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Abstract

Site-directed spin labeling of membrane proteins has been used to determine: (1) the topography of the polypeptide chain
with respect to the membrane /solution interface, and (2) the identity and orientation of secondary structure in selected
regions. These features are deduced from the collision rates of nitroxide side chains with paramagnetic reagents in solution,
and the principles of the method are reviewed with reference to bacteriorhodopsin. The dynamics of the nitroxide side chains
relative to the backbone reveal tertiary interactions of the labeled site, and provide a promising means of time-resolving
conformational changes. This aspect is illustrated by recent studies of structural changes in bacteriorhodopsin during the
photocycle. In these experiments, nitroxide side chains were introduced at residues 72, 101 and 105 after replacement of the
original residues by cysteine. Upon flash photolysis, the electron paramagnetic resonance spectrum of a nitroxide at 101, but
not those at 72 or 105, is time-dependent. The spectral change develops during the decay of the M-intermediate, and reverses
upon return to the ground state. The results suggest a movement of the C—D or E—F interhelical loops during the protonation
changes of aspartate 96.
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1. Introduction

Membrane proteins present a difficult problem for
structure determination. With a few exceptions, X-ray
diffraction data are not available due to unsolved
problems of crystallization. Two-dimensional NMR
approaches are not applicable due to the lack of high
resolution spectra. Site-directed spin labeling (SDSL)
is an alternative approach for obtaining structural
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information. In this technique, spin labels are intro-
duced into the protein at selected positions using
cysteine substitution mutagenesis followed by modi-
fication of the reactive sulfhydryl with a nitroxide
reagent. The collision rates of the nitroxide side
chains with paramagnetic reagents in solution pro-
vide information on the static structure of the pro-
tein, and a brief review of the principles of the
technique will be presented below. More recently,
the dynamics of spin-labeled side chains have been
analyzed in terms of protein tertiary structure. Per-
haps the most important outcome of this work has
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been the resolution of conformational changes in
space and time on a millisecond scale. This aspect
will be discussed with reference to conformational
changes of bacteriorhodopsin (bR) induced by pho-
ton absorption [1].

Bacteriorhodopsin is a light driven proton pump
in the purple membrane of Halobacterium salinar-
ium [2,3]. After photoexcitation of the light-adapted
protein, the all-trans to 13-cis isomerization of the
retinal chromophore initiates a cyclic sequence of
intermediates that are identified by their optical ab-
sorbance maxima and kinetic properties [4]. During
this photocycle, a proton is translocated across the
cytoplasmic membrane. Bacteriorhodopsin is a
unique model system for the study of active transport
systems since a model of the bR ground state struc-
ture has been derived based on high resolution elec-
tron cryo-microscopy [5]. Additional information re-
garding the structure and function of bR has been
obtained from site-directed mutagenesis studies
[3,6,7].

2. Structural studies of bacteriorhodopsin based
on collision rates between a nitroxide side chain
and paramagnetic probes

To introduce a nitroxide side chain into bR, se-
lected residues were mutated to cysteine, and subse-
quently modified with the sulfhydryl-specific reagent
(1-0xyl-2,2,5,5 tetramethylpyrroline-3-
methyDmethanethiosulfonate to give the nitroxide
side chain designated R1.

The collision frequencies of the attached nitrox-
ides with polar and non-polar paramagnetic reagents
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Scheme 1.

Fig. 1. The structure of the bacteriorhodopsin backbone. The
helices are identified as A—G, and spin labels in G72R1, V101R1
and Q105R1 are shown by tube models. Coordinates of the helix
segments were obtained from the Brookhaven Protein Data Base.
Helix D was shifted by 3 A towards the cytoplasmic side, as
suggested by recent diffraction data. Coordinates for the inter-heli-
cal loops were constructed by energy minimization methods. The
nitroxide in V101R1 is predicted to be in contact with the E-F
interhelical loop.

in solution have been used to determine: (1) the
topography of helices C, D and E with respect to the
bilayer interface, (2) regions of regular secondary
structure, and (3) the orientation of the secondary
structure in the protein [8—12]. For example, colli-
sion rates of O,, a hydrophobic probe, with nitrox-
ides in a series of mutants with a single R1 side
chain at positions from 129 to 140 show a striking
oscillation in the region 131-139 with a period of
3.6, corresponding to the first 2.5 turns of the E helix
(Fig. 1) [9]. The orientation of this helical segment in
the protein was determined from the phase of the
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periodic function: the residues with the lowest colli-
sion rate define the helical surface which is oriented
towards the interior of the protein, where the solubil-
ity of oxygen is low. This helical segment is found to
lie within the membrane bilayer based on the low
collision rates of the nitroxides with a polar para-
magnetic reagent, chromium oxalate (CROX). In
contrast, the high values of the collision rate with
CROX in the region 127-130 define the water ex-
posed loop region between helices D and E.

3. Structural studies of bR based on analysis of
spin label dynamics

The motion of a nitroxide side chain relative to
the protein backbone results from rotational isomer-
izations about internal bonds of the sidechain. Addi-
tional constraints on the motion appear to be due to
van der Waals interactions with nearby secondary
structures, that is, on tertiary interactions [13]. Thus
a nitroxide side chain in an isolated helix has little
motional restriction relative to one located in a pro-
tein interior. Information about the nitroxide mobil-
ity, and hence the extent of tertiary interactions, can
be extracted from the EPR line shape. For example,
consider side chain R1 at positions 105, 109,124 and
127 on the outer surface of the bR D helix, facing
the lipid bilayer. Fig. 2 shows transverse sections
through the C-D-E helices of bR at the level of
each of these residues, along with the corresponding
EPR spectra. The spectra at 105 and 109 are similar,
both characteristic of rapid thermal motion with a
correlation time of a few nanoseconds. On the other
hand, the spectra of 124 and 127 reflect significant
motional constraints. As illustrated in Fig. 2, this
difference can be understood in terms of tertiary
interaction of the spin label. At positions 105 and
109, tertiary interactions are absent, and the motion
is determined primarily by internal bond isomeriza-
tion rates. At 124 and 127, the nitroxide directly
interacts with helices E and C, respectively, giving
rise to additional constraints on the motion. It is easy
to appreciate that any relative movement of these
helices would modulate the tertiary interactions of
the nitroxide and produce time-dependent spectral
changes. This provides a powerful means of investi-
gating conformational changes in proteins, and in the
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Fig. 2. The effect of tertiary interactions on the EPR spectra of
nitroxide side chain R1 in bR. Left column: slices through the
C—D-E helical region of bacteriorhodopsin. Each slice is taken in
a plane containing the indicated residue, and the dot identifies the
position of the beta carbon atom of the R1 side chain. Right
column: EPR spectra for the indicated mutants.

i

remainder of the paper we review the time-resolved
EPR detection of structural changes in bR during the
photocycle [1].

4. Studies of conformational changes in bR during
the photocycle using spin-labeled mutants

The sequence of intermediates in the photocycle
of bR is associated with significant conformational
changes in the protein. Difference density projection
maps obtained by neutron and electron diffraction
studies reveal significant changes near helices G and
B and between helix E and F [14], [15]. Time-re-
solved X-ray diffraction studies on a bR mutant with
a slow photocycle show that structural changes occur
during the transition from bR, to the M,,, inter-
mediate, and recover during the N, to bR ¢, transi-
tion [16]. Time-resolved FTIR experiments reveal
that the main structural changes of the protein back-
bone, indicated by amide I and amide II difference
bands, take place during the M,;, to Ny, transition
[17,18].

As an alternative approach, the technique of SDSL
provides both real-time resolution and specific local-
ization of structural changes. To study structural
changes in bR during the photocycle, we have em-
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Fig. 3. First derivative EPR spectra of V101R1, Q105R1 and
G72R1 are shown by the bold traces in (a)-(c). The difference
EPR spectra due to photoexcitation, recorded as described in the
text, are shown in (d)—(f). A spectral change is observed only for
V101R1. The thin trace in (a) shows the EPR spectrum as it
appears 30 ms after the flash. This spectrum was calculated as the
sum of the difference spectrum (d) and the ground state spectrum
(bold trace in (a)).

ployed bR mutants G72R1 !, V101R1 and Q105R1.
For all energetically reasonable conformations of the
spin label, the nitroxide group of the label bound to
V101R1 on the cytoplasmic side of the molecule is
located close to the E-F loop (Fig. 1). The nitroxide
ring bound to Q105R1 points into the opposite direc-
tion towards the B helix of an adjacent bR molecule
in the protein lattice trimer. The interactions of the
nitroxide in G72R1 cannot be determined due to
uncertainties in the conformation of the relatively
long B-C interhelical loop.

The EPR spectra of G72R1, V101R1 and Q105R1
are shown in Fig. 3a—c. The nitroxides at G72R1 and
V101R1 show a similar degree of intermediate im-
mobilization due to tertiary interaction, while the
nitroxide in Q105R1 is more immobilized. Changes

! Mutant proteins will be identified with the original side chain,
the position number, and the substituted side chain. Thus G72R1
is a mutant in which glycine 72 was mutated to cysteine and
subsequently modified to produce spin label side chain R1.

of the EPR spectra due to photoexcitation were
monitored directly by phase sensitive detection of
the EPR spectrometer signal referenced to a 0.5 Hz
actinic xenon flash. This detection scheme gives
directly the difference spectra between the bR ground
state and excited state conformations (Fig. 3d-f).
The difference spectra show significant changes in
the mobility of the spin label in V101R1 subsequent
to photoexcitation. The spin label mobility is tran-
siently decreased as can be deduced from the changes
in the low and high field line shapes. The EPR
spectrum of V101R1 30 milliseconds after the flash
is shown in Fig. 3a (light trace), and clearly shows
the higher degree of immobilization in the excited
state of the protein. The conformational change of
the protein causing this signal change is apparently
not global since no spectral changes are detected at
positions 72 and 105.

To determine the intermediate of the photocycle
that corresponds to the observed motion, the time
dependence of the EPR signal was followed after an
actinic light-flash of 150 us duration at fixed mag-
netic field. The results are shown in Fig. 4 for
V101R1, together with the optical transients of the
spin-labeled sample at 412 nm and 570 nm. The
conformational changes responsible for the EPR
spectral change appear during the decay of the M,
intermediate and reverse with the recovery of the
bRs,, ground state. Hence, the observed structural
change can be assigned to an intermediate lying
between M,;, and bR.,,. This is consistent with
results from time resolved FTIR experiments [17,19]
and time resolved X-ray diffraction studies [16).

The replacement of the natural amino acids at
positions 101, 105 or 72 by a cysteine does not shift
the absorption band of the bR ground state and does
not significantly affect the photocycle kinetics (U.
Alexiev, R. Mollaaghababa, H.G. Khorana, M.P.
Heyn, unpublished). After spin labeling, the photo-
cycles of G72R1 and Q105R1 remain unaffected,
while the decay times of M, and the recovery of
bR.,, in V101R1 are increased by a factor of 10.
The use of a methanethiosulfonate nitroxide deriva-
tive with the side chain increased in length by 3 A
shows a smaller effect on the photocycle time [1]. In
this case, the M,,, decay is slowed down by only a
factor of two compared to the wild type protein, and
the magnitude of the EPR spectral changes subse-
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Fig. 4. (a) The photocycle of bacteriorhodopsin. Back reactions
have been added to the original scheme of Lozier et al. [4], and
only one M-intermediate is shown, although at least two distinct
forms have been proposed [23,24]. (b) Optical absorbance and
EPR transients following a light flash for spin labeled mutant
V101R1. For the EPR transients, the magnetic ficld was fixed at
the maximum of the difference signal. The optical absorbances at
412 nm and 570 nm monitor the M-intermediate and the ground
state, respectively. The conformational transitions responsible for
the EPR spectral changes appear with the decay of the M-inter-
mediate and reverse with the recovery of the bR ground state. For
comparison, the optical absorbance transients for the wild type
protein are shown in (c).

quent to photoexcitation is reduced. This is expected
since the increase in distance between the nitroxide
moiety and the protein backbone reduces their inter-
action. Therefore the trade-off for a smaller effect on
the photocycle kinetics is a lower signal-to-noise
ratio for the EPR transient signals.

What kind of conformational change could ac-
count for the observed EPR spectral change? The
structural change is detected at the cytoplasmic sur-
face of the bacteriorhodopsin molecule in C-D inter-

helical loop (Fig. 1). The E—F interhelical loop is in
close apposition to the nitroxide attached to site 101.
Thus, motion of any of the helices E, F, C or D at
the cytoplasmic surface could influence the nitroxide
mobility and therefore account for the data. How-
ever, the spin labels bound at positions 105 and 72
do not sense any changes upon photoexcitation.
Therefore, structural rearrangements of the cytoplas-
mic side of helix D and of the extracellular side of
helix C during the latter half of the photocycle are
considered less likely.

The EPR data reveals that the conformations of
M,,, and the bR, ground state are similar in the
region of the nitroxides, and that the structural
changes take place during the decay of M,,,. How-
ever, diffraction data reveals structural changes al-
ready at M, which relax during the recovery of the
bRs,, ground state {15,16,20]. The reason for this
may be the different spatial resolution of the two
techniques. While the diffraction difference density
maps show a projection of all changes along a helix,
the SDSL technique reveals only conformational re-
arrangements near the nitroxide. Thus the structural
changes revealed by diffraction experiments and as-
signed to the M, intermediate may be distant from
site 101. Alternatively, it is possible that different
M-like conformations have been analyzed, since dif-
ferent conditions for sample preparation and temper-
atures were used in the different techniques.

In summary, a localized structural change is de-
tected in the vicinity of V101, that occurs during the
decay of the M,,, intermediate and relaxes during
the recovery to the ground state. The spin labeled
residue in V101R1 is only five residues apart from
aspartate 96, which transfers a proton to the Schiffs
base during M,;, decay [21], and is re-protonated
from solution during the decay of N, [18,22]. The
EPR signals changes thus may reflect the structural
changes near V101 due to protonation changes of
aspartate 96.
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