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Bacteriorhodopsin was selectively spin labeled at residues 72, 101, or 105 after replace-
ment of the native amino acids by cysteine. Only the electron paramagnetic resonance
spectrum of the label at 101 was time-dependent during the photocycle. The spectral
change rose with the decay of the M intermediate and fell with recovery of the ground
state. The transient signal is interpreted as the result of movement in the C-D or E-F
interhelical loop, or in both, coincident with protonation changes at the key aspartate 96
residue. These results link the optically characterized intermediates with localized con-
formational changes in bacteriorhodopsin during the photocycle.

Bacteriorhodopsin (bR) serves as a light-
driven proton pump in the purple mem-
brane of Halobacterium salinarium (1). Pho-
ton absorption by the intrinsic all-trans ret-
inal chromophore initiates a cyclic series of
transformations between discrete interme-
diates identified by their optical absorbance
maxima and kinetic properties (2). During
this photocycle, a proton is translocated
across the membrane (Fig. 1).
Bacteriorhodopsin offers a unique oppor-
tunity to study molecular mechanisms of an
active transport system because a structural
model of the bR ground state is available
(3) and site-specific mutagenesis enables
the preparation of a variety of bR mutants
in a form similar to that of the wild-type
protein lattice (4). The intermediates ob-
served in the bR photocycle reflect confor-
mational changes in the membrane protein.
Both neutron and electron diffraction stud-
ies on bR cold-trapped during the photo-
cycle have revealed changes in the project-
ed structure (5). Time-resolved x-ray dif-
fraction studies on mutants with a slow
photocycle have detected similar changes
(6). In addition, time-resolved Fourier
transform infrared (FTIR) spectroscopy has
identified structural changes in the protein
backbone during the M to N transition (7).
However, none of the above approaches
have provided both real-time resolution
and localization of the structural changes.
Site-directed spin labeling (SDSL) offers

a promising approach to localize structural
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changes with a time resolution sufficient to
observe the intermediates in the latter half
of the photocycle. Here we report the time-
resolved detection of a reversible structural
change in bR during the photocycle using
SDSL and show that it is associated with a
state lying between the M intermediate and
bR ground state.

The development of site-directed mu-
tagenesis has made it possible to obtain spe-
cific attachment sites for spin labels in a pro-
tein with the use of cysteine substitution mu-
tants (8). We have used bR mutants V101C,
Q105C, and G72C (9) expressed in H. sali-
narium and purified in a two-dimensional lat-
tice form similar to that of wild-type bR (10).
These mutants were modified at the single
reactive sulthydryl group with either (1-oxyl-
2,2,5,5-tetramethylpyrroline-3-methyl)meth-
anethiosulfonate or (1-oxyl-2,2,5,5-tetra-
methylpyrroline-3-trans-propene ymethane-
thiosulfonate to give nitroxide side chains
designated R1 or R2, respectively (11).
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The shapes of the electron paramagnetic
resonance (EPR) spectra of the mutants in
the lattice (Fig. 2, a through d) reflect the
internal motion of the nitroxide side
chains, which is in turn determined by the
degree of interaction with nearby groups in
the protein. The spectra of C101R1 and
C72R1 (12) (Fig. 2, a and c) reflect inter-
mediate immobilization of the nitroxides
and are similar to those reported earlier for
monomeric bR (13, 14). This suggests that
the interactions restricting the motions are
intramolecular and not between the nitrox-
ides and adjacent bR molecules in the lat-
tice. However, the EPR spectrum for
C105R1 reflects strong immobilization of
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the nitroxide (Fig. 2d), in contrast to the
high degree of mobility observed in the
monomeric state (13). Thus, the immobili-
zation in the lattice must be the result of
intermolecular interactions. The nitroxide
in the side chain of C101R2 is extended
from the backbone by about 3 A relative to
that in C101R1, resulting in an increase of
the label mobility (compare Fig. 2, aand b).

These results can be compared with the
bR structural model shown in Fig. 3. The
nitroxide in C101R1 interacts with groups
in the E-F interhelical loop, consistent with
the partial intramolecular immobilization
noted above. The nitroxide side chain at
C105R1 points outward with limited in-
tramolecular contacts, consistent with the
high mobility of the label in monomeric bR
(13). However, in the lattice, this side
chain would make direct contact with the B
helix of a neighboring bR molecule (3, 5),
resulting in the strong immobilization ob-
served. Reliable conclusions regarding the
interactions of a nitroxide at C72R1 cannot
be drawn because of the uncertainty in the
conformation of the relatively long B-C
loop. The increased nitroxide mobility in
C101R2 relative to C101R1 can be under-
stood in terms of the model because an
increase in the length of the side chain
moves the nitroxide group away from inter-
action with the tip of the E-F interhelical
loop.

Changes in the EPR spectra caused by
photoexcitation were monitored directly
during a magnetic field scan by phase-sen-
sitive detection referenced to the triggering
source of a xenon flash lamp (150-ps dura-
tion, 0.5-Hz repetition rate). This detection
scheme gives directly the difference EPR
spectrum between excited and ground-state
conformations. A difference spectrum is ob-
served for C101R1 during the photocycle
(Fig. 2e). This is unambiguously interpreted
as a decrease in nitroxide mobility as judged
by the changes in amplitude at the spectral
extremes. The conformational change of
the protein causing this change is not likely
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Fig. 1. The photocycle of bR. The scheme is that
of Lozier et al. (2), with the addition of back reac-
tions. Although a single intermediate is shown for
M, it has been proposed that there are at least two
distinct forms. The wavelengths of maximal ab-
sorbance are given for each intermediate.
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to be global because no difference spectra
were detected for C72R1 or C105R1 (Fig.
2, g and h). Mutant C101R2 has a differ-
ence spectrum of lower amplitude but of the
same character (Fig. 2, f). This is expected
because R2 at this site has weaker tertiary
interactions and is less sensitive to changes
in structure.

To correlate the light-induced spectral
change with a specific intermediate of the
photocycle, we recorded the time depen-
dence of the EPR signal following a light
flash with the magnetic field fixed at the
maximum of the difference signal (Fig. 4).
For both C101R1 and CI101R2, the EPR
spectral changes appear with the decay of
My, and reverse with the recovery of the
bRs,o ground state. Therefore, structural
changes take place during the formation of
the N or O intermediates, or both (Fig. 1).
These results are consistent with those from
time-resolved FTIR experiments (7).

The photocycles of V101C, Q105C, and
G72C are similar to the wild-type protein
(15). However, the photocycles of spin-
labeled derivatives C101R1 and C101R2
are slowed by factors of 10 and 2, respec-
tively (Fig. 4), whereas those of C105R1
and C72R1 are the same as wild type. The
effects of the spin labels on the photocycle
are mirrored in the magnitude of the EPR
signal change (compare Fig. 2, e through h).
This is not unexpected because structural
changes are detected through interaction of
the spin label with the protein. If the pro-
tein structural transition is coupled to an
optical transient, such interaction must
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Fig. 2. Ground-state EPR spectra (a through d) and
difference spectra detected during the photocycle (e
through h) for the indicated species. The dotted ver-
tical lines indicate the positions of the outer hyperfine
extrema that characterize immobilized nitroxides.
The arrows in (a) indicate the signal from a small
amount (<19%) of unreacted spin label that is present
in each sample (a through d).
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necessarily modify the kinetics of the pho-
tocycle in a manner related to the strength
of the interaction.

What kind of structural perturbation
could give rise to the change in the EPR
spectra! The nitroxide in C101R1 is pre-
dicted to be in contact with the E-F inter-
helical loop (Fig. 3), and appropriate move-
ments of helices E, F, C, or D at the cyto-
plasmic surface could alter the nitroxide
mobility. The spin label in C105R1 does
not sense any changes upon photoexcita-
tion, suggesting that the cytoplasmic part of
helix D does not move. Because C105R1
contacts the B helix of an adjacent bR
molecule in the protein lattice trimer, the
absence of a spectral change also implies a
lack of movement at the cytoplasmic end of
helix B. Therefore, we conclude that the
transient spectral change is the result of
movement in the E-F or C-D interhelical
loop, or in both. Finally, the lack of change
detected by C72R1 suggests that residues at
the extracellular surface of bR associated

Fig. 3. The structure of the bR backbone. The
helices are identified as A-G, and the side chain
R1at 72,101, and 105 is shown as a stick model.
Coordinates of the helical segments were ob-
tained from the Brookhaven Protein Data Bank.
Helix D was shifted by 3 A toward the cytoplasmic
side, as suggested by recent diffraction data (79).
Coordinates for the interhelical loops and nitroxide
side chains were constructed by homology and
energy minimization methods (20). The C-D inter-
helical loop (residues 101 to 105) is very short,
with a narrow range of conformations available.
For all energetically reasonable conformations,
the primary interactions of a spin label at 101 is
with the E-F loop, while spin labels at 105 point
outward from the molecule, as shown. The B-C
interhelical loop containing residue 72 is relatively
long (residues 63 to 73), and the predicted con-
formation less certain.
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with B or C do not undergo significant
rearrangement during the latter half of the
photocycle.

A comparison of the EPR results with
those obtained from diffraction experiments
(5, 6) reveals an important difference. The
EPR data indicate that the conformations
of M and the ground state are similar in the
region of the nitroxides. On the other hand,
electron density difference projection maps
show large changes at M, which relax upon
return to the ground state. This difference
may be due to the fact that projection elec-
tron density maps reflect all changes along
the length of the molecule, whereas SDSL
detects only changes near the nitroxide and
in this sense has a higher spatial resolution.
Thus, the structural perturbations assigned
to the M intermediate in diffraction exper-
iments either occur at sites distant from 101
or are caused by the presence of intermedi-
ates beyond M in the samples.
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Fig. 4. Normalized optical densities (ODs) and
EPR spectral amplitudes recorded as a function of
time following a light flash for mutant (A) C101R1
and (B) C101R2. Optical densities at 412 nm and
570 nm monitor the M intermediate and ground
state, respectively. For comparison, (C) the optical
density transients for the wild-type protein are
shown.




Recently, reversible light-induced con-
formational changes were observed with the
use of a spin label in the C-D interhelical
loop in rhodopsin (16). It is significant that
the changes in bR structure are also detect-
ed by a label in the C-D interhelical loop.
Furthermore, the changes in both proteins
evidently coincide with protonation chang-
es at the Schiff base linkage of the retinal
chromophore.

As for the functional significance of
the structural changes in bR, Asp”®, five
residues from the spin label at 101, is
protonated in the ground state, transfers a
proton to the Schiff base during M decay,
and is reprotonated from solution during
the decay of N (Fig. 1) (17). Evidently,
the EPR signal changes are coincident
with this process and thus may reflect
structural changes near 101 as a result of
changes in the protonation of Asp®®. An
interesting possibility is that the transient
change reflects the opening and closing of
a pathway from the aqueous solution to
Asp’® (3, 7). Recently, a change in local
electrostatic potential around residue 101
was reported to have a similar relative
time course (18).

In conclusion, a conformational change
occurs during the decay of the M interme-
diate and reverses during the return to the
ground state. The change is localized to the
cytoplasmic side of the protein, in the vi-
cinity of the E-F and C-D interhelical loops,
and may reflect protonation changes in
Asp?®. In principle, all of the conformation-
al changes during the photocycle can be
mapped by SDSL with a sufficiently large
set of spin-labeled mutants.
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Cystic Fibrosis Heterozygote Resistance to
Cholera Toxin in the Cystic Fibrosis Mouse Model

Sherif E. Gabriel,” Kristen N. Brigman, Beverly H. Koller,
Richard C. Boucher, M. Jackson Stutts

The effect of the number of cystic fibrosis (CF) alleles on cholera toxin (CT)-induced
intestinal secretion was examined in the CF mouse model. CF mice that expressed no CF
transmembrane conductance regulator (CFTR) protein did not secrete fluid in response
to CT. Heterozygotes expressed 50 percent of the normal amount of CFTR protein in the
intestinal epithelium and secreted 50 percent of the normal fluid and chloride ion in
response to CT. This correlation between CFTR protein and CT-induced chloride ion and
fluid secretion suggests that CF heterozygotes might possess a selective advantage of

resistance to cholera.

Cystic fibrosis (CF) is the most common,
fatal, homozygous recessive disorder of the
Caucasian population. One in 20 Cauca-
sians harbors one copy of the mutated CF
gene, resulting in a frequency of CF of 1 in
every 2500 live births. CF is characterized
by decreased Cl~ permeability of the apical
membrane of many epithelial tissues (1), a
result of mutations in the CF gene (2), and
can result in meconium ileus in CF new-
borns and intestinal obstructions and accu-
mulation of mucus in older individuals with
CF (3). Secretory diarrhea may be caused by
colonization of the small intestine with the
organism Vibrio cholerae and results in a
voluminous CI™ and fluid secretion that
can be fatal if untreated (4). Cholera me-
diates its action by an irreversible elevation
of the concentration of intracellular aden-
osine 3',5'-monophosphate (cAMP), which
triggers sustained Cl™ and fluid secretion
(4, 5). These two diseases are connected by
the apically located, cAMP-regulated, C1~
channel CFTR. It has been proposed that
CF heterozygotes may have a selective ad-
vantage against cholera-induced secretory
diarrhea (6). The hypothesis suggests that

Department of Medicine, University of North Carolina,
Chapel Hill, NC 27599, USA.

*To whom correspondence should be addressed.

SCIENCE ¢ VOL. 266 ¢ 7 OCTOBER 1994

CFTR CI~ conductance is the rate-limiting
step for intestinal Cl™ and fluid secretion,
and therefore the hypothesis predicts a di-
rect relation between CFTR expression and
resultant Cl™ secretion.

Efforts to test this hypothesis have been
limited by the absence of an animal model
for CF (7). The CFTR(—/—) mouse was
created by disruption of the CF gene at
exon 10 by insertion of an in-frame stop
codon (designated X) to replace Ser*®
(S489X). This stop codon results in an un-
stable, truncated CFTR message and no
full-length CFTR protein (8). Heterozy-
gotes carrying one copy of the normal
CFTR gene and one copy of the disrupted
gene were crossed to give offspring that ex-
press zero, one, or two normal CFTR alleles
and were designated CFTR(—/—) (homozy-
gote CF), CFTR(+/—) (heterozygote), or
CFTR(+/+) (homozygote normal), respec-
tively. Heterozygote CFTR(+/—) mice were
bred to C57BL/6 mice for at least six genera-
tions, with selection at each generation for
the presence of the S489X mutation. After six
generations, when over 98% of the loci were
expected to be identical to C57BL/6, these
heterozygous animals were mated with one
another, and CFTR(+/+), CFTR(+/—), and
CFTR(—/—) mice were obtained. These
breeding strategies provided an opportunity to
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