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ABSTRACT We report on a new method based on Fourier transform infrared (FTIR)-difference spectroscopy for
studying the conformational changes occurring during the photocycle of bacteriorhodopsin. Previous studies have been
made by measuring the absorbance of an infrared (IR) beam transmitted through a thin hydrated purple membrane
film. In contrast, the present study utilizes the technique of attenuated total reflection (ATR). Purple membrane is
fixed on the surface of a germanium internal reflection crystal and immersed in a buffer whose pH and ionic
composition can be varied. Measurements of the amide 1 and 11 absorbance with light polarized parallel and at 45° to
the crystal surface reveals that the membrane is highly oriented. An ATR-FTIR-difference spectrum of the light to
dark (bR, to bRs) transition is similar but not identical to the transmittance FTIR-difference spectrum. This
disagreement between the two methods is shown to be due in the ATR case to the absorption of transition moments
oriented predominantly out of the membrane plane. Raising the pH of La** substituted purple membrane films from 6.8
to 8.0 slows the M-decay rate sufficiently so that a bR, to My, difference spectrum can be obtained with steady state
illumination at room temperature. A comparison of this difference spectrum with that obtained at —23°C using the
transmittance method reveals several changes that cannot be attributed to out-of-plane transition moments. An increase
in the intensity of peaks in the amide I and II regions agrees with recent time-resolved kinetic FTIR-difference
measurements and indicates that a localized protein conformational change involving the peptide backbone of bR
occurs which is not evident at the lower temperature.

INTRODUCTION

The membrane protein, bacteriorhodopsin (bR}, functions
as a light-driven proton pump in the purple membrane of
Halobacteria halobium (1). While both the primary
sequence (2) and the three-dimensional structure of bacte-
riorhodopsin at 7 A have been reported (3), the molecular
mechanism of proton pumping in bacteriorhodopsin still
remains unknown.

Bacteriorhodopsin has been investigated recently by
several groups using Fourier transform infrared (FTIR)
difference spectroscopy (4-10; Roepe, P., P. L. Ahl, J.
Herzfeld, S. K. Das Gupta, J. Lugtenburg, and K. J.
Rothschild, manuscript to be submitted for publication).
In contrast to resonance Raman spectroscopy, which selec-
tively probes the vibrations of the bR chromophore
(11, 12), FTIR-difference spectroscopy is sensitive to both
protein and chromophore vibrations. Changes in chromo-
phore, tyrosine, carboxyl, and peptide groups have all been
detected at different steps in the bR photocycle using this
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method. Similar measurements have also been reported for
the visual pigment rhodopsin (13) and for the bacterial
photosynthetic reaction center complex (14).

One limitation of FTIR-difference spectroscopy stems
from the strong infrared absorbance of water. This effect
normally limits the sample thickness for transmittance
measurements to less than a few micrometers. Typically, a
thin film of purple membrane which has been deposited on
an infrared transmitting window is hydrated by exposure
to water vapor or placed in direct contact with an aqueous
solution, which is then partially removed (4-7). While
films of fully humidified purple membrane have been
shown to photocycle with normal kinetics (15), it is diffi-
cult to control the water concentration, external pH, and
ionic composition of these films. Furthermore, it has been
demonstrated that the conformational changes occurring
during the bR photocycle are strongly dependent on hydra-
tion level (15).

The limitation of FTIR absorption spectroscopy to
samples with low water content can be circumvented
through the use of attentuated total reflection (ATR). This
method is based on absorption of the nonpropagating
component of the infrared light (evanescent wave) which
exists near the surface of a sample placed in direct contact
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with an internal reflection crystal (IRE). The infrared
light is directed through the IRE at an angle that exceeds
the critical angle for total internal reflection. In this case,
infrared light penetrates several micrometers into the
sample. Hence, the absorption due to the presence of a bulk
aqueous solution is not a limiting factor (for a review of
ATR theory and techniques see reference 16). When this
method is combined with difference spectroscopy, small
changes in the conformation of a sample in an aqueous
environment can be detected. This approach has been
employed recently by Fringeli et al. (17), who have studied
the conformational changes of acetylcholine esterase upon
changing the concentration of acetylcholine in the external
solution. Changes in the conformation of bR as a function
of the pH and ionic content of the buffer have also been
recently studied using this method and will be reported
elsewhere (17). (Marrero, H., and K. J. Rothschild, manu-
script submitted for publication)

We report here on the first ATR FTIR-difference
measurements of bacteriorhodopsin. Purple membrane
was bound to the surface of a Ge crystal and directly
exposed to a bulk aqueous solution whose composition and
pH were varied. Difference spectra were recorded with the
ATR method for the transition between light-adapted
(bRs3) and dark-adapted (bRsgs) bacteriorhodopsin and
found to be similar but not identical to difference spectra
recorded using the transmittance method. The differences
between the two methods are shown to be due to out-
of-plane vibrational modes of purple membrane which do
not appear strongly in transmittance measurements. Polar-
ized FTIR measurements also indicate that the purple
membrane bound to the ATR crystal is highly oriented and
provide information about the orientation of specific
groups relative to the membrane plane. Raising the pH of
the bathing solution above 8.0 for the La**-treated mem-
branes slows the decay of the M,,, intermediate suffi-
ciently to allow bRs;; — M, difference spectra to be
obtained at room temperature. These spectra are similar to
the bRy, — M, difference spectra recorded at 250°K
using the transmittance technique (18), but more closely
resemble recently measured time-resolved FTIR differ-
ence spectra of bR at room temperature (19).

MATERIALS AND METHODS

Purple membrane (PM) was prepared from Halobacteria halobium
strain S9 as reported previously (5). Before binding of the PM, the Ge
crystal was cleaned by immersion in concentrated chromic acid for 30
min, washed thoroughly in deionized water, and dried with either dry air
or nitrogen. Care is taken to avoid contamination of the surface of the
crystal. A thin layer of PM was deposited by drying a concentrated drop
of PM suspension in distilled water (~12 mg/ml) over the Ge crystal. The
film was then extensively washed with either 65 mM LaCl, or 350 mM
CaCl,. The pH of the washing solutions was adjusted to pH 6.8 using
NaOH for LaCl; or Ca(OH), for CaCl,. As discussed below, in the case
of La*? substitution, this method appears to produce effects on the bR
photokinetics that are similar to those previously reported (20-22).

A schematic drawing of the apparatus used to measure the ATR
difference spectra is shown in Fig 1. An ATR device (model TMP-220;
Harrick Scientific Corp., Ossining, NY) equipped with a liquid cell
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FIGURE | Cutaway schematic of modified ATR liquid cell including
the liquid compartment assembly: clamp with light access hole (C,),
plastic or quartz window (W), rubber gaskets (G), liquid chamber made
of Teflon (L), liquid input tubing (Teflon) (F), germanium ATR crystal
(X), sample (S), and holding clamp (C,). Bottom schematics show IR
optical path including detector (D), mirrors (M,, M,), polarizer (P), and
optical fiber (O).

allowed solutions to flow past the PM film bound to the surface of a Ge
IRE. The sample was illuminated through a hole machined in the metal
exterior of the cell (C, in Fig. 1) and covered by a plastic or quartz
window. The light source consisted of a 100-W illuminator (model 180;
Dolan-Jenner Industries, Inc., Woburn, MA). The light passed through
two heat-absorbing filters and a yellow glass filter (No. 495; Corning
Glass Co., Corning, NY) which was then directed with an optical fiber
through the access hole. Control of the light source, polarizer, and all
other FTIR spectrometer functions was automated using a computer
{model 1280; Nicolet Instrument Corp., Madison, WI). Infrared spectra
were measured using an FTIR spectrometer (model 60SX; Nicolet
Instruments) equipped with either a TGS or MCT detector as indicated
(cf. Fig. 4 legend). The path of infrared light through the ATR setup is
shown in Fig. 1.

Polarized IR spectra were obtained by placing in the beam a KRS-5
wire-grid transmission polarizer mounted on a motorized rotator. By
rotating the polarizer 90°, two different polarizations were obtained (cf.
Fig. 1); the IR electric vector parallel to the surface of the crystal (VP
mode) and the IR electric vector at 45° with respect to the normal of the
crystal (HP mode).

In order to test the stability of the PM binding to the Ge crystal when it
is exposed 10 aqueous solutions, IR spectra were recorded over several
hours. Even when the solution was rapidly flowing through the liquid
chamber no evidence was found of PM loss from the surface of the
crystal.

In order to study the bR photokinetics, PM was bound to the inside
surface of a plastic or quartz cuvette using the same fixing procedure
described above. Visible absorbance measurements were made in a double
beam UV-visible spectrometer (model 219; Varian Associates, Inc., Palo
Alto, CA) using the conventional tramsmittance method.

RESULTS AND DISCUSSION

Effects of PM Binding on the
Photochemical Behavior
of Bacteriorhodopsin

Fig. 2, A-C compare the visible absorption spectrum of

light- and dark-adapted purple membrane in suspension,
for films treated with 350 mM CaCl, and 65 mM LaCl,,
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FIGURE 2 Visible absorbance spectra for PM. (4) PM suspension in
distilled water at pH 6.4, (B) PM film fixed inside a quartz cuvette with a
0.35 M CaCl, solution at pH 6.8, and (C) PM film fixed in a quartz
cuvette in a solution at pH 6.8 and 0.065 M LaCl,. The samples were dark
adapted for 2.5 h before light adaptation.

respectively. Both the CaCl,- and the LaCl;-treated films
exhibit normal light adapted spectra and the expected blue
shift upon dark adaptation. However, La**-substituted
PM does not exhibit as great a reduction in absorbance as
normally observed upon dark adaptation for PM in suspen-
sions (23 and references therein) and for PM treated with
Ca*®* as shown here. This effect may be due to incomplete
dark adaptation of the La’*-treated samples. The rate of
dark adaptation was found to be much slower for both
kinds of films (Ca®*- and La**-treated films); more than 2
h were required as compared with ~20-30 min for PM in
suspension (results obtained here; see also references in
23). Hence, longer dark-adaptation times were allowed for
the FTIR measurements described below. It was also
found that the M,,, decay was much slowed in the LaCl;-
treated films above pH 7.6 (having a ¢,,, of 1-5 s at pH
8.0), in agreement with studies made for La**-treated
purple membrane fixed in acrylamide gels (20-22).

Orientation of Purple Membrane

The orientation of the purple membrane relative to the
IRE crystal surface can be determined from polarized
infrared ATR measurements. As shown in Fig. 3, the
amide I/amide II ratio for the in-plane VP polarization is
<1, whereas the ratio increases to ~1.75 for the out-
of-plane HP polarization. Both of these effects, although
less pronounced, have been previously observed for polar-
ized transmittance measurements of purple membrane
films (24) and have been attributed to the predominantly
perpendicular orientation of bR a-helices relative to both
the membrane and sample planes. In the present case, we
would not expect to observe such high amide I and II
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FIGURE 3 ATR-FTIR absorbance spectra of a LaCl;,-treated film
deposited on Ge in the presence of 0.065 M LaCl; (pH 6.8). The spectra
were calculated using as a background an identical ATR cell without
purple membrane. Dashed line (horizontal polarization); solid line (verti-
cal polarization}.
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dichroism if the PM membranes were not highly oriented
such that the membrane plane is parallel to the Ge surface.
This is not surprising, since the fixing method involves the
initial drying of PM suspensions, which normally leads to a
parallel orientation of the fragments relative to a substrate
surface. Furthermore, it has been shown that the maxi-
mum orientation possible is limited by edge overlap of the
fragments, the extent of disorder increasing as a function
of the distance from the substrate surface (25). Therefore,
the relatively thin layer of purple membrane bound, which
is estimated on the basis of optical fringing to be between
0.5 and 1.5 pm, would tend to produce higher orientation
than the 3 um films previously used for transmittance
measurements.

Light — Dark Adaptation
Difference Spectra

Fig. 4 shows the light-dark difference spectra
(bRs70 — bRy,s) obtained using the ATR and transmit-
tance methods. We first note that all of these spectra are in
qualitative agreement with previous FTIR transmittance
measurements (6). Chromophore vibrations previously
detected by resonance Raman spectroscopy of bR, and
bR, (29) appear as negative peaks (bRs;,) and as positive
peaks (bR ). For example, the two strong peaks at 1,525
cm™' (negative) and 1,535 cm™' (positive) in the FTIR
difference spectrum arise from the ethylenic stretching
modes of the chromophore in the light- and dark-adapted
forms of bR, respectively. Similarly, the negative 1,637
cm™' peak is assigned to the bR,y C=N stretch mode of
the Schiff base. Several protein-related peaks can also be
identified, including the small feature at 1,276 cm ™! which
has been attributed to the protonation of a tyrosine group
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during the bRs; — bRy (9-10; Roepe P., P. L. Ahl, J.
Herzfeld, S. K. Das Gupta, J. Lugtenburg, and K. J.
Rothschild, manuscript submitted for publication).

While the ATR difference spectra for both bR contain-
ing Ca?* and La** at pH 6.8 appear to qualitatively agree
with the transmittance difference spectrum, there exist
several reproducible differences between the two methods.
These include intensification of the peak at 1,660 cm~',
loss of intensity at 1,621 cm™', and the appearance of a
negative feature near 1,615 cm™" in the ATR difference
spectra.

In principle, all of the above noted changes in the ATR
difference spectra could arise from the contribution of
vibrational modes with transition dipole moments contain-
ing a component oriented out of the membrane plane. In
particular, as shown in Fig. 1, the infrared light propagat-
ing through the IRE is oriented at 45° relative to crystal
surface and therefore to the membrane plane. Hence, the
component of the electric field normal to the membrane
that exists for the HP but not for the VP polarization will
interact more with transition moments oriented out-of-
plane. In contrast, in the case of transmittance measure-
ments, the light is directed normal to the membrane plane
and hence out-of-plane transitions are not excited as
strongly.

This effect was verified by recording the ATR differ-
ence spectra with infrared light polarized parallel (VP)
and perpendicular (HP) to the crystal surface (cf. Fig. 1).
The VP (in-plane) polarization results in a difference
spectrum (thick line in Fig. 5) very similar to the transmit-
tance difference spectrum. In contrast, the HP (out-
of-plane) polarization results in a spectrum (thin line in
Fig. 5) which deviates from the transmittance difference
spectrum at the same frequencies as the unpolarized ATR

FIGURE 4 Comparison of FTIR-difference spectra of
the bRy, to bRy, transition (dark adaptation) for
different methods. (7op) Transmittance method
obtained at room-temperature on a humidified PM
film deposited on AgCl. (Middley ATR method
obtained at room-temperature on a PM film deposited
014 on Ge and bathed by a 0.065-M LaCl, solution at pH
6.8. (Bottom) Same as middle but with a solution
— containing 0.35 M CadCl, at pH 6.8. The numbers at
= the right of each spectrum indicate the respective
La" absorbance scale. All ATR spectra shown were
obtained at an effective resolution of 8 cm™' using a
017 model 60SX spectrometer (Nicolet Instruments)
equipped with an MCT detector. Data collection con-
= sisted of 2,048 data points for each interferogram, with
Ca"’ 10,000 interferograms recorded for each spectrum
shown, for a total data acquisition time of 41 min. The
sample was allowed to dark-adapt for 2 h before
illumination. The difference spectrum was computed
by subtracting the absorption spectrum of the sample
during illumination from the spectrum recorded in the
dark immediately before illumination. The top differ-
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ence spectrum was recorded at 2 cm™' resolution at

1
800 room temperature using a modet MX-1 spectrometer

(Nicolet Instruments) equipped with a TGS detector.
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FIGURE 5 Polarized ATR FTIR-difference spectrum for a film bathed
in a pH 6.8 solution of 0.065 M LaCl, at room temperature using
conditions identical to those in Fig. 4. Difference spectra of the same
polarization were averaged together for increased signal/noise. Thick
line, VP polarization; thin line, HP polarization (see Materials and
Methods).

difference spectrum, but to a greater extent. This demon-
strates that it is the predominantly out-of-plane transition
moments not detected in the transmittance measurements
which account primarily for the disagreement between the
transmittance and ATR measurements.

We also note that polarized ATR-FTIR difference
measurements can provide information about the orienta-
tion of specific transition moments relative to the mem-
brane plane. Such studies have been recently reported
using transmitted IR for the bRgy to K¢, and My,
transitions (26, 27). We list in Table I the predominant
polarization behavior of specific peaks in the spectrum. A
more detailed analysis of the dipole orientations will be
given elsewhere.

BR;;, to My, Differences for La’*-PM
at pH 8.0

The difference spectrum of La’*-treated PM at pH 6.4 (cf.
Fig. 4) reflects mainly light-dark adaptation. However,
raising the pH to 8.0 results in a dramatically altered
spectrum (cf. Fig. 6). In particular, at pH 8.0 the differ-
ence spectrum is very similar (although not identical) to
previously reported bRy, to M,,, difference spectra
recorded at low temperature (6, 8, 10, 18). This effect can
be explained by the strong pH-dependence of the M,,,
decay kinetics of La**-PM. We found the M,,, decay to be
several hundred times slower at pH = 8 compared with
pH = 6.4 (Fig. 7), in agreement with previous studies
using La**-PM in acrylamide gels (20-22). Thus, the M,
intermediate accumulates during the illumination period
and relaxes back to bRg;, during the dark periods.

Some of the differences between the bRs;, — M,
spectra shown in Fig. 6 for the transmittance and ATR

TABLE 1|
Frequency Type* Dichroism Assignment?
cm™!
1,695 (+) HP > VP  Protein
1,682 (=) HP < VP Protein
1,660 (+) HP > VP Protein, C—0 stretch
1,639 (=) VP <HP C=—N"streich
1,622 (+) VP > HP
1,615 -) HP < VP
1,576 (+) HP > VP  C=Cstretch
1,537 (+) C==C stretch
1,525 (=) C=C stretch
1,504 (+)
1,418 (+) HP > VP
1,390 (+) HP > VP H in-plane rock
1,340 (+) H in-plane rock
1,297 (+) HP > VP  Hin-plane rock
1,268 (+) tyrosine
1,250 (-) C,;-C,; stretch and lysine rock
1,205 (+) VP > HP
1,197 (-) Ce-Cs, C,-C,s stretch
1,179 (+) HP > VP C-Cstretch
1,165 (=) HP < VP C,,-C,; stretch
1,118 (+)
1,094 (+) HP > VP
1,067 (+) VP> HP C-Cstretch
1,022 (+) HP > VP
1,005 (=) CH; rock of Cjs and Cy

*(+), positive amplitude (dark, bRyg); (), negative amplitude (light,
bRyp); VP, polarization parallel to crystal plane; HP, polarization at 45°
from crystal normal.

¥Chromophore assignments based on assignments in references 28 and
29.

methods may be again due to out-of-plane modes
appearing more strongly in the ATR case. For example,
the increased intensity of the 1,648 cm™' peak agrees with
the out-of-plane character of this peak as recently demon-
strated (27). However, some changes such as the increase
at 1,553 cm™! cannot be fully explained on this basis and
may be due in general to either the presence of La*?, the
presence of bulk water, or the room temperature condi-
tions. Recent time-resolved measurements made on room
temperature wet samples in our laboratory (19) support
the latter explanation. Furthermore, polarized FTIR dif-
ference measurements indicate that this peak is not polar-
ized out-of-plane (27).

CONCLUSIONS

The present study demonstrates that ATR FTIR-differ-
ence spectroscopy can be used to study conformational
changes occurring in purple membrane. Since the mem-
branes are directly exposed to an aqueous medium, the pH
and ionic content of the buffer can be controlled during an
experiment. Thus, the effects of the buffer composition on
the conformational changes of bR during the photocycle
can be more easily investigated in contrast to previous
experiments where hydrated thin films of purple mem-
brane were utilized.
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FIGURE 6 Comparison of FTIR-difference spectra of the bRy, to My,
transition. (Top) Difference spectrum obtained at —23°C using the
transmittance method as previously reported (from reference 18). (Bot-
tom) Difference spectrum obtained at room temperature using the ATR
method. Bathing solution consists of 0.065 M LaCl; and was raised from
pH 6.8 (conditions used for dark adaptation) to pH 8.0 using NaOH in
order to obtain spectra shown here. pH was continuously monitored
during measurement by sampling solution with a syringe mounted to
ATR cell as shown in Fig. 1. Spectra were collected at 3-min intervals
(750 interferograms per spectrum at 8 cm ' resolution), with alternating
light-on/light-off. :

These studies also demonstrate the capability of polar-
ized ATR FTIR-difference spectroscopy to probe the
orientation of different groups which change during the bR
photocycle. Similar studies using the transmittance
method of FTIR-difference spectroscopy have also been
recently reported (26, 27). In the case of ATR, the ability
to obtain a larger effective angle between the electric
polarization and the membrane plane as well as the ability

to maintain a highly oriented film in an aqueous medium
offers important advantages.

One disadvantage of the present approach is the neces-
sity of using high salt concentrations to fix the films to the
IRE surface. Without the salt, we found the films to be
unstable during the course of the experiment, resulting in
unsatisfactory difference spectra. This problem may be
avoidable in future experiments by finding alternative
methods of binding purple membrane to the IRE surface,
such as through the use of surfactants or with a polyacryl-
amide matrix. Alternatively, concentrated suspensions of
PM may be used directly in an appropriate ATR cell,
without the need for film deposition.

The ability to vary the external pH of the bathing
medium has allowed us in this work to effectively control
the M,,, decay rate in La**-PM films. Our comparison of
the resulting bR;, — M,,, difference spectrum with previ-
ously recorded low-temperature measurements indicates
that skeletal backbone rearrangements occur which are not
as evident in 250°K difference spectra. This is supported
by recent time-resolved FTIR difference measurements at
room temperature of normal PM films which also exhibit
intensification of bands associated with the amide I and 11
vibrations (19), as well as static difference spectra
recorded at 270°K (Roepe et al., unpublished observa-
tions).

The ATR FTIR-difference method can also be used to
study changes in bR when the pH and ionic concentrations
are varied. For example, we have used this method to study
conformational changes in bR upon acid blue membrane
formation in the presence of different salt concentrations
(Marrero, H., and K. J. Rothschild, manuscript submitted
for publication). In general, further development of this
method may also facilitate the study of a wider class of
proteins which are activated by soluble substrates and not
just light activation as in the case of bacteriorhodopsin.

0.010 r 0.000
] 568 nm
0.008 4 - -0.005
p
; £
£ 3 £
g i L _0.010 ©
3 0.006; 00 ©
o @
Q O
5 d 5
‘g 0.004 % L -0.015 g
2 % “ FIGURE 7 Kinetic decay of the 412 nm (M,,; inter-
< I < mediate) and 570 nm (bR,,) bands recorded immedi-
< "‘1 | _0.020 < ately after the light source was turned off for a sample
0.002 bl 412 nm ’ fixed inside a quartz cuvette in the presence of 0.065 M
| Kb *o LaCl, at pH 8.0. The sample was light adapted in the
P &1-‘-'«.‘ R P L SN . % same manner as the samples described in Fig. 2. Left
0.000 +——————— e M —_——— !“""l -0.025 absorbance scale refers to change at 412 nm and right
0 2 4 6 8 absorbance scale refers to change at 568 nm after light
Minutes is turned off relative to final value.
634 BIOPHYSICAL JOURNAL VOLUME 52 1987



The authors wish to thank P. Roepe for measuring the light-dark and
bRs;o — M,;; FTIR transmittance spectra, M. Tran for preparing the
purple membrane samples, P. Ahl, M. Braiman, T. N. Earnest, and W.
Stoeckenius for their helpful discussions, and J. Gillespie and D. Gray for
their technical assistance.

This work was supported by grants DMB-8509857 from the National
Science Foundation and EY05499 from the National Institutes of Health
to Kenneth J. Rothschild.

Received for publication 7 January 1987 and in final form 9 June 1987.

12.

MARRERO AND ROTHSCHILD Changes in Bacteriorhodopsin by Infrared Reflection

REFERENCES

. Stoeckenius, W., and R. A. Bogomolni. 1982. Bacteriorhodopsin and

related pigments in halobacteria. Annu. Rev. Biochem. 51:587—
616.

. Khorana, H. G., G. E. Gerber, W. C. Herlihy, C. P. Gray, R. J.

Anderegg, K. Nihei, and K. Biemann. 1979. Amino acid sequence
of bacteriorhodopsin. Proc. Natl. Acad. Sci. USA. 76:5046-5050.

. Henderson, R., and P. N. T. Unwin. 1975. Three dimensional model

of purple membrane obtained by electron microscopy. Nature
(Lond.). 257:28-32.

. Rothschild, K. J., M. Zagaeski, and W. A. Cantore. 1981. Conforma-

tional changes of bacteriorhodopsin detected by Fourier transform
infrared difference spectroscopy. Biochem. Biophys. Res. Com-
mun. 103:483-489.

. Rothschild, K. J., and H. Marrero. 1982. Infrared evidence that the

Schiff base of bacteriorhodopsin is protonated: bR570 and K
intermediates. Proc. Natl. Acad. Sci. USA. 79:4045-4049.

. Bagley, K., G. Dollinger, L. Eisenstein, A. K. Singh, and L. Ziményi.

1982. Fourier transform infrared difference spectra of bacteriorho-
dopsin and its photoproducts. Proc. Natl. Acad. Sci. USA.
79:4972-4976.

. Rothschild, K. J., P. Roepe, J. Lugtenburg, and J. A. Pardoen. 1984.

Fourier transform infrared evidence for the Schiff base alteration
in the first step of the bacteriorhodopsin photocycle. Biochemistry.
23:6103-6109.

. Engelhard, M., K. Gerwert, B. Hess, W. Kreutz, and F. Siebert.

1985. Light driven protonation changes of internal aspartic acids
of bacteriorhodopsin: an investigation by static and time-resolved
infrared difference spectroscopy using [4-'*C] aspartic acid labeled
purple membrane. Biochemistry. 24:400-407.

. Rothschild, K. J., P. Roepe, P. Ahl, T. N. Earnest, R. A. Bogomolni,

S. K. Das Gupta, C. M. Mulliken, and J. Herzfeld. 1986. Evidence
for a tyrosine protonation change during the primary phototransi-
tion of bacteriorhodopsin at low temperature. Proc. Natl. Acad.
Sci. USA. 83:347-351.

. Dollinger, G., L. Eisenstein, S.-L. Lin, K. Nakanishi, and J. Termini.

1986. Fourier transform infrared difference spectroscopy of bacte-
riorhodopsin and its photoproducts regenerated with deuterated
tyrosine. Biochemistry. 25:6524-6533.

. Braiman, M., and R. Mathies. 1982. Resonance Raman spectra of

bacteriorhodopsin’s primary photoproduct: evidence for a distorted
13-cis retinal chromophore. Proc. Natl. Acad. Sci. USA. 79:403-
407.

Aton, B, A. G. Doukas, R. H. Callender, B. Becher,and T. G. Ebrey.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28,

29.

1977. Resonance Raman studies of purple membrane. Biochemis-
try. 16:2995-2999.

. Rothschild, XK. J., W. A. Cantore, and H. Marrero. 1983. Fourier

transform infrared difference spectra of intermediates in rhodopsin
bleaching. Science (Wash. DC). 219:1333-1335.

Nabedryk, E., W. Miintele, B. A. Tavitian, and J. Breton. 1986.
Light-induced Fourier transform infrared spectroscopic investiga-
tions of the intermediary electron acceptor reduction in bacterial
photosynthesis. Photochem. Photobiol. 43:461-465.

Korenstein, R., and B. Hess. 1977. Hydration effects on the photocy-
cle of bacteriorhodopsin in thin layers of purple membrane. Nature
(Lond.). 270:184-186.

Harrick, J. H. 1967. Internal Reflection Spectroscopy. John Wiley &
Sons, Inc., New York.

Fringeli, U. P., P. Ahlstrom, C. Vicenz, and M. Fringeli. 1985.
Structure-activity relations in enzymes: an application of IR-ATR
modulation spectroscopy. Proc. SPIE. 553:234-235.

Roepe, P, P. L. Ahl, S. K. Das Gupta, J. Herzfeld, and K. J.
Rothschild. 1987. Tyrosine and carboxyl protonation changes in
the bacteriorhodopsin photocycle. I. The M412 and LS50 interme-
diates. Biochemistry. In press.

Braiman, M. S., P. L. Ahl, and K. J. Rothschild. 1987. Five-
millisecond Fourier transform infrared difference spectra of bacte-
riorhodopsin’s M412 photoproduct. Proc. Natl. Acad. Sci. USA.
84:5221-5225.

Ariki, M., and J. Lanyi. 1986. Characterization of metal ion binding
sites in bacteriorhodopsin. J. Biol. Chem. 261:8167-8174.

Chang, C.-H., J.-G. Chen, R. Govindjee, and T. Ebrey. 1985. Cation
binding by bacteriorhodopsin. Proc. Natl. Acad. Sci. USA.
82:396-400.

Chang, C.-H., S. Melchiore, R. Govindjee, and T. G. Ebrey. 1986.
Mechanism and role of divalent cation binding of bacteriorhodop-
sin. Biophys. J. 49:731-739.

Qesterhelt, D., M. Meentzen, and L. Schuhmann. 1973. Reversible
dissociation of the purple complex in bacteriorhodopsin and identi-
fication of 13-cis and all-trans retinal as its chromophores. Eur. J.
Biochem. 40:453-463.

Rothschild, K. J., and N. A. Clark. 1979. Polarized infrared spectros-
copy of oriented purple membrane. Biophys. J. 25:473-488.

Clark, N. A, K. J. Rothschild, D. A. Luippold, and B. A. Simon.
1980. Surface-induced lamellar orientation of multilayer mem-
brane arrays. Biophys. J. 31:65-96.

Nabedryk, E., and J. Breton. 1986. Polarized Fourier transform
infrared (FTIR) difference spectroscopy of the M,;, intermediate
in the bacteriorhodopsin photocycle. FEBS. ( Fed. Eur. Biochem.
Soc.) Lett. 202:356-360.

Earnest, T. N., P. Roepe, M. S. Braiman, J. Gillespie, and K. J.
Rothschild. 1986. Orientation of the bacteriorhodopsin chromo-
phore probed by polarized Fourier transform infrared difference
spectroscopy. Biochemistry. 25:7793-7798.

Smith, S. O., ). Lugtenburg, and R. A. Mathies. 1985. Determina-
tion of retinal chromophore structure in bacteriorhodopsin with
resonance Raman spectroscopy. J. Membr. Biol. 85:95-109.

Smith, S. O., M. S. Braiman, A. B. Myers, J. A. Pardoen, J. Courtin,
C. Winkel, J. Lugtenburg, and R. A. Mathies. 1987. Vibrational
analysis of the all-zrans retinal chromophore in light-adapted
bacteriorhodopsin. J. Am. Chem. Soc. 109:3108-3125.

635



