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ABSTRACT The circular dichroism (CD) spectra and the kinetics of the M412 formation have been determined and compared for
bacteriorhodopsin (bR) partially delipidated by the addition of Triton X-1 00 and partially reconstituted by the addition of retinal to
apoprotein at pH 6.8 and 220C. As the degree of delipidation increases or the fraction of reconstitution decreases, the following
observations are made: (a) the shape of the visible CD band changes from biphasic, as found in bR, to a single monomer type
band; (b) the CD spectra and the deprotonation rate constants change in a similar way; (c) the relative amplitudes of the
components of the deprotonation kinetics do not change upon reconstitution, but change greatly upon delipidation. These results
lead to the conclusion that the CD band shape as well as the deprotonation rate constants are sensitive to one type of perturbation,
which is linked to the retinal structure within the protein environment, whereas the relative amplitudes of the components of the
deprotonation kinetics are sensitive to another type, which may be linked to acid-base equilibria of the amino acid side groups
within the active site.

INTRODUCTION

Bacteriorhodopsin (bR) acts as a light-driven proton
pump and converts light into chemical energy by pump-
ing protons across the bacterial membrane (1). Its
biochemistry, biophysics, and photochemistry have been
investigated widely (2). The chromophore, all-trans reti-
nal, is bound to the protein moiety through a protonated
Schiff base (PSB) linkage at the E-amino group of Lys216
(3-6). Upon absorption of light a photocycle is initiated
consisting of a number of steps over a wide range of
timescales during which the PSB undergoes deprotona-
tion followed by reprotonation back to native bR ready
to start another cycle:
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The removal and replacement of a proton at the active
site results in the translocation of hydrogen ions across
the purple membrane.

Circular dichroism (CD) spectroscopy has been ap-
plied to the field of biophysics for several decades
because of its sensitivity to the conformation of biomac-
romolecules. It has proven to be a very useful tool in
understanding the structural properties of bacteri-
orhodopsin (7-16), which are of importance in establish-
ing a suitable model for the proton pumping mechanism
of bR.

The bleaching of retinal in the presence of hydrox-
ylamine and subsequent regeneration of the purple
membrane have been studied by absorption and CD
spectroscopies (7, 17). The results were compared with
those of solubilized native bR in Triton X-100. Both
preparations are found to give samples having single
positive CD bands instead of the biphasic CD band of
native bR. These results led to the conclusion (7, 17, 18)
that the biphasic CD in bR results from exciton coupling
between the retinal electronic systems in the trimer
structure that was proposed by Henderson from x-ray
diffraction (19) and by Unwin and Henderson from
electron diffraction (20) of the solid sample. Recently a
detailed discussion of the structure ofbR has been given
by Henderson and co-workers (21) based on high-
resolution electron cryo-microscopy.
The trimer structure is destroyed either by treatment

with hydroxylamine or with Triton X-100, leading in
both cases to positive CD bands. The monomer is
formed when the regenerated bR is at low percentage of
reconstitution. According to Dencher and Heyn (22-24,
26-28), the solubilization of native bR in detergents
such as Triton X-100 and ,3-octyl glucoside gives CD
spectra similar to partially regenerated bR and it was
thus assumed that the trimer structure of bR is indeed
destroyed by the detergent to form the so-called mono-
mer.
The exciton model was questioned recently (14) and a

proposal was made that the biphasic feature might
actually result from heterogeneity within the active site
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of the trimer structure (13, 14). In any case, the above
two preparations seem to destroy the trimer structure of
the retinal within the active site that leads to the
biphasic CD. The question immediately arises as to
whether or not the initial structure of the active site
determines the reaction path of the bR photocycle. If it
does, then the kinetics of the photocycle and the
biphasic nature of the CD spectrum should change
concomitantly in the above two preparations.

In this work we used transient absorption spectros-
copy to monitor the formation kinetics of the M412
intermediate during the photocycle of bR samples pre-
pared in two different ways. In one preparation, the bR
samples are prepared by the addition of retinal to
apoprotein with different ratios of retinal to bacte-
rioopsin (bO). In the other preparation partial delipida-
tion of bR is carried out by detergent dialysis in Triton
X-100 for different lengths of time. Our results show
that while the CD spectra and the deprotonation rate
constants change in a similar fashion, significant differ-
ences are observed in the amplitudes of the components
of the deprotonation kinetics. This suggests that dif-
ferent types of structural heterogeneity are responsible
for the changes in the measured properties resulting
from these perturbations.

MATERIALS AND METHODS
Bleaching of bR followed the method described by Oesterhelt and
co-workers (24, 25) with some modifications. The purple bR was
suspended in 1.0 M hydroxylamine (NH20H) and pH was adjusted to
8.0 with 1.0 N NaOH. The sample was then irradiated by light from a
500-W projector lamp filtered through a Corning glass filter type 3-66
and 3-67. A constant temperature of 40°C was maintained during the
bleaching. The complete removal of the retinal chromophore to form
the retinaloxime and bacterioopsin took 4-5 h. The bleached
samples were washed three times with deionized water to remove
excess hydroxylamine by centrifuging the sample at 19,000 g. Finally
the samples were resuspended in 0.02 M phosphate buffers at pH 6.8.

Bleached samples were regenerated by addition of different amount
of all-trans retinal (0.6 mM in ethanol) at pH 6.8. After addition of
retinal, the samples were incubated overnight in the dark at room
temperature (22°C). The samples were then light-adapted with the
same filter combination described above for the bleaching for 20 min.
The concentration of bleached bR was calculated from the absorbance
of the protein band at 280 nm to prepare the samples with different
molar ratios of retinal to bacterioopsin (bO).

Solubilization of bR was carried out by mixing 0.4% (vol/vol) Triton
X-100 with bR suspension in 0.02 M phosphate buffer at pH 6.8.
The steady-state absorption spectra were taken with a Hewlett-

Packard 8451 diode-array spectrometer and the CD spectra of
regenerated and solubilized bR at a concentration 30-60 pM were
measured using a JASCO J-600 spectropolarimeter.
The experimental setup for the transient absorption as described

previously (22) was used with some modification. A focused 0.5 ns 560
nm pulse generated from a N2-pumped dye laser (LN 1000 and LN
102; Photochemical Research Associates Inc., London, Ontario, Can-
ada) was used as a photolysis beam. The laser energy was - 50 ,uJ with
a spot of 2 mm. The 405 nm probe beam was the output of a 100-W Hg

arc lamp (Pek Labs 401, Sunnyvale, CA) passed through filters and
focused into a 0.25 m monochromator (Jarrel-Ash 82-410, Waltham,
MA). A photomultiplier tube (1P28A; RCA, RCA New Products Div.,
Lancaster, PA) was used to detect the probe light. The PMT signal was
recorded by a fast response detector (Biomation 8100; Princeton
Applied Research Corporation, Princeton, NJ ) which was interfaced
to the IBM/PC computer.

RESULTS

Fig. 1 and Fig. 2 show the absorption and CD spectra,
respectively, of bR regenerated at different stages of
reconstitution by addition of all-trans retinal to bO at pH
6.8 and 22°C. Gradual regeneration of the purple
membrane with all-trans retinal is reflected by an in-
crease in the 568 nm absorption band. The CD peak at
- 360 nm is due to the retinaloxime which is formed in
the bleaching process and is probably trapped within the
protein moiety. Although a better isosbestic point is
observed at 568 nm, our CD results generally agree with
published CD spectra (17). It has been believed that the
single positive CD band in the retinal absorption region
at low percentage of regeneration is due to monomeric
bR (17). As the percentage of retinal added increases,
trimers are gradually expected to form. The observed
unsymmetric biphasic CD band is believed to result
either from the retinal-retinal (exciton) interaction be-
tween the chromophores (3) or from the heterogeneity
in the bR sample (13, 14) which is sensitive to the extent
of reconstitution. The differences in CD spectra for
regenerated bR at different percentages are very obvi-
ous (see Fig. 2), suggesting that structural differences
must exist in the samples with different percentage of
regeneration.
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FIGURE 1 Absorption spectra of bleached bR at different stages of
regeneration with all-trans retinal in pH 6.8 phosphate buffer solution.
Percent regeneration yield is indicated in the figure.
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FIGURE 2 Near-UV and visible CD spectra of bleached bR at
different stages of regeneration with all-trans retinal in pH 6.8
phosphate buffer solution. Percent generation yield is indicated in the
figure.

The CD spectra of solubilized bR in 0.4% (vol/vol)
mixture of Triton X-100 and 0.02 M phosphate buffer at
pH 6.8 are recorded at different times after the addition
of detergent as shown in Fig. 3 and agree with previous
results (18). Only a small decrease in extinction and a

shift of the absorption maximum from 568 to 556 nm
were observed for the solubilized samples. With increas-
ing time after the mixing of bR and Triton X-100, the
CD amplitudes decrease as does the biphasic feature of
these bands and finally only a single positive CD band is
observed. It should be noted that Fig. 2 and Fig. 3 show a

similar trend for the change in the CD spectra upon
different perturbations in the visible region. Both sam-

ple preparations reveal a successive transition from a

biphasic band to a single positive band and a marked
isosbestic point at - 568 nm.

However, the M412 formation kinetics of solubilized
bR are found to be very different from those of native
bR and partially regenerated bR. The two formation
rate constants and pre-exponential amplitudes are sum-

marized in Table 1. The relative amplitudes (uncertainty
within 5%) and the rate constants (uncertainty within
15%) were obtained by the computer program directly
from the output of the transient recorder. As the mole
fraction of retinal increases, the rate constants of both
the fast and the slow components decrease. No effect is
observed in the relative amplitudes of these two compo-
nents in these samples. This is quite different from the
behavior observed for Triton treated bR. The transient
rise kinetics of M412 formation observed at 405 nm of bR
solubilized in 0.4% Triton are presented in Fig. 4. From
Table 2 it can be seen that both the relative amplitudes
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FIGURE 3 Near-UV and visible CD spectra of native bR solubilized
in a 0.4% (vol/vol) Triton X-100 and 0.02 M phosphate buffer at pH 6.8
at different times after addition of Triton X-100. The spectra were
recorded at the following times after mixing of bR with Triton X-100:
(1) 0 min (native bR); (2) 30 min; (3) 110 min; (4) 180 min; (5) 290 min;
(6) 360 min; (7) 540 min.

and the rate constants of the fast and the slow compo-
nents of M412 formation change as the time of the
solubilization increases, i.e. as the trimer structure is
destroyed. More noticeable is the large increase in the
relative amplitude of the fast component while both rate
constants only increase slightly as the extent of solubili-
zation increases. The constancy of the relative ampli-
tudes found in the reconstitution experiments ( - 75%
A,10W) is strikingly in contrast to the large effect seen
when bR is exposed to Triton X-100 (80% A,1ow in native
bR, 27% after exposure for 440 min, 0% in the limit
after 10 h). In addition both rate constants ktast and k,1Ow
increase in value by a factor of - 2.

TABLE 1 Bi-exponential formation rate constants and
pro-exponential amplitudes of M intermediate for regenerated
bR at different percent reconstitution in 0.02 M pH 6.8
phosphate buffer (22 °C)

Rate constants (104 s-1) Amplitudes (%)
Regeneration
yield (%)* kfast kslow Afs A

10.5 14.4 2.0 26 74
23.0 13.0 2.0 25 75
50.0 11.3 1.7 27 73
71.8 10.4 1.9 20 80
94.0 9.9 1.8 26 74

native bR 6.9 1.3 20 80

*Calculated from retinal absorbance at 568 nm with baseline correc-
tion.
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FIGURE 4 Formation kinetics of M412 intermediate formation of
native bR solubilized in 0.4% (vol/vol) Triton X-100 and 0.02 M
phosphate buffer at pH 6.8. The measurements were taken at the
following times after mixing of bR with Triton X-100: (1) 0 min (native
bR); (2) 20 min; (3) 100 min; (4) 210 min; (5) 375 min.

DISCUSSION

The above results can be rationalized as follows: (a) The
fact that the two preparations affect the CD similarly
could be explained by similar changes in the local retinal
structure. It is possible that the trimer structure has a
more compact protein configuration around the retinal
that gives rise to a biphasic CD, either by exciton
coupling (7, 17, 18) or by the presence of more than one
retinal-protein relative conformation (13, 14). Once this
structure is destroyed by removing the retinal or upon
solubilization of the lipids by Triton treatment, a mono-

TABLE 2 Bi-exponential formation rate constants and
pre-exponential amplitudes of M intermediate for native bR
solubilized In Triton X-100 at pH 6.8 (22 °C)

Rate constants (104 S-') Amplitudes (%)

Time* kfast ks,iW Afast Aslow

min
native bR 6.8 1.3 20 80

7 8.2 1.6 31 69
30 9.2 1.5 43 57
110 10.4 1.7 48 52
180 12.7 1.9 63 37
260 13.3 2.3 72 28
375 13.1 2.2 71 29
440 13.4 2.3 73 27

10 h in 5% Triton 13.8 100

*Time was recorded when the measurement was taken after addition
of 0.4% Triton X-100.

mer type retinal configuration arises, leading to similar
changes in the CD spectrum for the two preparations.
(b) The kinetics, on the other hand, are controlled by the
dynamics of protein conformational changes (26) during
the photocycle. It is now believed that the different
forms ofbR present at different pH (29, 30) or tempera-
ture (18, 31, 32) result from different protein conforma-
tions. Some of these, for example, acid bR (30, 32, 33)
and acid purple bR (30, 33) do not deprotonate the PSB.
It can thus be concluded that the rate of the protein
conformational change during the photocycle is sensitive
to the conformation of the protein at the start of the
photocycle. This in turn is found to be sensitive to pH, to
concentration of metal cations (29, 34-36), or to types
and fractions of lipids in the purple membrane (22, 23).
Recently, in an attempt to explain these observations,
surface pH was proposed to control the conformation of
the different forms of bR (37). More recently, it was
found that the pH at which the blue to purple transition
occurs is sensitive to the protein structure within the
active site near the retinal (27). All these observations
lead to the conclusion that the protein conformation and
its rate of change in bR are controlled by the coupling
between the surface potential and the amino acid side
groups of the protein moiety within and around the
active site (27). These interactions could in principle be
modulated by the different acid-base equilibria of the
different amino acid side groups within the protein at
different pH. At any particular pH, there could be more
than one minimum for the free energy of the retinal-
protein environment, i.e., different types of bR, when
viewed through the narrow window of the measured
retinal absorption kinetics. These different bR states
would be expected to have different reaction potential
surfaces and thus different rates for their deprotonation
(26). As was proposed previously (26) the relative
amplitudes of the slow and fast components thus give
the relative amounts of the two types of bR present
before the initiation of the photocycle.
When the two perturbations are applied to bR, both

the CD spectrum and the deprotonation rates change
similarly, but the relative amplitudes change very differ-
ently. This might be explained as follows. In both
perturbations, the trimers convert into monomers. If so,

then the rate of deprotonation is faster in the monomer
than in the trimer. A similar observation was made in the
light-to-dark adaptation ofbR (38), where the reversion
rate for the monomer was considerably faster than for
the trimer, suggesting that the trimer structure imposes
greater rigidity on the retinal environment. The fact that
the two perturbations change the CD spectrum and the
rate of deprotonation in a similar way, but have quite
different effects on the relative amplitudes of the two
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components of the deprotonation process, strongly sug-
gests that the CD band shape and the rate constants are
sensitive to one type of structural perturbation whereas
the relative amplitudes of the components of the depro-
tonation kinetics are sensitive to another type. The
former is probably determined by the structure of the
retinal in its protein environment, which changes when
trimer is converted into monomer, whereas the latter
could be determined by the acid-base equilibria of the
amino acid side groups within the active site.
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