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Bacteriorhodopsin (bR) is a light-driven proton pump whose function includes two key 
membrane-based processes, active transport and energy transduction. Despite extensive 
research on bR and other membrane proteins, these processes are not fully understood on the 
molecular level. In the past ten years, the introduction of Fourier transform infrared (FTIR) 
difference spectroscopy along with related techniques including time-resolved FTIR difference 
spectroscopy, polarized FTIR, and attenuated total reflection FTIR has provided a new 
approach for studying these processes. A key step has been the utilization of site-directed 
mutagenesis to assign bands in the FTIR difference spectrum to the vibrations of individual 
amino acid residues. On this basis, detailed information has been obtained about structural 
changes involving the retinylidene chromophore and protein during the bR photocycle. This 
includes a determination of the protonation state of the four membrane-embedded Asp 
residues, identification of specific structurally active amino acid residues, and the detection of 
protein secondary structural changes. This information is being used to develop an increasingly 
detailed picture of the bR proton pump mechanism. 
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INTRODUCTION 

An important goal in membrane biology and 
biophysics is to determine how membrane proteins 
function as energy transducers and active ion trans- 
porters. Since the early 1970's, when W. Stoeckenius 
and coworkers first established that bacteriorhodopsin 
(bR) functions as a light-driven proton pump, bR has 
become a major focus of this research. Several factors 
that have contributed to this interest in bR include its 
relatively small size (26,000 MW), ease of production, 
thermal and photochemical stability, a retinylidene 
chromophore with a visible absorption, and a photo- 
cycle consisting of several metastable intermediates. 
In addition, bR forms a two-dimensional crystalline 
lattice which enables the use of scattering techniques 
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to probe the structure of bR (Henderson and Unwin, 
1975). 

Interest in understanding the proton pumping 
mechanism of bR has also been stimulated by the 
discovery of other retinal-containing membrane 
proteins from Halobacterium halobiurn, including 
halorhodopsin, a light-driven chloride pump, and sen- 
sory rhodopsin I, a phototactic receptor. Since these 
proteins and bR have similarities in their primary 
sequences (Blanck and Oesterhelt, 1987; Blanck et al., 
1989), it is likely that they share common features in 
their respective mechanisms despite differences in their 
function. Bacteriorhodopsin also has potential uses in 
biotechnology, including in advanced nonlinear opto- 
electronic materials, holographic recording media, 
neural networks, and chemical detectors (Birge et aL, 
1989; Rayfield, 1989; Haronian and Lewis, 1991; 
Uehara et al., 1990; Birge, 1990; Hampp et al., 1990). 

In this review, we describe the application of 
Fourier transform infrared (FTIR) difference spectro- 

0145-479X/92/0400-0147506.50/0 © 1992 Plenum Publishing Corporation 



148 Rothschild 

scopy in conjunction with other techniques, with special 
emphasis on site-directed mutagenesis (Khorana, 
1988), to investigate the proton-pumping mechanism 
of bacteriorhodopsin (bR). In the past decade, this 
approach has helped provide an increasingly detailed 
picture of the proton-pump mechanism. These studies 
have also demonstrated the usefulness of FTIR differ- 
ence spectroscopy for investigating other membrane 
proteins. A detailed discussion of some of the techni- 
cal aspects of FTIR and related methods including 
ATR, polarized FTIR, and time-resolved FTIR will 
not be given here (see Braiman and Rothschild, 1988; 
Rothschild, 1988; Kitagawa and Maeda, 1989). We 
will also not discuss complementary spectroscopic 
techniques such as time-resolved visible absorption, 
resonance Raman spectroscopy, and solid-state 
NMR, which have also contributed to our current 
knowledge of the bR proton-pump mechanism. 

FTIR AS A PROBE OF INDIVIDUAL AMINO 
ACID RESIDUES 

Several features of infrared spectroscopy make it 
an attractive technique for studying bacteriorhodopsin. 
In contrast to resonance Raman spectroscopy, which 
uses visible light to selectively probe the structure of 
the retinylidene chromophore (Smith et al., 1985), 
infrared radiation is absorbed by all components of 
the protein, including amino acid residues and the 
chromophore. For this reason, information can be 
obtained which complements resonance Raman spec- 
troscopy. Because the absorbed infrared light can be 
polarized, it can be used to probe the orientation of 
specific chemical groups. Infrared also has an intrinsic 
time resolution in the picosecond range, providing a 
window on fast molecular processes. 

Since the development of the modern Fourier 
transform infrared spectrometer (Griffiths and de 
Haseth, 1986), dramatic improvements have been 
made in the sensitivity of infrared spectroscopy. 
Whereas a normal grating spectrometer is essentially 
a filter which allows light of only a selected frequency 
to pass through (rejecting all other photons), a 
Fourier transforming spectrometer processes light of 
all frequencies simultaneously, storing the informa- 
tion as an interferogram. Since fewer photons are lost 
in a Fourier transform system, a higher resolution 
spectrum can be built up faster than in a grating 
system. 

The first application of FTIR to purple mem- 
brane was reported in 1979, where the secondary 
structure in bR was investigated by measuring the 
infrared dichroism of oriented samples (Rothschild 
and Clark, 1979). This study and a related work 
(Rothschild et al., 1980) confirmed earlier electron 
diffraction measurements (Henderson and Unwin, 
1975) which revealed a bulk structure of bR consisting 
of a-helix-like tubes which had a net orientation per- 
pendicular to the membrane plane. The discovery of 
an anomalous amide I frequency near 1661 cm 1 
(Rothschild and Clark, 1979; Rothschild et al., 1980) 
also raised the possibility of an unusual or distorted 
a-helix conformation (Rothschild et al., I980; Krimm 
and Dwivedi, 1982) as discussed recently in several 
recent reports (Glaeser et al., 1991; Earnest et al., 
1990; Gibson and Cassim, 1989; Hunt et al., 1988). 

A number of groups have used FTIR in combi- 
nation with resolution enhancement methods to study 
the secondary structure of bR. In one comparative 
study of bacteriorhodopsin, rhodopsin and Ca +z- 
ATPase, second-derivative spectroscopy (Lee et al., 
1985) revealed in all three proteins the appearance of 
bands near 1640 and 1525cm -~, characteristic of 
fl-structure. However, the existence of significant 
levels of fl-structure in bR has been a matter of con- 
troversy with conflicting reports based on IR, UV, 
circular dichroism, and electron diffraction data (Jap 
et al., 1983; Downer et al., 1986; Nabedryk and 
Breton, 1986; Glaeser et al., 1991). 

Recently, the secondary structure of bacterior- 
hodopsin has been examined by combining polarized 
FTIR with the methods of hydrogen/deuterium 
exchange, isotope labelling, and resolution enhance- 
ment (Earnest et al., 1990). It was found that the 
dichroism of amide I and II bands, which reflects the 
net orientation of the bR a-helices, was unchanged 
even though the protein exhibited extensive H/D 
exchange of amide groups. These results demonstrate 
that there exists a well-oriented a-helical "core" struc- 
ture in bR which is resistant to H/D exchange, whereas 
surface regions contain fl-type structure. It was also 
found that components of the amide I and II bands, 
whose frequency is characteristic of fl-structure (Haris 
and Chapman, 1988), have strong contributions from 
the C=C ethylenic stretch and C=N Schiff base modes 
of the chromophore (Earnest et al., 1987, 1990). An 
extension of this approach is currently being applied 
to investigate the mechanism of membrane protein 
folding and the forces which stabilize membrane pro- 
tein structure. In this work, proteolytic and synthetic 
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fragments of bR are reconstituted into model mem- 
branes and the structure, orientation, and H/D 
exchange rates are determined by polarized FTIR 
spectroscopy (Hunt et al., 1991). 

FTIR Difference Spectroscopy 

While infrared spectroscopy offers a window on 
the conformation and dynamics of biological mol- 
ecules, in practice it can be difficult to detect localized 
structural changes of individual groups. This problem 
stems from the existence of strong overlap between the 
frequency of the vibrational modes of the many simi- 
lar groups in a protein. For example, the infrared 
spectrum of a protein in the 1500-1700 cm- l region 
has contributions from all of the amide groups which 
produce the strongly infrared-active amide I and II 
modes (Parker, 1983) as well as vibrational modes 
from side-chain vibrations of several amino acid 
residues including aspartate, glutamate, tyrosine, 
tryptophan, lysine, and arginine (Venyaminov and 
Kalnin, 1990). This overlap makes it extremely dif- 
ficult to resolve the contribution of a single amino acid 
residue in a protein infrared spectrum. 

One simple approach to this problem is based on 
the principle of difference spectroscopy (cf. Fig. 1). 
FTIR spectra are recorded for two different states of 
the protein, and the difference spectrum of these two 
states is computed. In the case of bacteriorhodopsin, 
these states can consist of the light-adapted form 
(bRs70) and one of the photocycle intermediates. 
This approach was first reported in 1981, where the 
bR ~ M difference spectrum was measured (Roths- 
child et al., 1981). By comparing this difference spec- 
trum with that obtained from resonance Raman spec- 
troscopy of bR as well as through the use of isotope 
labelling and H/D exchange, specific bands in the 
spectrum could be assigned to protein and chromo- 
phore vibrational modes. This work and several other 
early studies of the bR -* K, L and M transitions 
(Rothschild and Marrero, 1982; Bagley et al., 1982; 
Siebert and Mfintele, 1983) demonstrated the ability 
of this method to detect small structural changes in 
both the chromophore and the protein components of 
bR. 

All of the early FTIR difference measurements on 
bR used low temperature or partial dehydration in 
order to trap specific intermediates in the photocycle 
(Rothschild et aL, 1981; Rothschild and Marrero, 
1982; Bagley et al., 1982; Siebert and M/intele, 1983). 
While this method, sometimes termed static FTIR 

difference spectroscopy, has contributed to our cur- 
rent knowledge about the structural changes in bR, 
the conditions used can cause blocks in structural 
transitions of the protein (Braiman et aL, 1987). More 
recently, the development of time-resolved FTIR 
techniques (Braiman et al., 1987; Gerwert et al., 
1990b; Braiman et  al., 1991; Bousch6 et al., 1991a) has 
allowed FTIR difference spectra of bR to be obtained 
at room temperature, complementing time-resolved 
single-wavelength kinetic methods (M/intele et al., 
1982). The results of some of these studies will be 
discussed in the next section. 

In addition to bR, the closely related membrane 
proteins, halorhodopsin (Rothschild et aI., 1988) 
and sensory rhodopsin I (Bousch6 et al., 1991b) from 
Halobac ter ium halobium,  as well as the visual rho- 
dopsins (Rothschild et al., 1983; Siebert et al., 1983; 
Bagley et al., 1985; Rothschild and DeGrip, 1987; 
DeGrip et al., 1988), have been analyzed using this 
method. Non-retinal containing light-triggered pro- 
teins extensively analyzed include cytochrome oxidase 
(Alben et al., 1982) and the photosynthetic reaction 
center (Nabedryk et aL, 1990). Recently, FTIR differ- 
ence spectroscopy has been extended to investigate 
proteins which are not activated by light, including 
Ca2+-ATPase (Barth and Mfintele, 1991) and the 
nicotinic acetylcholine receptor (nAChR) (Baenziger 
et al., 1992). 

The growing application of FTIR difference spec- 
troscopy to membrane proteins several related techni- 
ques including: 

1. Polarized FTIR difference spectroscopy to 
probe the orientational changes of specific 
groups in a protein (Earnest et al., 1986; 
Nabedryk and Breton, 1986; Breton and 
Nabedryk, 1989; Fahmy et aL, 1989). 

2. Time-resolved FTIR difference spectroscopy 
(Braiman et al., 1987; Gerwert and Hess, 1988; 
Braiman and Wilson, 1989; Gerwert et al., 
1990b; Braiman et aL, 1991; Uhmann et al., 
1991). 

3. Attenuated total reflection FTIR difference 
spectroscopy to probe conformational and 
protonation changes of membrane proteins in 
an aqueous environment (Marrero and Roths- 
child, 1987a, b; Yang et at., 1987). 

4. Resolution enhancement and isotope labelling 
to identify bands due to single residues in the 
absolute infrared absorption spectrum (Lee 
et al., 1985; Earnest et al., 1987, 1990). 
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Fig. 1. FTIR difference spectroscopy as applied to bR. Right, simplified structure of the active site of bR (State A, bRs70) showing the 
retinylidene chromophore attached to helix F through a protonated Schiff base formed with Lys-216. (State B, M412) involves isomerization 
of all-tram-retinal to 13-cis, and transfer of a proton from the retinal-Lys-216 Schiff base bond to the Asp-85 counterion. Left, the IR spectrum 
of bR570 obtained in the dark at - 20 ° (top), and the light-minus-dark difference spectrum on the same scale (middle) and a 50 x expanded 
scale (bottom) (from Braiman and Rothschild, 1988). 

While these methods will not be covered explicitly 
in this review, several examples are given in the 
research described below. 

Methods of Assigning Bands in the FTIR Difference 
Spectrum 

The ability of FTIR to provide detailed infor- 
mation about membrane protein mechanisms depends 
critically on the development of methods for assigning 
bands in the FTIR difference spectrum to individual 
groups. 

Chromophore Vibrations 

Chromophore bands in the FTIR difference spec- 
trum of bR can be assigned by isotopically labelling 
retinal, similar to methods employed extensively in 
conjunction with resonance Raman studies (Smith et 
al., 1985). A comparison of the resonance Raman and 
FTIR difference spectra can also facilitate assign- 
ments of chromophore vibrations in the FTIR differ- 
ence spectrum. For example, such a comparison was 
made for the bR ~ K transition at low tempera- 

ture of bR and bR containing 15-deuterio-retinal 
(Rothschild et al., 1984a). This work led to the assign- 
ment of the most intense bands in the FTIR difference 
spectrum to the chromophore vibrations, indicating 
that at 77 K the major structural changes in bR during 
the bR ~ K transition involve the chromophore. 
Agreement in the intensity of the skeletal polyene 
bands found in the resonance Raman and FTIR dif- 
ference spectra also revealed significant bond polarity 
throughout the retinal polyene chain (Rothschild et 
al., 1984a). 

Amino Acid Side-Chain Vibrations 
Probing bacteriorhodopsin at the level of single 

amino acid residues requires that bands in the infrared 
spectrum be assigned to individual groups in the pro- 
tein. This can be accomplished by the application of 
isotope labelling and site-directed mutagenesis in 
combination with FTIR difference spectroscopy 
(Braiman et al., 1988a, b; Gerwert et al., 1989). 

The general approach, which is outlined in Fig. 2, 
involves first assigning bands in the infrared difference 
spectrum to a particular amino acid using isotope 
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Native Protein 

Isotopic Label 

the negative 1277cm -I band to Tyr-185 (Braiman 
et al., 1988a) (see below). SeveraI additional examples 
are given in the next section. 

Thus far, several bands in FT1R difference spec- 
tra have been assigned to individual tyrosine, aspartic 
acid, and tryptophan residues using this approach 
(Fig. 3). These assignments provide information 
about the changes which individual residues undergo 
at specific steps in the bR photocycle and have facili- 
tated development of an increasingly detailed model 
of the bR proton pump (Braiman et  al., 1988a; 
Rothschild et al., 1989b, 1990a, 1992). 

Site-dlrected Mutagenesls 

Fig. 2. Methods used to assign bands to specific tyrosine residues 
in the FTIR difference spectrum of a protein. (Adapted from He 
et al., 1991.) 

label incorporation. For example, incorporation of 
15N-proline provided the first direct evidence that pro- 
lines are structurally active in bR (Rothschild et  al., 
1989c; Gerwert et al., 1990a). A similar approach has 
resulted in assignments of bands to Asp, Tyr, Trp, and 
Lys amino acid residues (Engelhard et  al., 1985; 
Rothschild et  al., 1986; Dollinger et  al., 1986a; Eisen- 
stein et  al., 1987; Roepe et  al., 1987a, b, 1988a; 
McMaster and Lewis, 1988). 

Once bands due to an amino acid residue are 
assigned, the particular residue which gives rise to 
these vibrations can be identified by examining a set of 
mutants which involves this particular amino acid 
(Fig. 2). For example, in the first such study of this 
type (Braiman et  al., 1988b), all of the 11 Tyr residues 
were individually replaced by Phe and the bR ~ K 
and bR ~ M phototransitions measured by FTIR 
difference spectroscopy. This led to the assignment of 

SELECTED RESULTS 

In this section, we describe several selected results 
which will be discussed in the next section in the 
context of a bR proton transport model. The reader is 
also directed to references herein on FTIR studies 
from other laboratories along with three earlier 
reviews (Braiman and Rothschild, 1988; Rothschild, 
1988; Kitagawa and Maeda, 1989). 

Evidence for an Alteration in the Environment of the 
Schiff Base in the bR --, K Transition 

The frequency of the Schiff base C=N bond can 
be used to probe the environment and structure of the 
Schiff base during the bR photocycle. In the case of 
the K intermediate, this mode was assigned using 
isotope labelling to a component of the positive band 
at 1609cm I (Rothschild et  al., 1984b)or 1613cm -1 
(Gerwert et  al., 1985) a shift of approximately 30 cm- 
below that of bR570. Much of this shift can be attributed 
to increased delocalization of electrons throughout 
the polyene chain which also correlates with an 
increased red-shifted ~'max (Aton et al., 1980). How- 
ever, the NH in-plane bending mode, whose frequency 
depends on the strength of hydrogen bonding to the 
Schiff base, can also have a large effect on the C=N 
vibrational frequency through coupling of the two 
vibrations (Aton et  al., 1980; Rodman et al., 1990). In 
general, the results indicate a weakening of the inter- 
action of the Schiff base with a counterions during the 
bR ~ K transition. 

A change in the structure of the K chromophore 
at 77K (low-K) and 135K (high-K) has also been 
detected by FTIR, with the C=C and C=N stretching 
modes and the hydrogen-out-of-plane (HOOP) mode 
shifting up in frequency at the higher temperature 
(Rothschild et  al., 1985). It is likely that these changes 
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(Rothschild et al., 1985). It is likely that these changes 
reflect the ability of the chromophore to adopt a more 
relaxed configuration at higher temperature possibly 
due to a conformational change of the protein. Inter- 
estingly, recent evidence indicates the same change 
occurs temporal ly  in the early stages of the bR photo- 
cycle. In particular, the 77 K low-temperature FTIR 
difference spectrum is very similar to the room- 
temperature picosecond kinetic IR spectrum recently 
obtained in the 1550-1700cm -1 region (Diller et al., 
1991). In contrast, the low-temperature FTIR differ- 
ence spectrum at 135 K closely matches the chromo- 
phore bands assigned in the resonance Raman spec- 
trum of the K chromophore at room temperature in 

Assignment of a Band to Tyr-185: The First 
Combined Use of FTIR-Difference Spectroscopy and 
Site-Directed Mutagenesis 

Several early studies based on UV absorption and 
fluorescence spectroscopy led to the suggestion that 
tyrosine protonation changes occur during the bR 

photocycle (Kalisky et al., 1981; Bogomolni, 1980; 
Hanamoto and E1-Sayed, 1984). This possibility was 
supported by FTIR studies which resulted in the 
assignment of tyrosine and tyrosinate bands in the 
bR ~ K, L, M and light-dark difference spectra 
(Rothschild et al., 1986; Dollinger et al., 1986a; Roepe 
et al., 1987a, 1988b). For example, the introduction of 
the labels [L-ring-4J3C-Tyr], [L-ring-ZH4-Tyr], and 
[L-ring-2H2-Tyr] causes a shift in frequency of a band 
at 1277cm -1 (negative) characteristic of the CO 
stretch mode of tyrosinate (Rothschild et al., 1986; 
Dollinger et al., 1986a). The frequency of this band is 
also insensitive to H/D exchange as expected for a 
tyrosinate. In contrast, several positive bands assigned 
to tyrosine shift upon H/D exchange. These results, 
along with UV absorption data (Rothschild et al., 
1986; Roepe et al., 1987a), led to the conclusion that 
a tyrosinate group exists in light-adapted bR and 
that it protonates upon K formation. Additional 
changes in tyrosine protonation were also deduced 
from low-temperature (Rothschild et al., 1986; Dol- 
linger et al., 1986a) and room-temperature bR ~ M 
difference spectra (Braiman et al., 1987). 
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In order to assign the 1277cm I band to a par- 
ticular tyrosine residue in the bR primary sequence, 
Tyr ---> Phe substitutions were made at each of the 11 
tyrosines in bR (Braiman et al., 1988b). Since the 
1277cm -~ band disappeared in only the Tyr-185 ---> 
Phe substitution, the band was assigned to Tyr-185 
(Braiman et al., 1988b). Strikingly, this residue is 
located in the two-dimensional folding sequence of bR 
directly adjacent to Lys-216, the Schiff base linkage to 
the chromophore, thus supporting the model that 
Tyr-185 interacts with the Schiff base (Rothschild et 
al., 1986). As discussed later, this information was 
used in the development of a spectroscopically derived 
model for the structure of the retinal binding site 
(Rothschild et al., 1989a). 

Since tyrosine has a pKa close to 10.5, an import- 
ant question concerns the absolute level of tyrosinate 
in light-adapted hR. In this regards, solid-state NMR 
has not detected the existence of tyrosinates in light- 
adapted bR (Herzfeld et al., 1990), while conflicting 
results have been obtained from two different UV- 
enhanced resonance Raman studies (Ames et al., 
t990; Harada et al., 1990). These studies raise the 
possibility that bands detected in the FTIR difference 
spectrum arise from a highly perturbed tyrosine(s) 
which has vibrational modes similar to a tyrosinate. 
Alternatively, it is possible that if only a small fraction 
of Tyr-185 is ionized in light-adapted bR, it would not 
be easily detectable by these techniques in contrast to 
FTIR difference spectroscopy which measures the net 
change in the ionization state of tyrosine during the 
bR ~ K transition. 

In support of the latter possibility, it has recently 
been possible to estimate the level of tyrosinate in 
light-adapted bR by measuring the intensity of the 
1277cm -~ band in the absolute absorption spectrum 
(He et aL, 1992a). The assignment of this band to 
Tyr-185 was confirmed by measuring the absolute 
FTIR absorption spectrum of both bR containing an 
~80-Tyr label and the bR mutant Y185F expressed in 
native Halobac ter ium halobium (He et al., 1992a). This 
ted to an estimate of 0.4 tyrosinates/bR at 77 K with a 
further significant decrease from this level occurring at 
higher temperature (Y. W. He et al., 1992b). As dis- 
cussed below, this result is consistent with a model in 
which Tyr-185 participates in a hydrogen bond net- 
work with large proton polarizability resulting in a 
partial ionization of this residue and rapid equilibrium 
with its protonated form (Rothschild et al., 1990a, 
1992; He et al., 1991). While FTIR, which has an 
intrinsic picosecond time resolution, would detect two 

distinct species in this case, the NMR spectrum would 
reflect a structure which is an average of the two 
equilibrating species. 

Light-Driven Proton Transport Involves Protonation 
Changes of Aspartic Acid Residues 85, 96, and 212 

The carboxyl groups of Asp and Glu could serve 
as key components in a proton-transporting hydrogen- 
bonding network (Eigen and DeMayer, 1958; Nagle 
and Tristram-Nagle, 1983; Zundel, 1988). The finding 
of a positive band at 1760 cm- 1 in the FTIR difference 
spectrum of the bR ~ M transition (Rothschild et al., 
1981) provided the first evidence of protonation 
changes in the bR photocycle involving such groups. 
Subsequent studies using isotopic labels of Asp and 
Glu (Engelhard et al., 1985; Dollinger et al., 1986b) 
led to the assignment of this band and others which 
appear in the 1700-1760cm -1 region of the bR -~ K, 
L, and M difference spectra to protonation or environ- 
mental changes of Asp residues. Static FTIR and 
kinetic infrared spectroscopy also helped establish the 
sequence of protonation changes which occur during 
the early photocycle (Mfintele et al., 1982; Dollinger 
et ai., 1986b; Engelhard et aL, 1985; Roepe et al., 
1987a). 

Site-directed mutagenesis and FTIR difference 
spectroscopy led to the first assignment of the car- 
boxyl stretch bands in the bR -~ K, bR -> L, and 
bR --* M difference spectra to individual Asp residues 
(Braiman et al., 1988a). Mutants of the four membrane- 
embedded Asp residues, Asp-85, Asp-96, Asp-t 15, and 
Asp-212, were examined. Table I shows the assign- 
ments and the protonation changes deduced from these 
measurements. On the basis of this information and 
related structure-function studies (Mogi et al., 1988; 
Stern et al., 1989), a proton-pumping model for bR was 
proposed (Fig. 4) (Braiman et al., 1988a). A key feature 
of this model was the existence of an "active site" which 
included ionized Asp-212 and Asp-85 interacting with 
positively charged Arg-82 and the protonated Schiff 
base. The arrangement of these residues and the posi- 
tion of a neutral Asp-96 located 10A_ above the Schiff 
base provided the basis for a proton pump mechanism 
that is described in more detail in the next section. 

While these studies were made using bR mutants 
produced in E. coli and reconstituted into native lipids, 
almost identical results were obtained from 
the mutants D96G and D96N expressed in native 
Halobacter ium halobium (Gerwert et al., 1989). Both 
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Table I. Protonation States o'f the Four Membrane-Embedded Asp Residues during the bR Photocycle (Adapted from Braiman et al., 1988b)" 

bR K L M N O 

Asp-85 COO- COO COO- COOH COOH' COOH' 
Asp-96 COOH COOH COO- ~ COOH' COOH' COO- COOH 
Asp-ll5 COOH COOH' COOH' COOH' COOH' COOH 
Asp-212 CO0- COO- CO0 CO0- ~ COOH COO- ~ COOH COO- ~ COOH 

~The COOH' indicates a change of environment. 

studies concluded that Asp-96 was protonated in light- 
adapted bR and underwent a change in environment 
upon M formation. However, as seen in Table I and 
Fig. 4, the evidence also suggested that Asp-96 under- 
goes a transient deprotonation during the lifetime of the 
L intermediate in agreement with recent submillisecond 
FTIR infrared measurements (Braiman et  al., 1991). 

Trp-86 is Altered during the Primary Phototransition 

In order to investigate the role of tryptophan re- 
sidues in the bR photocycle, L-Trp containing a per- 
deuterated indole ring [L-2Hs-Trp] was incorporated 
into bR, and the bR ~ K, L, and M transitions were 
measured by FTIR difference spectroscopy at low tem- 
perature (Roepe et  al., 1988a). Two negative bands at 
742 and 756cm -1 in the bR -~ K, L, and M difference 
spectra were found to arise from a strongly infrared 
active hydrogen out-of-plane (HOOP) mode of the 
indole ring of one or more tryptophans which are per- 
turbed during the bR photocycle. 

FTIR difference spectra were subsequently 
obtained for the bR--.  K and M photoreactions 
of bR mutants o f  all eight tryptophans in the bR 
sequence. None of the tryptophan residues were found 
to be essential for forming a normal light-adapted 
species with a 570 nm absorption. The 742 cm- 1 band 
previously assigned to Trp was identified as arising 
from Trp-86. On this basis, it was concluded that 
Trp-86 was structurally active and perturbed during 
the primary photoreaction. In addition, a refined 
model of bR retinal binding pocket was proposed 
in which Trp-86, Trp-182, and Trp-189 form a 
"box" around the retinal chromophore to prevent 
chromophore photoisomerization other than at the 
C13:C~4 double bond (Rothschild et  al., 1989b) 
(Fig. 5). 

Proline Residues Are Structurally Active in bR 

It has been suggested that transport by mem- 
brane proteins involves proline residues which undergo 
structural alterations including isomerization about 

the Xaa-Pro peptide bond (Brandl and Deber, 1986) 
(where Xaa is an unspecified amino acid) or protona- 
tion at the imino nitrogen (Dunker, 1982). Structural 
changes involving bR proline residues were inves- 
tigated by incorporating either a ring-perdeuterated 
proline or 15N-labelled proline into bR and compar- 
ing the difference spectra obtained from the photo- 
reactions of these labelled bR samples with those of 
unlabelled bR (Rothschild et  al., 1989c). This work 
and a second study (Gerwert et  aI., 1990a) led to the 
assignment of bands due to proline vibrations in the 
1420-1440cm -1 region of the bR --* K and bR -0 M 
difference spectra. The results indicate that one or 
more prolines undergo a structural rearrangement 
involving the Xaa-Pro C--N peptide bond during the 
bR photocycle. Since prolines changes are initiated 
during the bR ~ K photoreaction, an interesting 
possibility is that they are involved in coupling the 
light-induced isomerization of the retinal chromo- 
phore to protein secondary structural changes. 

In a subsequent study (Rothschild et  al., 1990b), 
Fourier transform infrared difference spectroscopy in 
combination with site-directed mutagenesis was used 
to study the three membrane-embedded proline resi- 
dues, Pro-50, Pro-91, and Pro-186. As in an earlier 
structure-function study of these residues (Mogi et  al., 
1989), all three prolines were replaced by alanine and 
glycine; in addition, Pro-186 was changed to valine. 
Difference spectra were recorded for the bR ~ K and 
bR ~ M photoreactions of each of these mutants and 
compared to wild-type bacteriorhodopsin. Only sub- 
stitution of Pro-186 caused significant perturbations 
in the frequency of the C~---C and C--C stretching 
modes of the retinylidene chromophore. In addition, 
the Pro-186 substitutions reduced or abolished bands 
in the amide I and II region associated with secondary 
structural changes and altered signals assigned to the 
adjacent Tyr-185. 

These results are consistent with a model of the 
retinal binding site in which Pro-186 and Tyr-185 
are located in direct proximity to the chromophore 
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Fig. 4. The proton pumping mechanism and structural model for bR proposed on the basis of FTIR difference spectroscopy and site-directed 
mutagenesis (Braiman et al., 1988a). Key features of this model are described in the text. (See Fig. 8 for revised model.) 

(Fig. 5) and may be involved in linking chromophore 
isomerization to protein structural changes. However, 
in contrast to earlier studies which combined FTIR 
and site-directed mutagenesis, specific bands in the 
difference spectrum were not assignable to individual 
proline residues. This may indicate that either the 

bands assigned to proline in the difference spec- 
trum arise from one of the eight prolines located in 
the loop regions of the protein or that the structural 
changes involving the membrane-embedded pro- 
lines are cooperatively coupled (Rothschild et al . ,  
1990b). 
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F-helix ~ G - h e l i x  
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rp-189 . 

Fig. 5. The three-dimensional structural model for the interactions 
of the retinylidene chromophore with the putative F- and G-helices 
of bacteriorhodopsin from Rothschild et al. (1989b). Residues Trp- 
182, Trp- 189, Tyr- 185, and Pro- 186 form part o f a"box" which acts .. 
to constrain the possible conformations of retinal which can bind in ' 
bR. Trp-86 on helix C (not shown) was also found to participate in 
the binding site (Rothschild et al., 1989a). 

Asp-212 Partially Protonates during M Formation 

Although Asp-212 is located close to the Schiff 
base (see next section), its role in the bR proton pump 
mechanism remains undetermined. In a follow-up of 
an earlier study (Braiman et al., 1988a), FTIR differ- 
ence spectroscopy was used to investigate structural 
changes occurring in Asp-212 during the photocycle 
(Rothschild et al., 1990a). Difference spectra were 
recorded at low temperature for the bR ~ K and 
bR ~ M photoreactions of the mutants D212E, 
D212N, and D212A. A positive 1738cm 1 band 
which appears in the bR --. M difference spectrum of 
wild-type bR is absent in the corresponding difference 
spectra of all three D212 mutants. D212A exhibited 
the most normal difference spectrum including the 
appearance of positive band at 1760cm -~ assigned 
previously to the protonation of Asp-85. These results 
support the earlier assignment of the positive 
1738cm -1 band in the wild-type spectrum to the 
COOH stretch mode of Asp-212 (Braiman et al., 
1988a) and indicate that a partial protonation of this 
residue occurs during M formation. 

The relatively normal frequency of the chromo- 
phore vibrations of the photocycling ground state of 
D212A also indicates that it does not play a major role 

I .  II C ~'H H ''''~ O 
TYR-185 ~ ' - ~  "~ I 

ASP-212 
ARG-82 

I I  
1 1 

I. II C *u u..,,~O 
TYR-185 ~ " ~  ASP.212 ' '~/+' 

ARG-82 

Fig. 6. Schematic model of tyrosine-185/aspartic acid 212 inter- 
actions showing two prototropic tautomers of a proposed Tyr-t 85/ 
Asp-212/retinal complex. Note that the diagram is not drawn to 
scale or on the basis of exact coordinates (Rothschild et al., 1990a). 

in regulation of the color in the light-adapted species 
(see discussion in section on "Related Studies"). In 
particular, the major chromophore bands in D212A 
appear at an almost identical frequency to those in 
wild-type bR. Deviations in the frequency of chromo- 
phore bands in D212E and D212N were attributed to 
an increase in the amount of a 13-cis chromophore in 
the photocycling form (Rothschild et aL, 1989a). 

In contrast to wild-type bR, which can form an 
M intermediate at 250K, the mutant D212N was 
blocked at the L state of the photocycle (Rothschild 
et al., 1990a), in agreement with time-resolved visible 
absorption measurements (Stern et al., 1989; Needle- 
man et al., 1991). This may indicate that replacement 
of Asp-212 by Asn disrupts the active site shown in 
Fig. 6, preventing normal protonation of Asp-85 
by the Schiff base. It was also found that mutants 
of Asp-212 reduced or abolished bands assigned to 
alterations in Tyr-185, providing further evidence 
for a Tyr-185/Asp-212 interaction as seen in the bR 
structural model deduced from electron diffraction 
(Henderson et al., 1990). 

Asp-85 Protonatcs during M Formation and 
Deprotonates during O Decay 

The role of Asp-85 as the Schiff base proton 
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acceptor was originally postulated on the basis of 
low-temperature FTIR measurements made on site- 
directed mutants of the four membrane-embedded 
Asp groups (Braiman et  al., 1988a). In particular, the 
band at 1760 cm -1 in the bR ~ M difference spec- 
trum was assigned the C = O  stretch mode of the 
COOH of Asp-85. This model was also consistent with 
structure-function studies involving Asp-85 (Mogi et 
al., 1988) (see next section) and more recently with the 
proximity of Asp-85 to the Schiff base in the electron- 
diffraction-based bR structure (Henderson et  al., 
1990). 

Recently, the application of stroboscopic time- 
resolved FTIR with a time resolution 50 #s (Braiman 
et al., 1991) has allowed detection of structural chan- 
ges in the early photocycle. The 1760 cm- 1 band has a 
risetime which matches the deprotonation of the 
Schiff base consistent with its postulated role as an 
acceptor of the proton from the Schiff base. The data 
also agree with earlier single-wavelength kinetic IR 
measurements (M/intele et al., 1982). Although Asp- 
212 also protonates during this time period, the mu- 
tant D212A is able to form a relatively normal M 
intermediate (Rothschild et  al., 1990a), making it an 
unlikely candidate as the Schiff base proton acceptor. 
In addition, time-resolved FTIR reveals that Asp-212 
protonates in the mutant D96A and D96E af ter  M 
formation (Bousch6 et al., 1992). 

Recent time-resolved FTIR difference measure- 
ments also reveal that Asp-85 remains protonated 
during the M ~ N and N ~ O transitions, but 
undergoes a change in its environment as indicated 
by a shift of the carboxyl stretch frequency from 
1761 to 1755cm I (Braiman et  al., 1991; Bousch6 
et al., 1992). Thus, the proton transferred from 
the Schiff base to Asp-85 cannot be the same as the 
one released in the early photocycle to the outside 
medium. As seen in Fig. 4, this could be explained 
if proton ejection to the cytoplasmic medium is trig- 
gered by Asp-85 protonation due to disruption of 
an ionic interaction between Arg-82 and Asp-85 
(Fig. 4). 

Asp-96 Deprotonates during N Formation and 
Reprotonates during O Formation 

The protonation state of Asp-96 in the late 
photocycle has been examined in several recent studies 
(Gerwert et al., 1990b; Bousch~ et al., 1991a, 1992; 
Muller et  al., 1991; Pfefferl~ et  al., 1991). In one 

experiment, bands in the time-resolved difference 
spectra of bR were assigned by obtaining analogous 
time-resolved spectra from the site-directed mutants 
Asp-96 ~ Ala and Asp-96 ~ Glu (Bousch6 et  al., 
1991a). While Asp-96 exists in a predominantly pro- 
tonated state in the M intermediate (Braiman et al., 
1988a; Gerwert et al., 1989), upon formation of the N 
intermediate it deprotonates as indicated both by an 
increase in the negative band at 1742 cm 1 assigned to 
the Asp-96 COOH group in wild-type bR and a nega- 
tive band at 1720 cm-1 assigned to the Glu-96 COOH 
in the mutant Asp-96 ~ Glu (Fig. 7). This result and 
other FTIR studies (Gerwert et al., 1990b; Braiman et 
al., 1991; Pfefferl~ et  al., 1991) confirm the role of 
Asp-96 as a key residue in the reprotonation pathway 
leading from the cytoplasm to the Schiff base as 
deduced earlier on the basis of other techniques (Butt 
et  al., 1989; Tittor et al., 1989; Holz et  al., 1989; Otto 
et  al., 1989). 

The protonation state of Asp residues in the O 
intermediates has also been investigated recently 
using a similar approach (Bousch~ et  al., 1992). 
Since it is difficult to stabilize this intermediate in 
the photocycle of wild-type bR, the mutant Tyr- 
185 ~ Phe was utilized, which at high pH exhibits 
a relatively normal photocycle except for the accumu- 
lation of the O intermediate in the late photocycle 
(Dufiach et  al., 1990a, Sonar et al., 1992). Because of 
this property, bands in the time-resolved FTIR differ- 
ence spectra were assigned to the O chromophore and 
protein vibrational modes. The results show that 
along with the 13-cis ~ all-trans reisomerization of 
the chromophore, Asp-96 reprotonates (Table I) and 
the protein undergoes a partial reversal of the changes 
in the secondary structure that occurred earlier in the 
photocycle. In contrast, the active-site configuration 
of bR involving ionic interactions between Asp-212, 
Asp-85, and the Schiff base (Braiman et al., 1988a) 
is not reestablished until the completion of the 
photocycle. 

The Role of Thr-46 and Thr-89 in the Photoeycle 

The role of the residues, Thr-46 and Thr-89, 
in the bR photocycle was investigated by FTIR 
difference spectroscopy and time-resolved visible 
absorption spectroscopy of site-directed mutants 
(Rothschild et  al., 1992). The mutants T89D and 
T46V were previously studied by time-resolved visible 
absorption spectroscopy in DMPC/CHAPS/SDS 
mixed micelles (Marti et  al., 1991a). The FTIR 
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Fig. 7. Time-resolved FTIR difference spectra of purple membrane. Spectra were recorded at 297 K at 4cm t resolution. Each spectrum 
represents average over 0.7 ms. The time is midpoint of time range during which spectrum was recorded. Top and middle: Sample at pH 7. 
Bottom: Sample at pH 9. (From Bousch~ et  al., 1991a.) 

measurements revealed that the mutant T46V per- 
turbed the state of Asp-96 in the L and M inter- 
mediates. In the case of the mutant T89D, substitution 
of a low-pK, Asp residue for the high-pKa Thr residue 
appeared to cause a proton transfer between Asp-89 
to Asp-212 early in the photocycle. As discussed 
below, both these results could be explained by the 
existence of a transient proton-transporting network 
of hydrogen-bonded residues and water molecules 
which includes Asp-96, Thr-46, Thr-89, Tyr-185, and 
Asp-212. 

Secondary Structural Changes during the bR 
Photocycle 

Several bands in the 1500-1700cm -1 region of 
the FTIR difference spectra have been assigned to the 
amide I and II modes (Rothschild and Clark, 1979; 

Rothschild and Marrero, 1982; Rothschild et al., 
1985; Braiman et al., 1987; Roepe et al., 1987a; Engel- 
hard et al., 1985; Gerwert et al., 1990b; Braiman et al., 
1991; Bousch6 et al., 1991a; Pfefferl6 et al., 1991; 
Ormos, 1991). In general, these bands could arise 
because of changes in local secondary structure 
involving one or more peptide bonds or changes in the 
orientation of secondary structure such as tilting of 
a-helices. For example, bands in the amide I region in 
the low-temperature bR-~  M difference spectrum 
have an out-of-plane dichroism, consistent with a 
small tilt of the net a-helix orientation away from the 
membrane normal (Earnest et al., 1986). However, it 
is not possible from the data to determine if these bands 
involve changes in structure of one or more helices, or 
a more localized region of a single helix. 

Information about secondary structural changes 
during the bR photocycle has recently been obtained 
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from time-resolved FTIR difference spectroscopy. In 
one study, it was found that structural changes occur- 
ring during the bR ~ M transition are partially 
blocked at either low temperature or low humidity 
(Braiman et al., 1987). More recently submillisecond 
measurements (Braiman et al., 1991) have revealed a 
more detailed picture, with distinctly different changes 
found during the L ~ M and M--* N transition. 
Interestingly, bands observed in the amide I and II 
regions as well as the carboxyl stretch region of the 
bR ~ M and bR ~ N difference spectra at room 
temperature (Braiman et al., 1991; Bousch6 et al., 
1991a) are very similar to the low-temperature differ- 
ence spectra recorded at 260 and 240 K, respectively 
(Ormos, 1991). This similarity indicates that the two 
different decay modes of bR observed in the low- 
temperature experiments (Ormos, 1991) may reflect 
differences in the structure of the M and N inter- 
mediates rather than two different forms of the M 
intermediate (Vfir6 and Lanyi, 1990). 

DEVELOPMENT OF A MOLECULAR MODEL 
OF PROTON TRANSPORT 

A Structure Based on Site-Directed Mutagenesis and 
Spectroscopy 

On the basis of FTIR studies on site-directed 
mutants, along with structural information provided 
by a variety of other techniques, an increasingly 
detailed model for the bR pump mechanism is being 
developed (Braiman et aL, 1988a; Rothschild et al., 
1989a, b, 1990a, b, 1992). The structure and proton- 
pumping mechanism proposed in 1988 (Braiman et 
al., 1988a) were based in part on the finding that 
Asp-212 and Asp-85 were both ionized and the 
requirement for overall charge neutrality in the 
interior of the protein. This led to the proposal that 
Asp-85, Asp-212, Arg-82, and the protonated Schiff 
base interact electrostatically in an active-site con- 
figuration shown in Fig. 4. Positioning Asp-85 so that 
it interacts with the Schiff base also places Asp-96 
close to the cytoplasmic surface of the membrane. 
Tyr-185 from helix F was also included in this model 
on the basis of evidence that it interacts with the Schiff 
base (Braiman et aL, 1988b). 

Additional information from FTIR spectroscopy 
(Braiman et aL, 1988a, b; Rothschild et al., 1990a, b), 
site-directed mutagenesis (Khorana, 1988), UV/visible 
absorption spectroscopy (Rothschild et al., 1986; 
Roepe et al., 1987a), neutron diffraction (Seiff et al., 

1986; Heyn et al., 1988; Hauss et al., 1990), and 
sequence homology in helix F for bR, hR, and several 
rhodopsins led to the proposal that Tyr- 185, Pro- 186, 
Trp- 182, and Trp- 189 formed part of the retinal-bind- 
ing pocket shown in Fig. 5 (Rothschild et aL, 1989b). 
The arrangement of these residues is very similar to 
the original coordinate map from which Fig. 4 is 
derived (Braiman et al., 1988a). However, in contrast 
to the original model, the methyl groups on  C 9 and C13 

methyl groups of retinal were pointed toward the 
cytoplasmic side of the membrane and the NH bond 
toward the extracellular medium, in agreement with 
more recent evidence (Lin and Mathies, 1989; Hauss 
et al., 1990). Two additional features included later 
were the placement of Trp-86 in the retinal-binding 
pocket (Rothschild et aL, 1989b) and a direct interac- 
tion between Asp-212 and Tyr- 185 (Rothschild et aL, 
1990a). 

The success in obtaining an improved high- 
resolution electron-diffraction structure of bR in 1990 
(Henderson et al., 1990) provided strong support 
for almost all of the features in the spectroscopically 
derived model including the positioning of the aromatic 
residues Trp-86, Trp-182, Trp-189, Tyr-185, and the 
Asp residues 85, 96, and 212 (Braiman et al., 1988a; 
Rothschild et aL, 1989a, b). Although the position of 
the Arg-82 side chain was not determined from the 
electron density map (Henderson et aL, 1990), its 
position in helix C allows it to interact with Asp-212 
and Asp-85. The orientation of the retinylidene 
chromophore with its plane perpendicular to the 
membrane plane and polyene axis tipped approxi- 
mately 20 ° to the vertical is also consistent with the 
results of polarized FTIR difference spectroscopy 
(Earnest et al., 1986; Nabedryk and Breton, 1986) as 
well as visible dichroism (Heyn et aL, 1977; Clark 
et aL, 1980) and neutron diffraction (Seiffet aL, 1986; 
Heyn et al., 1988; Hauss et al., 1990). 

Proton Transport 

The original proton transport model illustrated in 
Fig. 4 was proposed in order to account for Asp 
protonation changes in the early photocycle deduced 
by FTIR (Table I). The model contained several key 
features (Braiman et al., 1988a): 

1. Asp-85 accepts a proton from the Schiff base 
during M formation. 

2. Protonation of Asp-85 results in the ejection of 
a proton into the external medium as a result 
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of disruption of the salt bridge between Asp-85 
and Arg-82. 

3. Asp-96 serves both as a source of the proton 
that reprotonates the Schiff base, although 
indirectly through intermediary groups, and as 
a proton acceptor during proton uptake from 
the cytoplasmic medium. 

4. Asp-212 receives a proton, possibly from Tyr- 
185 upon M formation. Asp-212 reprotonates 
the Schiff base directly during the M ~ N 
transition, receiving a proton indirectly from 
Asp-96. 

Recently, a more comprehensive model has been 
proposed (Rothschild et  al., 1992) which retains 
almost all of the features of the original model but 
includes a more complete description of the Schiff 
base reprotonation pathway and protonation changes 
occurring during the late photocycle in Asp-85, Asp- 
96, and Asp-212 (Table I). In contrast to the earlier 
model, it uses the electron-diffraction-derived coor- 
dinates of bR (Henderson et al., 1990) as well as an 
orientation of the Schiff base proton toward the ex- 
tracellular medium (Lin and Mathies, 1989; Hauss et 
aL, 1990). 

The key features of this model are shown in 
Fig. 8 and described below. 

bR570: As in the original model, Asp-212, Asp-85, 
Arg-82, and the protonated Schiff base interact to 
form an overall electrostatically neutral active site 
(Braiman et al., 1988a). In addition, Tyr-85 inter- 
acts with Asp-212. A new feature is a network of 
hydrogen-bonded residues which includes water, Asp- 
212, Tyr-185, and Thr-89 as indicated by a series of 
shaded arrows in Fig. 8. This network allows a partial 
protonation of Asp-212 through delocalization of 
some of the negative charge on Asp-212 into the net- 
work, thus accounting for the partial deprotonation 
observed in Tyr-185 (He et al., 1992a). 

K630: Movement of the Schiff base due to light- 
induced all-trans to 13-cis isomerization of the retinal 
chromophore disrupts the hydrogen-bonding network 
including the Tyr-185/Asp-212 hydrogen bond, 
accounting for the observed increase in the protona- 
tion state of Tyr-185 (Braiman et al., 1988b; 
Rothschild et al., 1986; Dollinger et al., 1986a). 

L550:Asp-96 undergoes a partial deprotonation 
due to a protein structural change which lowers its 
effective pKa. At low temperature, where the decay 
of the L intermediate is blocked, Asp-96 rapidly 
reprotonates, hence the ionized form is not directly 

observed. However, at room temperature, this repro- 
tonation does not occur until M formation (Braiman 
et al., 1991). In contrast to the earlier model, the 
deprotonation/reprotonation involves an unidentified 
internal group and not reprotonation from the inter- 
nal medium which is inconsistent with measurements 
on the kinetics of proton uptake and release (Holz et 
al., 1989). 

M4~2: Upon M formation, a transient network of 
polarizable hydrogen bonds, similar to that proposed 
by Zundel and coworkers (Zundel, 1986), is estab- 
lished which may include several water molecules 
along with Asp-96, Thr-46, Thr-89, Tyr-185, and Asp- 
212. This network in effect acts as a proton wire, 
increasing the protonation state of Asp-212. While 
none of the high-pKa residues in this network includ- 
ing Tyr-185 are expected to exist in a predominantly 
ionized form, the polarizable hydrogen bonds allow 
some of the negative charge of Asp-212 to be delocal- 
ized throughout the network. In wild-type bR, the 
movement of positive charge toward Asp-212 is closely 
coupled to the transfer of the Schiff base proton to 
Asp-85. As a consequence of the neutralization 
of Asp-85, the active site is disrupted, causing an 
unshielding of Arg-82 and ejection of a proton to the 
extracellular medium as indicated in Fig. 8. 

Nss0: The M ~ N transition involves reproton- 
ation of the Schiff base by a net proton transfer from 
Asp-96 (Holz et al., 1989; Otto et al., 1989; Butt et al., 
1989). As shown in Fig. 8, this occurs through a 
transient network of hydrogen-bonded residues 
including Asp-212, which acts as the proximal proton 
donor to the Schiff base. The overall process involves 
the transfer of a proton from Asp-212 to the Schiff 
base, reprotonation of Asp-212, and simultaneous 
donation of a proton from Asp-96 into the hydrogen- 
bonded network. In effect, this amounts to a net 
movement of a proton from Asp-96 to the Schiff base. 
Asp-96 is now deprotonated and no longer interacts 
with Thr-46, accepting a proton from the cytoplasmic 
medium during the next photocycle step. A partial 
negative charge still remains delocalized among the 
high-pK, residues in the chain, while Asp-212 remains 
partially protonated. A second feature of the M ~ N 
transition not shown in Fig. 8 is a change in the 
secondary structure of bR (Braiman et al., 1991). This 
may be directly coupled to a drop in the pK, of 
Asp-96, thus accounting for its deprotonation. 

064o: The N -~ O transition involves the repro- 
tonation of Asp-96 (Muller et al., 1991; Bousch+ et al., 
1992), thus accounting for the observed slow N decay 
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Fig. 8. Model of hydrogen-bonded proton transport network and protonation changes that occur during the bR photocycle from Rothschild 
el  al. (1992). The approximate position of the residues shown is based on the coordinate map of the electron diffraction-derived bR structure 
(Henderson et  al., 1990). Single-bond rotations were allowed in the side chains of residues Asp-96, Thr-46, and Arg-82 for positional 
adjustments. The positions of the Schiff base nitrogen and Lys-216 side chains are approximate except in the case of the bR570 state. Shaded 
arrows denote polarizable hydrogen bonds which allow delocalization and collective movement of protons in a hydrogen-bonded network of 
such bonds (Zundel, 1988). In cases where a negative charge is shared among several high pK, residues and water molecules, such as in the 
M intermediate, a 6 ( - )  is shown at only one of the residues which shares the charge (i.e., Tyr-185). A black arrow is used to indicate when 
a net proton transfer will occur at the next step of the photocycle. 
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at high pH (Otto et  al., 1989; Kouyama et  al., 1988). 
This transition also involves a reisomerization of the 
chromophore from 13-eis to all- trans and a reversal of 
most of the secondary structural changes which occur 
earlier in the photocycle. 

O Decay: During the O---> bR transition, the 
ionic interactions between Asp-85, Asp-212, Arg-82, 
and the Schiff base are reestablished. In addition, the 
partial protonation of Asp-212 is reversed with the 
positive charge moving back toward the high-pK, 
residues including Tyr-185 and Thr-89, thereby reset- 
ting the ionization states of these residues in the 
hydrogen-bonding network. 

Related Studies 

In addition to the FTIR data, the model also 
accounts for a variety of other data, much of which is 
from structure-function studies on bR. Some of these 
studies are discussed below: 

Asp-85: Several studies have concluded that Asp- 
85 serves as a primary counterion to the Schiff base. 
As expected on the basis of a point charge model 
(Honig et al., 1979), replacement of a negative charge 
by a neutral one in both D85A and D85N results in a 
red-shifted 2max near 600 nm (Mogi et  al., 1988; Subra- 
maniam et  al., 1990; Otto et  al., 1990; Needleman 
et  al., 1991, Thorgeirsson et  al., 1991; Marti et  al., 
1991b). High salt concentration returns D85A to a 
purple form due to the substitution of an anion for 
Asp-85 in the active site (Marti et  al., 1991b). The 
acid-induced purple-to-blue transition can also be 
understood if Asp-85 becomes protonated at low pH 
(Subramaniam et  al., 1990). In fact, a positive band 
near 1760 cm- l assigned to protonation of Asp-85 has 
been observed in the FTIR difference spectrum for 
this transition (Marrero and Rothschild, 1987a). A 
similar effect is likely to occur at low ionic strength 
due to a lowering of the surface pH (Szundi and 
Stoeckenius, 1989). Finally, both D85A and D85N 
exhibit Schiff base pKa's near 7 compared to approxi- 
mately pKa 11 in wild-type bR in micelles, again an 
indication that Asp-85 acts as a primary counterion 
(Otto et al., 1990; Marti et  al., 1991b). 

In a recent resonance Raman study of D85N, it 
was found that the C = N  stretching frequency down- 
shifts 3 cm- 1 from wild-type bR, indicating that Asp- 
85 is located closed to the retinal Schiff base (Lin et  al., 
1991). In a second study based on resonance Raman 
spectroscopy, a 24cm -~ shift was observed in the C= 
stretching mode of the mutant D85A along with an 

almost complete elimination of the H/D exchange 
isotope effect (P. Rath et al., 1992), indicating that 
Asp-85 forms a hydrogen-bonding interaction with 
the Schiff base which is almost completely eliminated 
by replacement of an alanine. 

A number of other structure-function studies 
also provide strong support for the functioning of 
Asp-85 as the Schiff base proton acceptor and as a key 
element in proton release. As expected, replacement of 
Asp-85 with the nonproton-accepting residues Ala 
and Asn abolishes proton translocation (Mogi et al., 
1988; Khorana, 1988; Subramaniam et  al., 1990). In 
addition, the photocycles of D85A and D85N exhibit 
almost no detectable M formation (Stern et al., 1989; 
Otto et  al., 1990; Thorgeirsson et al., 1991). Although 
D85N forms a small amount of a 410nm absorbing 
species with a very slow risetime and decay compared 
to wild-type bR, this most likely reflects a less efficient 
deprotonation mechanism into an aqueous channel 
(Stern et  al., 1989). In contrast to D85A and D85N, 
D85E exhibits both proton translocation activity 
which is 40% of wild type (Mogi et al., 1988) and 
formation of an M intermediate consistent with the 
ability of Glu to act as a substitute proton acceptor 
(Stern et  al., 1989; Otto et al., 1990; Butt et al., 1989). 

It is interesting to note that if the direction of 
the Schiff base proton is toward Asp-85 as shown in 
Figs. 5, 6, and 8, an all-trans --> 13-cis isomerization 
would orient the proton in the wrong direction for it 
to easily be transferred to Asp-85 (and for it to accept 
a proton from Asp-212 as discussed below). One 
possible explanation is that during the K ~ L or 
L ~ M transition an additional rotation occurs about 
the 14-15 C-C bond bringing the proton and Schiff 
base in closer proximity to Asp-85. Indeed such a 
rotation has been predicted on the basis of FTIR 
measurements (Gerwert and Siebert, 1986) and on 
theoretical grounds to explain the drop in the Schiff 
base pKa (Schulten and Tavan, 1978). However, 
resonance Raman studies on the Ls~0 intermediate 
indicate that its chromophore has a C14-C~5 s- trans 
structure (Fodor et  al., 1988b). An alternate explan- 
ation would be that the protein undergoes a confor- 
mational change during the L ~ M transition which 
makes the transfer of a proton to Asp-85 possible 
(Mathies et al., 1991). 

Asp-212: The role of Asp-212 as a counterion to 
the Schiff base is not as clear as that of Asp-85 (Mogi 
et al., 1988). The model shown in Figs. 6 and 8 would 
lead to the prediction of a red-shift upon substitution 
of Asp-212 with a neutral residue. However, FTIR 
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measurements on D212A reveal that a normal chromo- 
phore with a 2m~x near 570 nm can be formed by this 
mutant (Rothschild et al., 1990a). In addition, in con- 
trast to Asp-85, only a small decrease of the pKa of the 
Schiff base is not found in Asp-212 mutants (Marti 
et al., 199lb). This may indicate that the interaction of 
Asp-212 with the protonated Schiff base is weaker 
relative to Asp-85 possibly due to the effect of the 
nearby Arg-82 and Tyr-185 residues (Fig. 6). On the 
other hand, at pH > 7, a red-shifted form of D212N 
expressed in native Halobac ter ium halobium has been 
found, leading to the interpretation that Asp-212 does 
function as a counterion to the Schiff base in light- 
adapted bR (Needleman et al., 1991). A red-shifted 
form of D212N and D212A has also been deduced 
from light-dark difference spectra of these mutants 
(Dufiach et al., 1990b). 

The role of Asp-212 as the proximal donor group 
in a proton relay from Asp-96 to the Schiff base 
remains unestablished. This mechanism for Schiff 
base reprotonation was originally suggested because 
of the observation that it becomes protonated upon M 
formation and on the basis of its proximity to the 
Schiff base (Braiman et aI., 1988a). In support of this 
hypothesis, as seen in Fig. 8, only a small movement 
of the Schiff base is required in order to switch it from 
a position as a proton donor to Asp-85 to one of an 
acceptor from Asp-212. In addition, time-resolved 
FTIR reveals that D96A, which has a slow M decay, 
also exhibits a delay in the protonation of Asp-212 
which normally occurs during the L ~ M transition 
(Bousch6 et al., 1991a). 

Time-resolved visible absorption studies of 
Asp-212 mutants have thus far provided only limited 
support for this concept. D212E exhibits a decrease 
in the M decay rate and slowed proton uptake (Otto 
et al., I990), as expected if Asp-212 were involved in 
Schiff base reprotonation. In contrast, D212A exhibits 
a relatively normal M decay rate (Dufiach, M., Marti, 
T., Khorana, H. G. and Rothschild, K. J., unpub- 
lished). This might be explained if a water molecule 
could substitute for Asp-2t2 in this mutant as the 
proximal donor. 

Asp-212 may also serve a role in the reisomeriz- 
ation of the chromophore as recently suggested 
(Rothschild et al., 1990a). In particular, partial 
neutralization of Asp-212 in the N intermediate could 
lower the energy barrier for reisomerization (Seltzer, 
1987). In the model shown in Fig. 8, Asp-212 is only 
partially protonated; thus, two distinct forms of N 
may exist which differ by the protonation state of 

Asp-212. Reisomerization would be expected to occur 
from the protonated form of Asp-212. However, this 
form might be difficult to observe in the native bR 
photocycle since it could be red-shifted due to neu- 
tralization of Asp-212 and thus overlap with the O 
intermediate which also has a red-shifted chromo- 
phore. Interestingly, the mutants L93A and L93T 
form a long-lived O-like and N-like intermediate in 
the late photocycle which are believed to be in equi- 
librium (Subramaniam et al., 1991 a). Since these sub- 
stitutions could act to block reisomerization of the 
chromophore due to close contact between Leu-93 
with the methyl group of C-13 of retinal (Henderson 
et al., 1990), an accumulation of the red-shifted form 
of the N intermediate could explain the observed 
results. 

Arg-82: The position of the side chain of Arg-82 
in the bR structure remains to be established. How- 
ever, several recent studies have concluded that it 
directly interacts with Asp-85 and Asp-212. In par- 
ticular, substitution of Arg-82 with Ala or Gln causes 
a rise in the pK a for the purple-to-blue transition 
(Stern and Khorana, 1989; Otto et al., 1990; Subrama- 
niam et aI., 1990; Thorgeirsson et al., 1991). If this 
transition is associated with Asp-85 protonation 
in wild-type bR (Subramaniam et al., 1990), then 
removal of Arg-82 and its interaction with an ionized 
Asp-85 would be expected to raise the pKa for this 
reaction. 

In support of Arg-82 having a role in proton 
release, transient pH measurements show that this 
release is strongly retarded in the mutants R82Q and 
R82A (Otto et al., 1990). Because Arg-82 is replaced 
by neutral residues in these mutants, proton release 
might occur via a direct deprotonation of Asp-85 
during the late stages of the photocycle. The M inter- 
mediate in R82Q and R82A has also been observed to 
have an accelerated rise kinetics (Otto et al., t990; 
Thorgeirsson et al., 1991) and it has been attributed to 
the Asp-85 counterion having a more negative charac- 
ter and increased affinity for the Schiff base proton 
(Thorgeirsson et al., 1991). 

Asp-96: Although most of the focus has been on 
the role of Asp-96 in the late photocycle, FTIR differ- 
ence spectroscopy detects changes in this residue 
during the K -~ L ~ M transitions (Braiman et al., 
1988a; Gerwert et al., 1989; Braiman et aL, 1991). In 
support of a role for Asp-96 in the early photocycle, 
D96N affects the kinetics of L and M formation 
(Thorgeirsson et  al., 1991). Protein structural changes 
detected by FTIR difference spectroscopy (Gerwert 
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et al., 1989; Bousch6 et al., 1991a) and the increased 
reactivity of hydroxylamine with the Schiff base in the 
early photocycle (Subramaniam et al., 1991b) may be 
associated with these alterations in Asp-96. 

Asp-96 deprotonation during the M ~ N tran- 
sition was deduced from the photocycle kinetics of the 
mutants D96N and D96A, which have a pH sensitive 
M decay that at pH 7 and above is significantly slower 
than wild-type bR (Butt et al., 1989; Tittor et al., 1989; 
Stern et al., 1989; Holz et al., 1989; Otto et al., 1989). 
It was concluded that in these mutants reprotonation 
of the Schiff base must occur through an alternate 
mechanism which is rate limited by the proton con- 
centration in the external medium. In addition, proton 
conductivity and transient pH experiments reveal a 
delayed proton uptake in the late photocycle of these 
mutants (Marinetti et al., 1989; Holz et al., 1989). 
Time-resolved photovoltage measurements (Otto 
et al., 1989) also established that Asp-96 plays a major 
role in reprotonation of the Schiff base. Recently, 
Asp-96 deprotonation during the M --. N transition 
has been directly measured by several groups using 
static and time-resolved FTIR difference spectroscopy 
(Gerwert et al., 1990b; Braiman et al., 1991; Bousch6 
et al., 1991a; Pfefferl6 et al., 1991). 

Asp-96 reprotonation during the N --* O tran- 
sition as measured by FTIR difference spectroscopy 
(Bousch6 et al., 1992) is consistent with results from 
absorption spectroscopy (Kouyama et al., 1988) and 
resonance Raman spectroscopy (Ames and Mathies, 
1990) and time-resolved photovoltage measurements 
(Otto et al., 1989) which show that this transition is 
slowed at high pH or high salt (Szundi and Stoeck- 
enius, 1989). Under these conditions, reprotonation of 
Asp-96 is expected to become the rate-limiting step for 
the N ~ O transition. 

The interaction of Asp-96 with other residues is 
also being defined by spectroscopic studies coupled 
with site-directed mutagenesis. Recent studies on 
threonine and serine mutants shows that Thr-46 and 
Ser-226 increase the M decay rate while slowing pro- 
ton uptake, consistent with a drop in Asp-96 pKa 
(Marti et al., 1991b). As discussed, FTIR results are 
consistent with an interaction between Thr-46 and 
Asp-96 (Rothschild et al., 1992). 

S U M M A R Y  A N D  F U T U R E  P E R S P E C T I V E S  

Progress in elucidating the molecular mechanism 

of proton pumping in bacteriorhodopsin illustrates 
the usefulness of FTIR difference spectroscopy as 
a physical probe of biomolecular processes. While 
bacteriorhodopsin was the first system to be studied 
using this approach, it is now being used extensively to 
study other membrane-based mechanisms including 
visual transduction in rhodopsins (Ganter et al., 1988; 
Rothschild and DeGrip, 1987; DeGrip et al., 1988) 
and energy conversion by photosynthetic reaction 
centers (Nabedryk et al., 1990). The application of 
attenuated total reflection techniques is also facilitat- 
ing the study of non-light-driven proteins inlcuding 
the acetylcholine receptor (Baenziger et al., 1992). 

In the future, FTIR difference spectroscopy can 
provide increasingly detailed information about 
proton translocation and energy transduction in 
bacteriorhodopsin as well as the mechanism of other 
membrane-based processes. Progress depends to a 
large extent on further assignments of specific bands in 
the FTIR difference spectra to vibrational modes of 
individual amino acid residues and peptide groups. 
Along with the use of site-directed mutagenesis, 
more powerful methods for selective incorporation of 
isotope labels can facilitate these assignments. Con- 
tinued development of polarized and time-resolved 
techniques ,are also likely to be of significance in future 
FTIR studies, offering more detailed information 
about structural changes occurring on the submilli- 
second time scale. 
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