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ABSTRACT. A spin-label at site 101 in the-€D loop of bacteriorhodopsin was previously found to detect

a conformational change during the ™ N transition [Steinhoff, H. -J., Mollaaghababa, R., Altenbach,

C., Hideg, K., Krebs, M. P., Khorana, H. G., and Hubbell, W. L. (1984)ence 266105-107]. We

have extended these time-resolved electron paramagnetic resonance studies in purple membranes by
analyzing conformational changes detected by a spin-label at another site in-théGp (103), and at

sites in the A-B loop (35), the D-E loop (130), and the £F loop (160). In addition, we have investigated

the motion detected by a spin-label at site 101 in a D96A mutant background that has a prolonged M
intermediate. We find that among the examined sites, only spin-labels in-tbel@p detect a significant
change in the local environment after the rise of M. Although the D96A mutation dramatically prolongs
the lifetime of the M intermediate, it does not perturb either the structure of bacteriorhodopsin or the
nature of the light-activated conformational change detected by a spin-label at site 101. In this mutant, a
conformational change is detected during the lifetime of M, when no change in the 410 nm absorbance
is observed. These results provide direct structural evidence for the heterogeneity of the M population in
real time, and demonstrate that the motion detected at site 101 occurs in M, prior to Schiff base
reprotonation.

Bacteriorhodopsin (BR)is a light-driven proton pump M to N transition, and the cycle is subsequently completed.
residing in the plasma membrane of the archelatabac- The mechanism of proton translocation during the photocycle
terium halobium dlso referred to abl. salinarium) in the has been the subject of intense biochemical and biophysical
form of two-dimensional crystalline sheets known as the research over the past 2 decades (for selected reviews, see
purple membranelj. BR contains seven transmembrane refs3—7). The identification of several key residues involved
regions and one bound molecule all-transretinal, co- in the proton translocation pathway was made possible by
valently attached via a Schiff base moiety at thamino site-directed mutagenesis studies of BR. (n particular,
group of lysine 216%) (Figure 1). BR undergoes a cyclic these studies have shown that residue Asp 85 is the acceptor
series of transformations upon light absorption by its retinal of the Schiff base proton during the first half of the
chromophore, resulting in the conversion of the harvested photocycle 8—11). Moreover, the deprotonation of Asp 96
light energy into chemical energy by net transport of protons is required for the reprotonation of the Schiff base during
from the cytoplasmic space to the extracellular mili@u ( the M to N transition in the second haB,(12—-16).

The BR photocycle can be conceptually described as being  zyhqugh the molecular mechanism of proton translocation

conrpocsjed OI twaihaIV(?s{h(FlgS;urhgﬁzg In t?ekf'rSt Ihalf OJ the by BR has been studied in detail in the past, a picture of the

fg c te, e_;;'ro onfat;lon LO' i € Cd'l " ?S(tah al\isf E[>ace dprtlng structural transitions that accompany its photocycle activity
€ transition ot tne L intermediate o the M intermediate. is just emerging. The existence of tertiary structural changes

In the second half, the Schiff base reprotonates during therelative to BR under conditions where the M photointerme-

diate accumulates has been independently established by
T This work was supported by NIH Grants GM28289 (to H.G.K.) time-resolved X-rayl7—19), electron microscopy2Q, 21,

and EY052.16 (to W.L.H.), the Jules Stein Professor Endowment (to i ; i i i

W.L.H.), and the Max Kade Foundation Fellowship (to H.-J.S.). andl n(.aUtrfon dlfIra(,Ettlﬁnt StUdIGQIZ)i EltiCtrgn ?Iffracél.o? h
*To whom correspondence should be addressed. analysis ol a ml% an_ at accumuia e_s e U Infermediate gs
* Massachusetts Institute of Technology. also revealed significant structural differences between this
S Current address: Genetic Disease Research, National Human|ate intermediate and the unphotolyzed sta®).(Addition-

Genome Research Institute, National Institutes of Health, Bethesda,a”y secondary structural Changes during the BR photocycle

MD 20892-4472. ' . o .
I Ruhr-Universita Bochum. have been identified by time-resolved FTIR spectroscopy (for

O University of California, Los Angeles. a review, see ret6).

1 Abbreviations: BR, bacteriorhodoopsin; EPR, electron paramag- . .
netic resonance; SDSL, site-directed spin-labeling; MTSSL, meth- SDSL has also been applied to detect protein movement

anethiosulfonate spin-label; FTIR, Fourier transform infrared. during the photocycle. In the SDSL method, specific attach-
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Ficure 1: Structural model of bacteriorhodopsin. (a) Secondary structural model of bacteriorhodopsin. Boxed areas indicate helical segments
according to the model of Grigorieff et ab4). A box is also drawn around lysine 216, the attachment site faaltheans-retinal chromophore.

The circled amino acid residues within the loop regions were individually changed to cysteine. Residue D96, which was substituted with
alanine in the double mutant D96A/V101C, is also designated. (b) BR backbone is shown in ribbon representation. The locations and
orientations of the amino acid side chains that were modified in this study are highlighted. The coordinates were obtainecbfom ref

BR EPR spectrum, and this in turn provides information on the
/ 570nm\ degree of interaction of the side chain with nearby groups
in the protein 24). Consequently, a conformational change
Os40nm Ks90nm that perturbs the environment of the spin-label will result in
changing the shape of the EPR spectrum. Such spectral
I T changes can be detected on the millisecond time scale with
+ J l time-resolved EPR spectrosco@p). The first time-resolved
cwopHLAswc L EPR study of BR using SDSL showed the existence of
SURFAGE N 560nm 550nm conformational changes localized near the T or E—F
& interhelical loops during the second half of the photocycle
(A (26, 27. Subsequent SDSL analyses revealed smaller but
+ detectable protein movements near both theBfand E-F
EXTRAGELLULAR loops @8), and relative movement between the cytoplasmic
SURFACE loops was suggested by use of double-label SD&). (

FIGURE2: A current model of the BR photocycle. The wavelength ~ The time-resolved EPR technique greatly complements the
of maximal absorbance for each intermediate is shown. As discussedaforementioned diffraction methods for structural analysis
in the text, the M intermediate consists of at least two structurally of BR by providing several important and distinct advantages.
distinct species. Most significantly, it allows the detection of localized
structural transitions in real time, using agueous suspensions
of purple membrane. This feature allows an unambiguous
correlation of the observed conformational changes with
photocycle kinetics. As a result, there is no need to work
under nonphysiological experimental conditions in order to
prolong the lifetime of specific intermediates. Additionally,

E E because the technique relies on the sensitivity of an attached
:O—N@/ ; spin-label to its immediate environment, SDSL provides
: $-s-Cg!

M412nm
H

information on localized structural transitions. This is in

contrast to the diffraction techniques used in BR analysis,

""""""""" ' which give information along the length of the molecule but
R1 do not provide localized spatial resolution.

Ficure 3: Chemical reaction of cysteine residues with (1-oxyl- :
2,2,5,5-tetramethylpyrroline-3-methyl)methanethiosulfonate (MTSSL) In p_rewous work referred to aboved), we used the SD.SL
technique to reveal a structural rearrangement near site 101

spin-label to generate the nitroxide side chain designated R1. ¢ !
near the top of helix C (Figure 1) that occurred after M

ment sites for spin-labels in a protein are provided by cysteine formation. Interestingly, a spin-label at site 105 in the same
substitution mutagenesis. The sulfhydryl group of the unique loop showed no changes with light excitation, and the
cysteine is modified with a specific reagent to introduce a implications of this difference have been discuss#g).(In
nitroxide side chain. The most commonly used reagent is the present report, we extend our time-resolved EPR studies
the methanethiosulfonate spin-label, MTSSL, that generatesto probe for light-induced conformational changes at site 103,
the side chain designated R1 (Figure 3). The internal motion located between sites 101 and 105 in the[Zloop. In

of R1 relative to the protein is reflected by the shape of the addition, we explore other loop regions of BR. The inter-
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helical loops are targeted because previously publishedEXPERIMENTAL PROCEDURES

crystallographic work has not provided information on light- . .

dependent movement in these regions. In addition, the Materials The spin-label reagent (1-oxyl-2,2,5,5-tetra-
cysteine mutations introduced in the loops were expected toMethylpyrroline-3-methyl)methanethiosulfonate (MTSSL, Fig-
be reasonably exposed to the aqueous medium and thereford"® 3) was obtained from Reanal (Budapest, Hungary). High-

amenable to modification by spin-labeling, as was the ca\sepurit,y acetonitrile U,SEd in spin-labeling reactions was
with our previous attempt=26). We find that among the obtained from American Burdick and Jackson. Tempone

selected sites, only the spin-labels in the [T loop detect (2,2,6,6-tetramethyl-4-oxopiperidine-1-oxyl) was from Al-
significant photoinduced structural transition(s). The pos- dnch. A: W. A!berts (Merck) was the generous proylder of
sibility that such significant changes may also be detected Mevinolin, which was converted to thiehydroxy acid as

at additional specific sites in other loops cannot be ruled Qescribedc(O) and used in isolation of recombinants express-

out at present, and requires further analysis of these regions!"9 BR mfutantﬁ.'The Geniui DNA Labr(]aling E‘nd Dete%tion_
Nevertheless, our current results for the-B interhelical ~ SyStém of Boehringer Mannheim and the Enhanced Chemi-

loop, together with our previous observations for the@® luminescence Detection kit from Amersham were used for

loop (26), are consistent with the finding that little light- Southern blot analyses. The restriction enzymes and ligase

dependent motion takes place in the extracellular side of BR WWere obtained from Boehringer Mannheim and New England
(20). Biolabs. A Qiagen plasmid kit was used for purification of

G the plasmids. Sequencing was by the Sequenase version 2.0
Several reports have suggested the possibility that structur it from U.S. Biochemical.

ally distinct M species exist within the BR photocycle. These _ _
include results from spectroscopic measurements @0g., _ Plasmid ConstructionThe construct for the S35C muta-
35), electron diffraction 6), neutron diffraction 7), and ~ tion was obtained by combining the 6.7 kBpmHI—Hindlll
a combination of FTIR and X-ray studie3g). In particular, ~ fragment of pMPK54 41), the 476 bpBarH|—Nhd and
it has recently been proposed that the protein conformation2-9 kKbp Asp718&Hindlll fragments of pMPK39 42), and
corresponding to the N intermediate takes shape prior to M the 171 bfNhd —Asp718 synthetic fragment of pSBO2.S35C
decay, switching the Schiff base orientation so that it can (43)- Plasmids for D96A/V101C and A103C were prepared
become protonated during the M N transition §). The using the strategy previously described for the V101C
postulated pre-switch and post-switch states within M are Mutation @6). The constructs for V130C and A160C were
referred to as M and M, respectively 82). The FTIR obtained by combining the 6..7 kigganmH| —Hindlll fragment
analysis of the D96N mutant at pH 10 by Sasaki et36) (  Of PMPKS4, the 2.48 kbHindIll —Pspl4061 and 781 bp
has shown the accumulation of what appears to be yet anothePfaHI—BsfHI fragments of pMPK39, and the 177 bp
distinct species, designatedyMDespite having an N-like ~ BSHHI—Pspl406I synthetic fragments of pSBO2.V130€i
protein structure, the Mintermediate has an unprotonated and pSBO2.A160CA3), respectively. To verify the presence
Schiff base. Time-resolved stepcan FTIR measurements ©Of the mutations, the entire synthetic fragment of each
provide evidence of its existence in D96N at neutral BB) purified construct was sequenced.
However, no direct evidence is yet available for the existence ~ EXxpression, Purification, and Characterization of Mutants
of My in the wild-type photocycle under physiological in the Purple Membrane FormThe mutant proteins were
conditions, where the reprotonation may occur too fast to €xpressed in thbop deletion strain MPK4041). Transfor-
allow the detection of this intermediate. Although previous mation of the MPK40 strain with each of the purified mutant
diffraction studies have revealed changes in protein structureconstructs, isolation of recombinants and their characteriza-
under conditions where M accumulatdg{22), they could ~ tion by Southern blot analysis, and purple membrane
not provide information on the timing of these changes with purification were performed as previously describéd)(
respect to M kinetics. More recently, Sass et aB)(have ~ The MPK40 recombinant expressing WT(AB) was used
suggested that the tertiary structural changes in M correspondor preparation of purified wild-type purple membrane.
to the My — M, transition based on parallel X-ray and FTIR ~ The purified samples were analyzed by SEFAGE on
studies of the D96N mutant at different relative humidity. 12% polyacrylamide gels as describedS)( UV/visible

In the present paper, we take advantage of the time Spectroscopy in both dark-adapted and light-adapted states
resolution that the SDSL technique provides to determine was performed as previously describd@)(using a Hitachi
whether the motion that occurs at or near thelCloop U-3110 spectrophotometer modified with an end-on photo-
during the M— N transition @6) takes place in M. For this  multiplier. The photocycle kinetics for each sample were
purpose, we investigated this major conformational change measured both before and after spin-labeling. For these
in a mutant background, which significantly slows the rate measurements, photoexcitation was carried out using«$00
of M decay (D96A). The mutant D96A/V101R1 allowed a light flashes at<550 nm wavelength. A probe beam was
precise real-time comparison between the evolution of the used with 410 and 570 nm interference filters in order to
major EPR spectral change and that for M. The experimental monitor the kinetics of the M intermediate and the unpho-
results presented here show that the conformational changdolyzed state, respectively.
takes place in M, at a time when the Schiff base is still  Spin-Labeling of Cysteine Substitution Mutants and EPR
unprotonated. Thus, our findings provide a real-time dem- Measurementslhe single reactive cysteine residue in each
onstration of the structural heterogeneity of M, and show of the BR mutants in purified purple membranes was
that part of the conformational change in M involves modified by MTSSL (Figure 3; re26). Wild-type BR purple
movement at or near the <D interhelical loop. These  membrane was included as control. The stock label solution
observations are consistent with and complement the avail-was prepared using high-purity acetonitrile, and was stored
able diffraction data on light-induced changes in BR. at 4 °C under dim light. The labeling was performed in a
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5-fold molar excess of the spin-label in 200 mM sodium
phosphate buffer, pH 7.0, for 12 h at 26, and under dim

Biochemistry, Vol. 39, No. 5, 200123

stoichiometry of MTSSL labeling was in the range of 8.7
0.9 mol of spin-label per mole of BR, consistent with the

light conditions. Subsequently, six successive centrifugal presence of a single cysteine residue. The wild-type BR,
washes of the membranes were performed with the labelingwhich is devoid of any cysteines, did not show detectable
buffer to remove excess free label. The resulting spin-labeledlabeling with MTSSL, in agreement with previous results
mutants are designated by specifying the original residue, (26). The photoinduced properties of the labeled mutants
the sequence number, and the new residue. For examplewere analyzed by measuring the optical density changes at
S35R1 is a mutant in which the wild-type serine was replaced 410 nm (M kinetics) and 570 nm (BR recovery). Spin-

with R1.

labeling of S35C, A103C, V130C, and A160C with MTSSL

For the EPR measurements, spin-labeled purple membranelowed M decay in these mutants by less than a factor of 2,
was resuspended in 0.1 M sodium phosphate buffer, pH 7.0,with half-lives of 3.1, 3.8, 7.5, and 12 ms for S35R1,
containing 0.1 M NaCl. The concentration of each sample A103R1, V130R1, and A160R1, respectively. We previously

was calculated from itémax value in the light-adapted form,
using the extinction coefficiert = 63 000 M t-cm™1 (46).
For calculation of the labeling stoichiometry for each

found that spin-labeling of V101C with MTSSL slows the
photocycle by a factor of 1026). In the D96A/V101R1
mutant, this effect is masked by the dramatic perturbation

modified sample, double integration of the EPR spectra wasof M decay by the D96A mutation.

performed and compared with that of a known amount of

the water-soluble spin-label Tempone.

EPR Spectra of the Spin-Labeled Mutants in the Unpho-
tolyzed State and Spectral Changes during the Photocycle.

EPR spectra were recorded at X-band frequencies in aThe mutants in this study were selected to investigate light-

TM101 cavity at 25°C. Light-induced changes of the EPR dependent conformational changes in the different loop
spectra were recorded during a magnetic field scan. This wasregions of BR (Figure 1). Except for the V130C mutation,
accomplished by phase-sensitive detection, using as referencall sites are located on the cytoplasmic side of BR. The EPR
the triggering source of a xenon flash lamp with a 1&0 spectra for the unphotolyzed states of the labeled mutants
duration and 0.5 Hz repetition rate. Consequently, the in purple membrane were obtained following full light-
difference EPR spectra between the photoexcited and un-adaptation. The shapes of these spectra reflect the residual
photolyzed conformations were directly recorded. To cor- motion of the nitroxide side chain.

relate these light-induced changes with photocycle kinetics, The light-induced EPR spectral changes for the mutants
the time dependence of the EPR signal after photoexcitationwere measured during a magnetic field scan as described
was measured with the magnetic field fixed at the maximum under Experimental Procedures. The detection scheme

of the difference signal.

RESULTS

Characterization of the Cysteine Mutants: SEFAGE,
UV/Visible Spectroscopy, and Photocycle Proper&i3S—
PAGE analysis showed identical mobility for wild-type and

directly provides the difference EPR spectrum between the
unphotolyzed state and the excited-state spectrum. Therefore,
an interpretation of the difference spectrum provides infor-
mation regarding the nature and relative magnitude of any
light-induced conformational changes that modulate the spin-
label environment. The EPR spectra in the unphotolyzed state

mutant proteins. A single band was present for each sampleand the spectral changes are discussed below for each mutant.

indicative of their high level of purity47). The UV/visible

(A) S35R1 (AB Interhelical Loop) The spectrum for this

spectra of all cysteine mutants used in this study were mutant is shown in Figure 4a, and reveals the presence of

identical to the wild-type BR spectra in both dark- and light-
adapted stated 7). A Azso nnfAsss nmabsorbance ratio of 1-7

two dominant spin populations, reminiscent of R1 at tertiary
contact sites 49). The high mobility of one population

1.8 was obtained for the light-adapted species of the purified (arrow) suggests some contribution of backbone flexibility

samples, confirming their high level of purity and indicating
that they fold properly. The half-life of M decay for the wild-

to the overall side-chain dynamics, as might be expected at
an interhelical loop site. These findings are very similar to

type purple membrane was found to be 3.9 ms. S35C andthose reported for D36R128).

V130C mutants showed photocycle kinetics similar to those

of the wild-type sample with the half-life values of 3.2 and
3.0 ms for M decay, respectively. The A103C mutation
mildly perturbed the kinetics of M decay, slowing it by a
factor of 1.3. This slight effect may actually be the
consequence of a perturbation in the—M equilibrium,

Figure 4f shows the corresponding light-induced EPR
difference spectrum for this mutation. Because the relative
EPR spectral change is very small, the spectrum was
amplified by a factor of 5 compared to the V101R1 and
A103R1 spectra (to follow) in order to provide a better
visualization of the signal. The shape of the EPR difference

emanating from a slower N decay. The rate of M decay was spectrum indicates a slight decrease in nitroxide mobility.

also retarded in the A160C mutant, which, like A103C,

However, given the high sensitivity of the spin-label to

resides on the proton uptake side of the membrane. Thechanges in its immediate environmeB#( 29, we conclude

photocycle kinetics of the A160C mutation have been
described in detai8). Consistent with the previous results,
we found that the photocycle is slowed by a factor of 2 in
A160C, with a half-life of 8 ms for M decay. As anticipated
from previous observations for D96AZ, 41), the M decay
was significantly delayed in the D96A/V101C mutation,
occurring at a 500-fold slower rate (see below).
Properties of the Spin-Labeled Mutants in the Purple
MembraneFor the single cysteine substitution mutants, the

that the light-induced conformational change at position 35
is likely to be small. These findings are similar to those for
R1 at the adjacent site in D36R28).

(B) D96A/V101R1 and A103R1 {D Interhelical Loop)
The D96A/V101R1 spectrum is shown in Figure 4b. The
spectral line shape corresponds to intermediate immobiliza-
tion of the spin-label, and is virtually indistinguishable from
that of V101R1 described previouslg26) (dashed trace in
Figure 4b). Therefore, in the unphotolyzed state, the substitu-
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1st derivative spectra difference spectra

Ficure 4: EPR spectra in the unphotolyzed state-éx and
difference spectra obtained during the photocyctej)(ffor the
indicated spin-labeled mutants. The arrow in (a) indicates the spin
population with high mobility for S35R1. For comparison, the

Mollaaghababa et al.

Similar to V101R1 and D96A/V101R1, the difference
spectrum for A103R1 shows a dramatic light-dependent
conformational change, concomitant with a decrease in
nitroxide mobility (Figure 4h). This suggests that the
structural transitions detected at sites 101 and 103 may be
the same, especially since the time dependencies of their EPR
spectral changes are very similar (see below).

(C) V130R1 (B-E Interhelical Loop) The spectrum for
V130R1 in the unphotolyzed state in the lattice indicates
strong immobilization of the attached nitroxide, implying a
strong tertiary interaction (Figure 4d). Similar to S35R1, the
relative EPR spectral change is very small for this mutant
(Figure 4i), and therefore the difference spectrum shown is
amplified by a factor of 5 compared to the V101R1 and
A103R1 spectra. The spectral shape indicates a slight
increase in the mobility of the nitroxide side chain. However,
the light-induced conformational changes detected at this site
must correspond to a very limited change in the spin-label
environment.

(D) A160R1 (E-F Interhelical Loop) Figure 4e shows
the spectrum for this mutant in the unphotolyzed state.
Similar to V130R1 spectrum, it indicates a strong im-
mobilization of the nitroxide. Because the difference spec-
trum for this mutant was of very low amplitude, we measured
the EPR transients at discrete values of the B-field in order
to improve the signal-to-noise ratio (Figure 4j). The relative
amplitude of the spectral changes at the selected magnetic
field values is similar to that of S35R1, and indicates a very
slight decrease in nitroxide mobility. Accordingly, the light-
induced changes associated with A160R1 must be small,
similar in magnitude to those at S35R1 and V130R1.

Correlation between the Kinetics of the EPR Spectral

spectra for V101R1 (dashed lines in b and g) are superimposedChanges and the Kinetics of the M Photointermedicfes

with those of D96A/V101R1 (solid lines in b and g). The difference
spectra for S35R1 (f) and V130R1 (i) are magnified by a factor of
5 with respect to those of V101R1 and D96A/V101R1 (g) in order
to give a better visualization of the signal. Light-induced EPR
changes for A160R1 were measured at discBfld values to

the improve signal-to-noise ratio (j). The direction of change at

these selected values is shown by the solid bars, and the length of
each bar corresponds to the magnitude of the observed change. Th

positions of the outer hyperfine extrema that indicate nitroxide
immobility are shown by dotted vertical lines.

tion D96A does not introduce any detectable structural
changes in the vicinity of the spin-label probe at site 101.

The spectrum of A103R1 in the unphotolyzed state is
shown in Figure 4c. The A103R1 spectrum reflects a
nitroxide with distinctly less mobility than that at V101R1,
suggesting that this region of the loop is highly ordered and
likely in tertiary contact with other parts of the protein,
consistent with the available structural data (Figure 1b).

The EPR difference spectrum for D96A/V101R1, super-
imposed with that for V101R1 (dashed line), is shown in

each spin-labeled mutant, the time dependence of the light-
induced EPR signal was recorded at a fixed magnetic field
corresponding to the maximum in the difference signal. The
kinetics of M were measured by following the light-induced
optical density (OD) change at 410 nm. Thus, the light-
enduced EPR changes could be correlated with specific
Intermediates during the second half of the photocycle. As
expected, all the observed light-induced conformational
changes were reversible. The comparisons between the
observed changes and the photocycle kinetics are discussed
below with respect to each spin-labeled mutant.

(A) S35R1 (AB Interhelical Loop) The EPR spectral
change for this mutant reaches its maximum amplitude
shortly after the start of M decay, which is indicated by a
decrease in the absorbance value at 410 nm (Figure 5a). The
EPR signal subsequently decays with a slightly slower rate
than that of M. Consequently, the structural change detected
by the spin-label at this position appears to originate in M,
but is associated with the M to N transition. However, as
mentioned above, the EPR spectral change is very small and

Figure 4g. For both spectra, the changes in amplitude at thecannot reflect a major conformational change.

extremes clearly indicate a decrease in nitroxide mobility.

(B) D96A/V101R1 and A103R1 (D Interhelical Loop)

The magnitl_Jde of the EPR diﬁere_nce spectrum suggests thaiAs shown in Figure 5b, the light-induced EPR spectral
a comparatively large conformational change occurs at the change for D96A/V101R1 rises after the 410 nm absorbance

vicinity of this site during the photocycle (Figure 4g). The
data of Figure 4g also demonstrate that the light-induced
spectral changes for V101R1 and D96A/V101R1 are virtually

(M formation) has reached its maximum value. This is in
accordance with our previous analysis for V101RB)(
However, the presence of a prolonged M allows us to observe

superimposable, appearing at identical magnetic field valuesthat the EPR signal reaches its maximum amplitude well

and with the same shapes and magnitudes.

before the initiation of M decay (Figure 5b). These results
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induced change at V130R1 and the kinetics of M because
of the noise in the EPR signal. Nevertheless, it does appear
that the EPR signal reaches its maximum value just as M
decay has commenced and that, similar to S35R1, its own
decay starts after the M decay is well under way (Figure
5d). Consequently, the detected movement appears to take
place in M and be associated with transition to N. However,
as pointed out above, the observed light-dependent change
is small, and probably corresponds to a minor conformational
change either at or in the vicinity of site 130.

(D) A160R1 (E-F Interhelical Loop) The transient EPR
signal observed at A160R1 corresponds to a light-induced
change that appears to occur in M, with a very similar time
course to that for S35R1 and V130R1 (Figure 5e). However,
in contrast with the two other sites, the timing of the EPR
signal decay and the timing of M decay closely parallel one
another. As with S35R1 and V130R1, the light-induced
signal for A160R1 is weak, and probably corresponds to a
small conformational change at or near the spin-label.

DISCUSSION

In the present work, we studied the R1 nitroxide side chain
at sites within the A-B (35R1), C-D (101R1, 103R1), and
E—F (160R1) interhelical loops at the cytoplasmic surface
of BR. In addition, one site in the BE interhelical loop
(130R1) at the extracellular surface of the BR molecule was
investigated (Figure 1).

The mobility of the R1 side chain in each of these mutants,
as inferred from the spectral line shape, is strongly modulated
by tertiary or quaternary contact interactions in which it is
involved. For example, the R1 side chains at sites 35, 101,
103, 130, and 160 all show some evidence of contact
g 5 ; 5 intergctions, because. their §pectra' reflect immopilization

107 107 107" 10 10° 10 relative to R1 on noninteracting helix surfaces or in loops
Time (seconds) (49). Because the BR used in these experiments is in the
Ficure 5: Normalized light-induced EPR spectral amplitudes (filed Native two-dimensional lattice, either inter- or intramolecular
circles) and optical densities (OD) at 410 nm (solid lines) as a contacts could be responsible for the immobilization.
function of time for S35R1 (a), D96A/V101R1 (b), A103R1(c), In principle, these possibilities can be distinguished by
VI30R1 (d), and A160R1 (e). Changes in §4n monitor M comparing the EPR spectra for BR in the purple membrane
kinetics. ) ; . - :
and in the monomeric state. If the interactions are intramo-
clearly demonstrate the existence of at least two protein lecular, there should be no difference between the spectra
conformations within the M intermediate, and show that a for BR in the lattice and monomeric forms. For sites 101
transition between these two M conformations involves and 103, the EPR spectra for the purple membrane forms
movement at or near the-€D loop. The rate of decay of (Figure 4) are similar to those reported previously for the
this conformational change is slower than the fast componentmonomeric specie$(). This observation indicates that the
of M decay but matches its slow component (Figure 5b). interactions restricting the motion of the nitroxide side chains

Figure 5c shows the kinetics of the light-dependent EPR at these sites are intramolecular, and are not due to the
signal detected for A10O3R1. These kinetics are very similar interaction of the nitroxides with adjacent bR molecules in
to those observed for V101R28&). In addition, as discussed the lattice. For V130R1, the monomeric form4] has a
above, the EPR difference spectrum for A103R1 (Figure 4h) much higher R1 mobility compared to the lattice state,
closely resembles that of V101R1 (dashed line in Figure 4g). suggesting that the immobilization in the lattice is due to
These similarities suggest that the spin-label probe at siteinteractions between BR molecules within a trimer. For R1
103 is detecting the same conformational change as the probat sites 35 and 160, the EPR spectrum of the monomeric
attached to site 101 within the «€D interhelical loop. form has not been recorded. However, Kimura et al. have
However, we cannot exclude the possibility that A103R1 is obtained a structure for the-B loop based on electron
detecting either a completely different change or some cryomicroscopy studies(). In addition, Steinhoff and co-
additional changes that indeed occur during the-Ni workers have provided a model for the-E loop based on
transition. This latter possibility is consistent with the EPR studies of each residue in the unphotolyzed state of
reported occurrence of large amide bond changes during thisBR (52). The analysis of the latter work indicates that the
step in the photocycle. interaction of the R1 side chain at site 160 is intramolecular.

(C) V130R1 (B-E Interhelical Loop) It is difficult to In the set that we have examined, the photoinduced EPR
obtain a precise correlation between the kinetics of the light- transients reflecting a conformational change in BR are large

Normalized OD and EPR spectral amplitude




1126 Biochemistry, Vol. 39, No. 5, 2000 Mollaaghababa et al.

only for R1 at sites 101 and 103 in the—© loop. specific motion that accompanies the observed diffraction
Thorgeirsson et al. have also investigated the light-dependentchanges in transmembrane regions (see below).
changes for A103R1, but in contrast to our results found no  Sass et al. 38) and Subramaniam et al53 have
light-induced EPR transient29). This difference from our interpreted their respective diffraction results as an indication
findings may be due to a lower sensitivity of their instru- that the major conformational transitions in BR occur in the
mental arrangement. The EPR transients for R1 at 35, 130,proposed M — M, step 82). Both reports also conclude
and 160 are much smaller than at 101 and 103. It is perhapsthat the amide changes observed by FTIR do not correlate
not surprising that only a small change is observed at positionwith tertiary structural changes that occur in M. Sass et al.
130, because it is apparently on the outside surface of the(38) have made this determination based on FTIR and X-ray
protein, at a contact site between monomers in the lattice studies of the hydrated D96N mutant at high pH and of wild-
(Figure 1b). The small EPR transients at positions 35, 130, type BR incubated with guanidine hydrochlorid®). They
and 160 have a very similar time course corresponding to ahave therefore postulated that the additional amide change
light-induced change that appears in M (Figure 5). However, may signify a M — My transition. To which of these
the timing relative to M differs. This may be because the M proposed steps in M does the EPR change correspond? As
decay in A160R1 is slowed more than in V130R1, reflecting discussed above, our EPR results are consistent with the
a greater shift in the MN equilibrium toward the M state.  diffraction data in terms of the timing of the detected
Thus, the light-induced EPR transients for sites 35, 130, and conformational change. It is therefore reasonable to propose
160 likely reflect the rise of the same conformational change that the motion observed in D96A/V101R1 is correlated with
during M and its subsequent decay during the recovery of the reported diffraction measurements. If indeed the observed
the unphotolyzed state. However, the differences in M decay diffraction changes occur in the i M, step as proposed,
between the mutants may reflect differences in theN/ then our EPR signal may correspond to this specific transition
equilibrium and the amount of back-reaction from N to M. in M. However, further analysis is required to determine
For all the examined sites, the exact nature of the observedwhether the observed EPR change corresponds to the M
movements remains to be determined. M, or the M, — My transition, especially in light of the

A main purpose of the present study was to explore the observation that at neutral pH\Ms present in the early M
correlation between the time course of the M intermediate intermediate of the D96N mutan39). If the detected EPR
and the light-dependent structural transition in BR detected change turns out to be due toyMbrmation, it would be the
by spin-labels in the €D loop. In V101R1, similar to  first direct evidence for the occurrence ofyNh wild-type
A103R1 (Figure 5c), the rise of the EPR transient coincides BR as we have demonstrated that the same EPR change takes
with M decay @6). Does this indicate a synergy between place in both V101R1 and D96A/V101R1 samples.
the observed protein motion and Schiff base reprotonation, The structural origin of the light-induced EPR changes in
or do the two events actually occur independently? To 101R1 remains a matter for speculation. Based on modeling
distinguish between these two possibilities, we examined thethe spin-label position, we had previously suggested that it
time course of the conformational change in a mutant with may originate from motion in the €D and/or the E-F loop
a greatly retarded M decay. In this mutant, D96A/V101R1, (26). The absence of a significant light-induced EPR transient
the EPR spectrum is virtually identical to V101R1 alone for A160R1 during the photocycle argues against theFE
(Figure 4b), as is the spectral change under light excitation loop being the origin of such motion. It is possible that a
(Figure 49). This convincingly shows that the D96A mutation particular orientation of the spin-label side chain at position
does not affect the nature or magnitude of the conformational 160 prevents it from detecting a significant conformational
switch that occurs either at or near site 101. The data of change. However, it should be noted that time-resolved EPR
Figure 5b for D96A/V101R1 demonstrate that the EPR analysis of E161R1 also reveals only a small light-induced
spectral change rises after the complete formation of M and change 28). Although Thorgeirsson et al.2@) did not
reaches maximum amplitude well before the start of M decay. observe any change in A103R1, their instrument did detect
Thus, the major conformational change detected by V101R1a small light-induced change at position 163 (M163R1).
occurs within the M intermediate, directly demonstrating the However, we do not believe that this change originates in
conformational heterogeneity of this state at neutral pH. the E-F loop. The nitroxide at position 163 is oriented
These results also provide a precise time of occurrence fortoward the inside of the protein between helices C and F
this conformational change which is clearly uncoupled from whereas those at residues 160 and 161 point outvd (
the Schiff base reprotonation even though these two eventsTherefore, the observed change in M163R1 most likely
show an apparent coincidence in time when analyzed in thereflects a significant movement in either helix C or helix F,
wild-type background. or both. Such a large change would be easily detectable given

Very recent time-resolved electron diffraction measure- the orientation of the spin-label at position 163. It may result
ments for wild-type and mutant BR samples have revealedin an increase in the interhelical distance between helices C
that the major light-induced conformational changes associ-and F, consistent with the observed increase in nitroxide
ated with transmembrane helices occur within approximately mobility in M163R1 as a consequence of this movement.
the first millisecond of the photocycl&8). We show in this Preliminary X-ray analysis of D96A/V101C modified with
report that our EPR data are consistent with this conclusion.a mercury atom suggests a movement of theDdoop in
The conformational change detected in D96A/V101R1 be- the M state as indicated by a change in the position of the
gins to accumulate 1 ms after the initiation of the photocycle attached mercuryIf these results are verified, they would
(Figure 5b). Consequently, it could signify a response of the
spin-label to the major light-induced changes seen by electron 2 gamin Mollaaghababa, Wolfgang Behrens, Ulrike Alexiev, H.
diffraction. It may also be the signature of a separate loop- Gobind Khorana, and Maarten Heyn, unpublished observation.
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