landscape for photoisomerization very similar to that found

in wild-type BR. However, slow reaction dynamics are

always observed in HR regardless of the concentration of

the anion. We therefore conclude that a fundamental differ-

ence in the primary reaction kinetics between HR and BR

must exist.

In the following, we speculate on three possible explana-

tions for the observed inhomogeneity in the D85Thigh salt, pH 6

sample: 1), a distribution of retinal isomers (all-trans, 13-cis,

and 9-cis); 2), the existence of different anion-binding sites;

and 3), the incomplete occupation of one binding site.

With respect to the first possibility, extraction experiments

performed on all four D85T samples (Table 4) indicate that

all samples contain retinal molecules in the all-trans and

the cis form. However, the isomer compositions (Table 4)

do not give any indication of the special role of the

D85T high salt, pH 6 sample. In addition, according to the

optical excitation conditions, only the all-trans retinal is

effectively photoexcited.

As regards the second possibility, in the crystal structure

of mutant D85S (which is very similar to D85T (34,35)),

only one anion-binding site was found, which was located

in the vicinity of the Schiff base (Fig. 8). Thus, the existence

of several distinct anion-binding sites is unlikely and cannot

be used to explain the observed inhomogeneity.

For the third possibility, we can assume that the Cl�-

binding site in HR has been optimized by evolution to also

allow its occupation at low NaCl concentrations and nonop-

timal pH values. However, one cannot expect the same
Biophysical Journal 97(1) 267–276
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robustness for the mutated BR protein. Therefore, it is likely

that the binding site is not completely occupied under exper-

imental conditions in which the pH value of 6 is close to the

pKa value of the relevant D212.

BR in H. salinarum acts as a light-driven proton pump and

ensures the photosynthetic activity of the archeon. Thus, BR

has been optimized by evolution to transport protons in the

most efficient way. On the other hand, HR supports the

osmotic balance during cell growth and has a lower quantum

yield for the primary reaction. Apparently, the light-induced

excitation of HR brings the system into a wide and flat valley

in the first electronic potential surface from which different

paths can be accessed, but where only one channel leads to

the anion pump activity.

Of interest, low-temperature Fourier transform IR studies

of D85S(Cl) and HR showed that the hydrogen bond of the

protonated Schiff base has similar strengths in D85S(Cl) and

BR (63), but not in HR (64). The observed trends in the ultra-

fast dynamics are similar to those of the hydrogen-bonding

strength of the protonated Schiff base. An explanation for

this correlation remains to be found.

CONCLUSIONS

In conclusion, in this study we performed time-resolved tran-

sient absorption experiments on femtosecond and pico-

second timescales to investigate the initial steps in the

primary reaction dynamics of the BR mutant D85T and

HR. The experiments on HR show that the primary dynamics

and the absorption spectrum are essentially independent of

the NaCl concentration in the solvent.

The behavior of the BR mutant D85T (i.e., the absorption

spectrum and initial reaction dynamics) depends on environ-

mental parameters such as the pH value and salt concentration.

The biexponential reaction dynamics and the range of time

constants indicate that the mutation generates a protein with

properties similar to those of HR. In the mutant, a modification

of the electrostatic environment in the vicinity of the Schiff

base can be achieved by changing the pH value and NaCl

TABLE 4 Analysis of retinal isomers

D85T

pH 8 pH 6

low salt high salt low salt high salt

illuminated

all-trans 43% 25% 52% 32%

13-cis 32% 37% 37% 65%

9-cis 25% 38 (44) % 11% 4%

dark-adapted

all-trans 56% 44% 62% 42%

13-cis 43% 55% 38% 57%

9-cis 1% <1% 1% 1%

Dark-adapted membranes were suspended in the indicated buffers and kept

for 12 h at room temperature in the dark. Illumination was 10 min l>515 nm

(the value in parentheses for D85Thigh salt, pH 8 is after illumination with

l > 645 nm). Values are given in percentage of total retinal.
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concentration. A low pH value in combination with a high

salt concentration generates a subensemble with a BR-like

absorption spectrum and a fast, BR-like primary reaction

combined with a Cl�-pumping activity. The experimental

findings indicate that the geometrical arrangement of charged

groups in the vicinity of the Schiff base in BR is optimized for

the highest isomerization yield. Apparently, this is achieved

by accurate positioning of the counterion, the negatively

charged side group of D85. However, the lack of a covalently

bound negative counterion in HR does not allow it to achieve

simultaneously the most efficient primary photoisomerization

and complete occupation of the anion-binding pocket.
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FIGURE 8 Protein structure in the vicinity of the retinal chromophore for

wild-type BR (upper part) and the mutant D85S (lower part). The chromo-

phore retinal (RET) and the amino acids Asp212 and Asp85 (for BR) or Ser85

(for the mutant D85S) are shown. The bromide anion of mutant D85S can be

located over a wide area (light green). Only with the anion (chloride) in the

confined area (dark green) are BR-like primary dynamics observed.
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