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Abstract

The detailed mechanism of retinal binding to bacterio-opsin is important to understanding retinal pigment
formation as well as to the process of membrane protein folding. We have measured the temperature dependence of
bacteriorhodopsin formation from bacterio-opsin and all-trans retinal. An Arrhenius plot of the apparent second-order
rate constants gives an activation energy of 11.6"0.7 kcalrmol and an activation entropy of y4"2 calrmol deg.
Comparison of the activation entropy to model compound reactions suggests that chromophore formation in
bacteriorhodopsin involves a substantial protein conformational change. Cleavage of the polypeptide chain between
residues 71 and 72 has little effect on the activation energy or entropy, indicating that the connecting loop between
helices B and C is not involved in this conformational change. Q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Bacterio-opsin binds all-trans retinal to form
the photosynthetic pigment bacteriorhodopsin in

w xHalobacterium salinarium 1]3 . The detailed
mechanism of this process is not known but is

Ž .significant for the following reasons. 1 The reti-
nal binding site bears a superficial resemblance to
the 11-cis retinal binding site of the visual pig-
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w xment rhodopsin 4 . Thus, understanding the
mechanism of retinal binding in the bacterial
system may illuminate some features of visual
pigment formation, along with the enormous
number of related G protein coupled receptor

Ž .agonist binding interactions. 2 It has not yet
been determined whether bacterio-opsin folds
into a native-like conformation in the absence of
retinal, or whether retinal binding is a step in the

w xfolding process 5,6 . Bacteriorhodopsin has con-
tributed key insights into what we know of mem-

w xbrane protein folding 7 , so it is important to
clarify this point.
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Chemical modification of bacteriorhodopsin
with a water-soluble carbodiimide at glutamate 74

w xinhibits the rate of retinal binding 8 . This could
be either a direct steric effect, or it could result
from an inhibitory effect on a conformational
change that is linked to retinal binding. Glu 74 is
located on the surface connecting loop between
helices B and C. A conformational change in the
B]C loop is plausible, since the loop has been
observed in two different conformations by elec-

w xtron cryomicroscopy 9,10 and X-ray diffraction
w x11,12 . We have tested the role of the B]C loop
in the reaction of bacterio-opsin with retinal by
measuring the entropy of activation, before and
after specific proteolysis of the loop.

2. Methods

Purple membrane was prepared from Halobac-
terium salinarium by the method of Oesterhelt

w xand Stoeckenius 13 . The retinal chromophore
was bleached, and the rate of regeneration with
all-trans retinal was measured as previously de-

w xscribed 8 . Temperature was controlled to "0.18C
with a thermoelectric cuvet accessory for the
AvivrCary 14 spectrophotometer. Bacterio-opsin
was cleaved between residues 71 and 72 with

w xchymotrypsin by the method of Gerber et al. 14 .

3. Results and discussion

The rates of regeneration of bacteriorhodopsin
from bacterio-opsin and retinal were measured as
a function of temperature. We assume the reac-
tion is second order:

w x w x w x Ž .d bR rd tsk bO R 1r

w xwhere, at time t, bO is the concentration of
w xunregenerated bacterio-opsin, bR is the concen-

w xtration of regenerated bacteriorhodopsin, and R
is the concentration of free retinal. Solving Eq.
Ž . w x1 for bR gives:

w x Ž w Ž .x .bR sR P exp k t R yP y1T T r T T

Ž w Ž .x . Ž .r R exp k t R yP yP 2T r T T T

Fig. 1. Arrhenius plot of the apparent second order rate
constant for reaction of all-trans retinal with bacterio-opsin.
Absorbance increase at 565 nm as a function of time was fit to

Ž .Eq. 2 by varying k . Open circles: hydroxylamine-bleachedr
purple membrane. Filled circles: hydroxylamine-bleached pur-
ple membrane treated with chymotrypsin prior to reaction
with retinal. Reaction conditions: 0.02 M sodium phosphate
buffer, pH 7.0. Typical samples contained 5 mM bacterio-opsin
and 6.5 mM retinal.

w x w xwhere R is total retinal and P is bR q bOT T
Ž .see Appendix A . We fit rate constants k to Eq.r
Ž .2 by minimizing the residual to the experimental
data at each temperature. The results are shown
as Arrhenius plots in Fig. 1 for bacterio-opsin
Ž .open circles and chymotrypsin-cleaved

Ž .bacterio-opsin filled circles . The observed acti-
vation energy, E , is 11.6"0.7 kcalrmol for bac-a
terio-opsin and 10.2" 1.1 kcalrmol for chy-
motrypsin-cleaved bacterio-opsin. Within the er-
ror of the measurements, there does not appear
to be a significant difference between the two
results.

The activation entropy measured from the in-
tercept in Fig. 1 is y4"2 calrmol deg. This
small entropy decrease is surprising because, for
simple reactions, the activation entropy is often
about the same magnitude as the overall entropy
change for the reaction. However, in the one case
where retinoid binding has been measured at
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w xequilibrium 15 , the standard entropy change is
q35 calrmol deg. Furthermore, a contribution of
the activation entropy change for Schiff base for-
mation would be expected to make the discrep-
ancy even worse, since values are typically around

w xq30 calrmol deg 16 . There are many processes
which might contribute to this discrepancy. In the
following discussion, we suggest a protein confor-
mational change model for regeneration of bacte-
riorhodopsin which is consistent with other stud-
ies and which can explain the difference between
measured and expected activation entropies.

A simple mechanism for bR chromophore re-
generation would consist of three different steps:

Kc Ž .bO ¡ bO 3u f

Krb Ž .bO qR ¡ bO ? ?R 4f f

ks Ž .bO ? ?R ª bR 5f

Ž .Reaction 3 , a conformational equilibrium
Ž .between two forms of bO, partially unfolded bOu

Ž .and nearly folded bO , is suggested by the spec-f
troscopic observations of Ludlam and Rothschild
w x w x17 and Kollbach et al. 18 . The equilibrium

w x w xconstant for this reaction is K s bO r bO .c f u
Ž .Reaction 4 is the binding of retinal to bO , withf

w xan association constant K s bO ? ? R rrb f
Žw xw x. Ž .bO R . Reaction 5 is Schiff base formation,f

Ž . Ž .with a rate constant k . Reactions 4 and 5s
have been separately observed by Schrekenbach

w x w xet al. 2,19,20 and Booth et al. 5,6 . If the inter-
mediate bO ? ?R exists in a steady state, the ratef
of formation of bR will equal the rate of disap-
pearance of bO:

w x w x w x Ž .k bO qbO R sk bO ? ?R 6r u f s f

Ž .Substitution of the equilibrium constants from 3
Ž . Ž .and 4 into Eq. 6 , and assuming that equilib-
Ž .rium 3 lies far to the left, gives:

Ž .k sk K K 7r s c rb

If the activation energies and enthalpies of the

reactions are temperature-independent, then it
follows that:

‡ ‡ Ž .DS sDS qDS 8qDS 8 8r s c rb

where DS‡ is the activation entropy observedr
from the data in Fig. 1, DS‡ is the activations
entropy for Schiff base formation, DS 8 is thec
standard entropy change for the conformational

Ž .change in Eq. 3 , and DS 8 is the standard en-rb
Ž .tropy change for retinal binding in Eq. 4 .

The quantity DS 8 can be estimated as q35rb
calrmol deg from the binding of retinol to serum

w xretinol-binding protein 15 . This process is the
transfer of retinol, which is structurally similar to
retinal, from water into a hydrophobic protein
cavity. There is practically no protein conforma-

w xtional change during retinol binding 21 . The
quantity DS‡ can be estimated as approximatelys
q30 calrmol deg from the activation entropies of

w xhydrolysis for model Schiff bases 16 , considering
w xthat the enthalpy changes 22 and free energy

w xchanges 23 for Schiff base formation in model
compounds are less than a few kcalrmol. Substi-

Ž .tuting these values into Eq. 8 , DS 8 is approxi-c
mately y69 calrmol deg.

The magnitude of this entropy decrease implies
a substantial protein conformational change ac-
companies the purple chromophore formation. By
comparison, the conversion of metarhodopsin I to
metarhodopsin II has an entropy change from

w xq46 to q66 calrmol deg 24]26 . The M1 to M2
transition in the bacteriorhodopsin photocycle has
an entropy change of approximately q72 calrmol

w xdeg 27 . The quantitative similarity suggests the
Ž .following possibilities: 1 bacterio-opsin under-

goes a conformational change during chro-
Ž .mophore formation; 2 this change resembles the

reverse of the protein conformational change in
the M1 to M2 transition that occurs during the

Ž .bacteriorhodopsin photocycle; and 3 the
metarhodopsin I to metarhodopsin II transition
also resembles the reverse of the bacterio-opsin
conformational change occurring with chro-
mophore formation.

Some previous studies have provided evidence
for a protein conformational change occurring
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during chromophore formation. Rehorek and
w xHeyn 28 showed that chromophore regeneration

is cooperative. The facilitation of chromophore
formation by protein]protein interactions implies
that a protein conformational change occurs,
analogous to the ‘heme]heme’ interactions when
oxygen binds to hemoglobin. This point has been

w xextended by Kollbach et al. 18 , who found dif-
ferences in the Schiff base pK depending on
whether or not retinal was present during bacte-
rio-opsin folding. Further evidence for a confor-
mational difference between bacterio-opsin and
bacteriorhodopsin has been presented, based on

w xFTIR spectra 17 . However, recently Isralewitz et
w xal. 29 described a model of retinal binding to

bacterio-opsin involving a small entry window
between the E and F helices. In this model,
bacterio-opsin is considered to be in a nearly
native structure in the absence of retinal. It was
assumed that no protein conformational change
occurs as part of the retinal binding process.

w xOur previous results 8 and those of Green-
w xlaugh et al. 30 suggested that the protein confor-

mational change linked to chromophore forma-
tion could involve the B]C loop. Changes in the
vicinity of the B helix during the bacteriorho-
dopsin photocycle have been observed by diffrac-

w xtion methods 31]33 . Changes in this loop could
contribute to the conformational entropy change
in the photocycle and in chromophore formation.
It is known that proteolytic cleavage of protein

w xloops produces disorder 34 . Thus it would be
expected that cleavage of the B]C loop would
increase the contribution of conformational en-
tropy change to the observed activation entropy,
since the partially unfolded state would be even
more disordered. However, the chymotrypsin
cleavage data in Fig. 1 does not support this
model. Cleavage between residues 71 and 72 has
essentially no effect on the rate or activation
entropy of the reaction. Therefore, the nature of
the conformational change linked to chro-
mophore formation remains to be determined.
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Appendix A:

Assume the rate of disappearance of bacterio-
opsin is proportional to the molar concentrations

w x w xof bacterio-opsin bO and retinal R . If there are
no long-lived intermediates, then bacteriorho-

w xdopsin bR will form at a rate equal to the rate of
Ždisappearance of bO this assumption is poor at

08C, where a long-lived intermediate does form
w x.2,19 :

w x w x w x w x Ž .yd bO rd tsd bR rd tsk R bO A1r

w x w xSince total retinal R s R q bR and total pro-T
w x w xtein P s bO q bR ,T

w x Ž w x.Ž w x. Ž .d bR rd tsk R y bR P y bR A2r T T

Ž . w xIntegration of Eq. A2 , using the limit bR s0
at ts0 gives:

Ž ŽŽ w x. .k ts ln R y bR Pr T T

ŽŽ w x. .. Ž . Ž ..r P y bR R r R yP A3T T T T

Ž . Ž .Rearrangement of Eq. A3 gives Eq. 2 .
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