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Abstract

The structural changes of bacteriorhodopsin during its photochemical cycle, as revealed by crystal
structures of trapped intermediates, have provided insights to the proton translocation mechanism.
Because accumulation of the last photointermediate, O, appears to be hindered by lattice forces in
the crystals, the only information about the structure of this state is from suggested analogies with
the determined structures of the non-illuminated D85S mutant and wild type bacteriorhodopsin at
low pH. We used electron paramagnetic resonance spectroscopy of site-directed spin labels at the
extracellular protein surface in membranes to test these models. Spin-spin dipolar interactions in the
authentic O state compared to the non-illuminated state revealed that the distance between helices C
and F increases by ca. 4 A, there is no distance change between helices D and F, and the distance
between helix D and helix B of the adjacent monomer increases. Further, the mobility changes of
single labels indicate that helices E and F move outward from the proton channel at the center of the
protein, and helix D tilts inward. The overall pattern of movements suggests that the model at acid
pH is a better representation of the O state than D85S. However, the mobility analysis of spin-labels
on the B-C interhelical loop indicates that the anti-parallel B-sheet maintains its ordered secondary
structure in O, instead of the predicted disorder in the two structural models. During decay of the O
state, the last step of the photocycle, a proton is transferred from Asp85 to proton release complex
in the extracellular proton channel. The structural changes in O suggest the need of large
conformational changes to drive the Arg82 side-chain back to its initial orientation towards Asp85,
and to rearrange the numerous water molecules in this region in order to conduct the proton away
from Asp8b.
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Introduction

The integral membrane protein, bacteriorhodopsin, is a light-driven proton pump in the purple
membrane of Halobacterium salinarum.’ Absorption of a photon by the retinal, bound to
Lys216 through a protonated Schiff base, causes its isomerization from all-trans to 13-cis,15-
anti, and initiates a series of changes in the conformation of the retinal and the protein (the
“photocycle”).zv 3 These changes result in the translocation of the proton across the cell
membrane.# First, the proton from the Schiff base is transferred to Asp85, which is coupled to
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proton release from an aqueous network to the extracellular surface. Second, the retinal Schiff
base is reprotonated by Asp96 that subsequently recruits a proton from the cytoplasmic surface.
Third, reprotonation of Asp96 is followed by reisomerization of the retinal to all-trans. Finally,
the initial BR state (defined as the non-illuminated form of the protein containing all-trans
retinal) is recovered by transfer of a proton from Asp85 to the vacant proton release site.2"7

There are five spectroscoplcally distinct intermediates (K, L, M, N, and O) identified in this
reaction cycle After the N state, the rise of a band at 640 nm in the difference spectrum, which
|s red-shifted from the BR state at 568 nm, is assigned to the formation of the O intermediate.
9 The characteristics of the O state are10; i1, . 1) the retinal is reisomerized from 13-cis,15-anti
in the N state to all-trans, with a twisted configuration indicated by large hydrogen-out-of-
plane (HOOP) bands, ii) both the Schiff base and the proton acceptor Asp85 are protonated,
iii) the proton release complex at extracellular surface is unprotonated. Thus, the significance
of O in the cycle is that it prepares relaxation to the initial state that will require release of the
proton from Asp85 to the proton release site, while maintaining a distinctive conformation that
provides the barrier to prevent the reverse reaction from BR state to the O intermediate.
Although this conformation is not yet known, an earlier study had suggested that the
conformation of O enforces an unfavorable ApK, for the proton transfer from Asp85 to the
proton release site. 12 The large dissipation of free energy during the decay of O, as the barrier
is removed, will thus ensure that the proton transport across the membrane is unidirectional.

Extensive structural information about the retinal and the protein in the K, L, M, N and BR
states has been provided by X-ray dlffralctlon,13 15 electron diffraction, 16,17 and solid-state
nuclear magnetic resonance. 18 The O intermediate is less studied, and no crystallographic data
is available for this state, apparently because accumulation of the O state is hindered by crystal
lattice packlng 19 This suggests that there might be a large conformational difference between
the O and BR states.

Two static diffraction structures, from non-illuminated crystals of the D858 mutant (pdb code:
1JV7)20 and wild-type bacteriorhodopsin at pH 2 (pdb code: 1XOI) have been suggested to
mimic the O state, because the protein in these cases has a red-shifted absorption maximum as
it contains a neutral Asp85, either from the serine substitution or from protonation, and the
retinal is all-trans (or more precisely, a mixture of all-trans and 13-cis,15-syn). Both structural
models show large-scale conformational differences, mainly at the extracellular protein
surface, from the BR state. However, there are major discrepancies between the two models,
and it is not clear whether the differences arise from differences in crystal packing between
the two space groups (C2224 for D85S and P622 for acid bacteriorhodopsin). The D85S
structure shows little movement of helices F and G, but large displacements of helices A, B,
C, D and E, while in acid bacteriorhodopsin there is little movement of helices A and B, but
large movements of helices C, D, E and F. Our purpose was to evaluate the two models through
determination of specific structural changes in the authentic O state in the photocycle and
compare the results with the predictions of the two models. We used electron paramagnetic
resonance spectroscopy of site-directed spin labels 22, 23 1o detect conformational changes at
the extracellular surface in the O state.

EPR has been successfully used in this way in many different systems, e.g., the potassmm
channel,24 t-SNARE complex, 25 Tet repressor,26 T4 Iysozyme,2 actin-myosin,
synuclem,29 TonB dependent transporter,30 and annexin B12.31 Since it is not restricted by
either conformational hindrances in crystals, or molecular weight limits in solution NMR, EPR
spectroscopy has been proved to be a powerful tool for following conformational changes under
physiological conditions.
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The EPR line-shape of single spin-labels at room temperature contains information about the
motions of the nitroxide ring on the nanosecond timescale. The motions include the rotation
of the entire protein, the motion of the label from torsional oscillations about bonds of the side-
chain, and local backbone fluctuations.32: 33 The latter two modes are modulated by the
secondary structure, as well as tertiary contacts. Thus, the EPR line-shape is sensitive to
changes in the secondary and tertiary structure, and can identify distinct “fingerprint”
characteristics for different sites.33, 34

Spin-spin dipolar interaction leads to spectral broadening to a degree dependent on the inter-
spin distance.39-37 At cryogenic temperatures, not only is the rigid lattice condition satisfied,
but a possible averaging of anisotropic dipolar interactions can be avoided. Thus, the distance
between two different structure elements, and its changes, can be assessed from spin-spin
interaction of pairs of such probes in frozen samples.

Our strategy has been to produce photostationary states containing the O intermediate, and
analyze line-shape and distance changes of spin-probes covalently linked to engineered
cysteine residues on different structural elements. The O state produced in the E204Q mutant
should be essentially the authentic O of the photocycle of wild type BR, because the x-ray
structures of the unilluminated mutant and the wild type (pdb codes 1F50 and 1C3W,
respectively) are very similar except for the Glu204 region, and their O states have the same
difference absorption maxima at 640nm. The EPR spectra appear to favor the predictions of
the model of the acid form of bacteriorhodopsin over the predictions of D85S. On the other
hand, we find that the anti-parallel B-sheet of the BC inter-helical loop is conserved as an
ordered structure, in disagreement with both models.

Functional characterization of spin labeled mutants

Because all cysteine mutants constructed contain also the E204Q residue change as
background, the decay of the O intermediate is substantially prolonged, from a few
milliseconds in the wild-type to hundreds of milliseconds, particularly in D,O buffer at pD
6.38 As shown in Figure 1 as an example, green light caused the accumulation of a red-shifted
photoproduct. The unique shape of the spectrum during illumination that has a difference
maximum at 640 nm, as in the O state39, rules out significant contributions from other possible
photoproducts L, M, or N, all with blue-shifted maxima.39 The accumulation of the O state
during continuous illumination was determined from the spectral changes in the
photostationary state and its known extinction coefficient relative to the BR state (see Materials
and Methods). Table 1 shows that at the available light-intensity, the O state can be accumulated
in amounts as high as 50% under illumination. However, according to earlier reports,40 spin
labeling may perturb the structure, and thus the photocycle, of bacteriorhodopsin, and the yield
of O in the illuminated samples needed to be determined for each spin-labeled mutant.

The results in Table 1 show that the spectra and the photocycle of some of the labeled mutants
were considerably perturbed but others less so, as follows. There are three categories: i) Weak
or no perturbation (O occupancy > 35 %) was found in Q75R1, N76R1, K129R1, V130R1,
A196R1, and N76R1/A196R1, compared to the E204Q background. In these samples, the
absorption maxima were shifted (to the blue) by only 1 - 4 nm. This can be understood from
the crystal structure of the BR state?1 where all of these residues are exposed to the aqueous
environment at the protein surface with little contact with nearby residues, precluding the
possibility of steric conflicts. ii) Moderate perturbation (O occupancy between 18 and 35%)
was found in L61R1, L62R1, G195R1, K129R1/A196R1, and L61R1/K129R1. In these
samples the shifts of the absorption maximum were from 1 to 16 nm. Because Leu61 and Leu62
are within helix B and interact with neighboring groups, the addition of a spin label group (ca.
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6 A in length) to L61C and L62C may perturb by interfering with these interactions.41 The
same reasoning applies to Gly195. Although at the end of helix F,41 this residue strongly
contacts with the neighboring helix E, as confirmed by the EPR line-shape (see results and
discussion below). iii) Strong perturbation (O occupancy < 10%) was found in I78R1, T128R1,
Y131R1, and G192R1. These locations would have been well suited for constructing spin pairs
between helices C, D, E, and F, but they are deeper in the membrane than the others,4L and
the labeled samples accumulate too little of the O state to be of utility. They have the largest
shifts of the absorption maximum after spin labeling. The very broad peak from 460 nm to 570
nm in I78R1 and G192R1 suggests substantial changes of the structure, or heterogeneous
conformations, induced by the spin labeling. When the spin labeled protein was returned to the
unlabeled state by reduction with dithiothreitol, the broadened peak disappeared and a
maximum at 564 nm, as well as the normal O occupancy, recovered. Thus, the origin of the
perturbation is not the cysteine mutation but the addition of the spin label, which creates a
longer side-chain than most natural amino acids.

Given these constraints, we used eight single spin-label sites to monitor local mobility changes,
and three spin-pairs to monitor distance changes between helices. The locations are all at the
extracellular surface of the protein, as shown in Figure 2, where the two models for O show
the greatest changes. Leu61 and Leu62 are at the last two turns of helix B near the surface,
GIn75 and Asn76 are past the last residue of helix C and on the BC loop. Lys129, Val130,
Gly195 and Alal96, are all at the aqueous interface, at the last turns of helices D, E, and F,
respectively. .The doubly spin-labeled cysteine mutant N76R1/A196R1 was intended for the
distance between helices C and F, and K129R1/A196R1 was for the distance between helices
D and F. The K129R1/L61R1 mutant was for measuring the inter-monomer distance between
helix D and helix B'. Because it has the highest resolution, we used 1C3W coordinate set to
represent the BR state, here and the structure alignment analysis below, instead of the E204Q
structure.

Distance change between helices C and F (N76R1/A196R1)

The D85S model (1JV7)20 and the acid bacteriorhodopsin model (1X0I)21 predict distance
increases between helices C and F of ca. 5 A and ca. 4 A, respectively, in the O state. When
compared to the sum of the spectra of the two single spin-labels, the spin-pair spectra of both
non-illuminated and illuminated samples (Figure 3(a)) shows line-shape broadening and large
decrease of central line intensity. This indicates strong dipolar interaction (see Materials and
Methods), but more in the non-illuminated sample. The decrease of spin-spin interaction,
indicated by an increase in the amplitude of the spectrum of the illuminated sample, shows
clearly that the distance between helices C and F, increases in the O state relative to the BR
state, consistent with both D85S and acid bacteriorhodopsin models.

Simulation of the EPR spectra also revealed strong spin-spin dipolar interaction between
N76R1 and A196R1. In the non- |IIum|nated state (Figure 3(b)), the dlstance distribution
mcludes a larger population at ca.13 A anda smaller population at ca.10 A. A mean distance
of 12 A is fully consistent with the distance of 12 A calculated between the CB atoms of N76C
and A196C, based on the BR structure (pdb code: 1C3W)41 In the O state (Figure 3(c)), the
distance distribution contains a major population at ca.16 A. This 4 A distance increase
suggests that either helix C or helix F, or both, move in the O state. The deconvolution also
detected a ca. 30% non-interacting component that could have originated from either dipolar
interactions outside of the reliable range of the continuous wave EPR method we use or under-
labeling (see Materials and Methods). However, the broadened lineshapes are so strong that
this non-interacting component can mask neither the spin-spin interaction nor the distance
change.

J Mol Biol. Author manuscript; available in PMC 2008 February 23.
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Distance change between helices D and F (K129R1/A196R1)

Both D85S and acid bacteriorhodopsin models exhibit small distance changes, < 1 A, between
helices D and F relative to the BR structure. The spin-pair spectra (Figure 4(a)) show a moderate
decrease of the central line intensity compared to the sum of the spectra of the single spin-
labels. However, no obvious change of the spin-spin interaction is evident in the amplitude or
the line-shape between the non-illuminated and illuminated samples. This suggests that, as
predicted by the two models, the distance between helices D and F does not change in the O
state.

Quantitive analysis detected a medium extent of spin-spin dipolar interaction (Figure 4(b)),
with a non-interacting component ca. 34%. In the non-illuminated sample the distance
distribution contains one larger population at ca.17 A, and another smaller population at ca.12
A. The former is consistent with the distance of ca.16 A calculated from the structure of the
BR state. The latter population may result from a different conformer, which can arise when
spin labels are attached to proteins.42 In the O state (Figure 4(c)), this bimodal distance
distribution is conserved with only a slight change that is within the 1-2 A estimated3
uncertainty of the simulation. Thus, we conclude that there is little distance change between
helices D and F in the O state. However, this does not necessarily mean that there are no
movements of helices D or F, because the same result would be achieved if the two helices
were to move in the same direction.

Distance change between helices D and B' (K129R1/L61R1)

The spin-pair mutant K129R1/L61R1 was used to test distance change between helix D and
helix B that belongs to the neighboring monomer, labeled B' (Figure 2). According to the BR
state structure, the distance between the residues with the labels on helices D and B within the
same monomer is ca. 26 A, which is outside of the upper detection limit of the EPR method
used, but the distance between the residues on D and B' is ca. 15 A. Therefore, any EPR line-
shape change modulated by distance changes should be attributed to inter-monomer
interaction.

The D85S model predicts a ca. 2 A decreased distance for this pair, while in acid
bacteriorhodopsin the distance is increased by ca. 1 A relative to the BR state. The EPR line-
shape (Figure 5(a)) shows that the non-illuminated sample has much weaker spin-spin
interaction than N76R1/A196R1 (Figure 3(a)). The spectrum of the illuminated sample shows
an increase of the center line intensity. This suggests that the distance between helices D and
B', increases in the O state, supporting the prediction of acid bacteriorhodopsin model.

The simulation analysis reveals one major distance population at ca. 18 A in the non-
illuminated state (Figure 5(b)), while a very broad population from ca. 17 to ca. 22 A inthe
O state (Figure 5(c)). The high fraction of non-interacting component of ca. 51% dominates
the EPR line-shape so that the simulation yields a greater distance of ca. 18 A as compared to
ca.15 A in the BR structural data. Besides, the relatively lower O occupancy at ca.18% makes
it difficult to quantify the distance change. Nevertheless, the lesser spin-spin interaction in the
raw spectrum of the illuminated sample is at least a qualitative indication of increased distance
between the two neighboring helices in the O state, even if the magnitude of this movement
cannot be estimated.

BC anti-parallel sheet

In both D85S and acid bacteriorhodopsin the otherwise ordered B-C inter-helical anti-parallel
B-sheet could not be modeled from the electron density maps, predicting that it will be
disordered in the O state. To test this, we placed two label sites on the B-C loop, but with
opposite side-chain orientations relative to the protein surface to detect conformational changes

J Mol Biol. Author manuscript; available in PMC 2008 February 23.
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in O state that may occur at either side of the B-C sheet. Backbone motions will increase and
tertiary contacts will be absent when ordered secondary structures are transformed to
disordered coils.#* Therefore, the overall line-shapes should become sharper and be dominated
by a strong isotropic mode from the increased backbone fluctuations and the less restricted
side-chain motions.

The label Q75R1 is located on the B-C loop (Figure 2), with the side-chain oriented toward
the aqueous environment. There are no obvious tertiary contacts in the BR state. In the absence
of constraints imposed by local interactions, the anisotropic internal motion of the spin label
may be partially averaged by isotropic backbone fluctuations with nanosecond correlation time.
This is apparently the case for the Q75R1 at this exposed site, as the hyperfine spitting is
partially resolved (Figure 6). The mobile component at the high-field B region dominants the
spectrum, and the narrow center linewidth is ca. 3.7G.

Although a large amount (ca. 50%) of the O intermediate accumulates upon illumination, no
line-shape change (Figure 6) can be detected between the non-illuminated state and the O state.
This appears to rule out a conformational change at this site.

The label N76R1 is located nearer to helix C than Q75R1 (Figure 2). The side-chain orients
toward the membrane and may have contacts with neighboring residues, such as Phe71.
Consistent with this, the EPR spectra (Figure 6) shows multiple components that may reflect
such tertiary contacts. The center linewidth (ca. 4.8G) is greater than in Q75R1, with
corresponding wider anisotropic hyperfine spitting. The contribution of the mobile component
at the high-field B region is still present but with less amplitude than in Q75R1. These line-
shape features show that some tertiary interactions reduce the mobility at this local environment
compared to Q75R1. There were no conformational changes observed upon illumination at
this site either.

Because there are no significant EPR line-shape and mobility changes at either side of the
sheet as detected by Q75R1 or N76R1, in the O state (Figure 6), conversion of the ordered B-
C anti-parallel sheet to disordered coil during the photocycle, as predicted by the two models
for O, is doubtful.

Helices D and E

The label K129R1 is located on the extracellular end of helix D, on the D-E interhelical loop.
With only four residues, this is the shortest loop in the protein (Figure 2). In Figure 6, a strong
isotropic component from the mobile loop structure dominates the line-shape. The narrowest
center linewidth ca. 3.2G indicates that K129R1 is the most mobile site of the eight single spin
labels tested. A small component at the low field a region can be detected also, which is
assigned to tertiary contacts and may originate from the nearest B-C loop elements.

According to the steric packing density analysis (see Materials and Methods), the D85S model
predicts increased mobility in O from decreased steric hindrance (AN = —5), while the acid
bacteriorhodopsin model predicts decreased mobility from increased steric hindrance (AN=
+3) in Table 2. The EPR spectra (Figure 6) show distinct line-shape changes in the O state.
The population of the immobile component at the low-field a region increases (indicated by
the upward arrow), while that of the mobile component at the high-field 8 region decreases
(downward arrow). This, and the change of —0.074 G™1 in the mobility parameter (Table 2),
suggest slowed motion in the O state. To confirm whether this small mobility and line-shape
change can be attributed to the accumulation of O, control samples were prepared at pH 9 in
H,0 buffer, in which the occupancy of the O state decreased dramatically (Table 1) (see
Materials and Methods). If the difference EPR spectra between the non-illuminated and
illuminated samples decreases proportionally to the decrease of the O occupancy, the mobility
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and line-shape changes can be assigned unambiguously to the O state. As shown in Figure 7,
this is indeed the case for K129R1. The EPR line-shape of the non-illuminated sample (Figure
6) reveals a small population of tertiary contacts, most likely with Pro70 on the close-lying B-
C loop that is within 4 A ofthe CB of K129R1 (see BR state structure in Figure 8(a)). The
increase of this immobile component in the O state (Figure 6) suggests that K129R1 moves
closer to the B-C loop. If the conclusion that the anti-parallel sheet structure of the B-C loop
is conserved in the O state (see above) is correct, the decreased mobility suggests that helix D
moves inward, in the direction of the proton channel. Thus, it is the acid bacteriorhodopsin
model that correctly predicts the decrease of the mobility of K129R1 in the O state.

The label V130R1 is located at the end of helix E, on the D-E loop (Figure 2). In Figure 6,
multiple components with resolved hyperfine spitting suggest less backbone fluctuation and
more tertiary contacts at this site than at K129R1, consistent with the broader linewidth (ca.
4.7G) for this label. These tertiary contacts may originate from interactions between the two
closest structural elements of helices E and F, or helices E and B' on the adjacent monomer
(Figure 2).

Both D85S model and acid bacteriorhodopsin model predict increased mobility (AN = -2, and
-1, respectively) for V130R1. In the O state, we detect a mobility parameter increase of ca.
0.033 G (Table 2), and an increase of the mobile component (upward arrow) and a decrease
of the immabile one (downward arrow) in Figure 6. Mollaaghababa45 found, in time-resolved
measurements, that an increase of mobility at this location reached its maximum value when
M decay was nearly finished. Based on the control experiment (Figure 7) where smaller
changes are seen when less O is produced, we conclude that this mobility increase should be
assigned to structural changes in the O state. Thus, the mobility increase in the O state suggests
that helix E either moves outward, away from the proton channel in order to reduce its steric
interaction with helix F, or it moves away from helix B'. In either case, the observed increased
mobility is consistent with both structural models for O.

The label G195R1 is located at the extracellular end of helix F, facing inward, toward the proton
release channel (Figure 2). The EPR line-shape is dominated by the immobile component in
the low field o region, with fully resolved hyperfine splitting (Figure 6). Although the label is
on the protein surface, the EPR line-shape and the ca. 8.5G center linewidth reveal that this
site has the most immobile local environment of the eight sites described. The BR structure in
Figure 8(c) shows that the nitroxide side-chain is surrounded by Phe135 on helix E, and Trp189
and Leu190 on helix F. The 36 atoms within 5 A distance of CB of G195C produce very strong
tertiary contacts. Thus, this location provides a sensitive site for detecting local structural
changes around helices F and E.

Both D85S and acid bacteriorhodopsin models predict increased mobility (with steric packing
factor changes of AN=—6 and —11, respectively) in O (Table 2). Upon illumination, there is a
0.037G 1 mobility parameter increase, consistent with a sharp decrease at immobile low-field
a region (downward arrow) and an increase at mobile high-field B region (upward arrow) in
the difference spectra (Figure 6). The control (Figure 7) confirms that this change originates
from O. Therefore, either helix F, or helix E, or both, move away from the proton channel, so
that there are fewer tertiary contacts at G195R1. This mobility change is consistent with the
predictions of both models.

L62R1 is at the last helical turn of helix B, with its side-chain pointing toward helix E' of
another monomer (Figure 2). Therefore, the nitroxide side-chain may interact with Tyr133 and
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Trp137 (BR state model in Figure 8(e)). Consistent with the BR structure, this site shows
moderately immobilized line-shape (Figure 6) whose center linewidth is ca. 6.9G, with
resolved hyperfine splitting.

Both D85S and acid bacteriorhodopsin models predict decreased mobility in the O state, the
first greater than the second (steric packing factor changes AN= +14 and +6, respectively).
However, at residue 62 we observe less line-shape change upon illumination than in K129R1,
V130R1 and G195R1 (Figure 6). This small change is not associated with the O state because
the control sample shows a similar change (Figure 7). Thus, the observed small mobility
parameter decrease (—0.008 G1 in Table 2) will have originated either from artifacts induced
by illumination, or by low occupancy intermediates, e.g. the M state. Therefore, we conclude
that helices B and E' will not approach each other as the D85S model predicts (Figure 8(g)).
Although the acid BR model also predicts a decreased mobility, the lesser predicted movement
of E' towards B (Figure 8(f)), seems fit EPR data more than D85S.

No line-shape and mobility changes were found at the two other labeling sites, A196R1 and
L61R1 (Figure 6). These sites were originally constructed to calculate distances for spin pairs
(see above).

Discussion

Spin labeling

Our original intent was to test all structural changes predicted by the two proposed models for
the O state, from spin labels at the extracellular ends of each of the seven helices. However,
perturbations of the photocycle by many of the spin-labels near the extracellular surface,
particularly at helix C, decreased the amount of O that accumulated during illumination, and
made this approach unfeasible. A previous report40 showed already that the spin-labeled
mutants R82R1 and Y79R1, located inside helix C, were both perturbed in structure and
function. We found this to be the case also for 178R1, making it impossible to acquire full
motional information for helix C. The sensitivity of this region to labeling is probably due to
residues involved in the loss of proton from Asp85 during decay of the O state via the hydrogen-
bonding network.46 To avoid substitution of the conserved residue Pro77, the only option left
was to label N76C. Thus, instead of 1I78R1/A196R1, we used N76R1/A196R1 to monitor the
distance between helices C and F. Similar problems at the extracellular ends of the other helices
severely restricted the location of labeling. Possibly, when the free energy change is small, as
in the N to O reaction?, any structural perturbation can cause large changes in the Kinetics.
L% contrast, the cytoplasmic surface was found to be far more permissive to spin—IabeIing47,

Structural changes of the O state, based on the EPR data

Taken together, the EPR spectra of the unperturbed and moderately perturbed spin-labeled
mutants produce a partial but coherent picture of structural changes at the extracellular surface
in the O state, as follows.

1. The secondary structure of the B-C interhelical anti-parallel  sheet is conserved. This
conclusion is based on the unchanged line-shapes of N76R1 and Q75R1 (Figure 6)
located on the B-C loop, and will need be evaluated by more cysteine substitutions.

2. Helix F moves outward, away from the proton channel (Figure 9(a)). The increased
distance of N76R1 to A196R1, by ca. 4 A (Figure 3), suggests movement of helix F
relative to helix C, either outward or inward. It is very unlikely that helix F moves
inward, because decrease of the immobilization of spin-label at G195R1 on helix F
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(Figure 6 and Table 2) suggests that there are fewer tertiary contacts at this site in the
O state.

An outward tilting of helix F at cytoplasmic surface has been reported, from the distance change
between V101R1 and A168R1, with an amplitude of ca. 1 &,49 and in this time-resolved
experiment the change appears in M and decays during the decay of the N and/or the O states.
Itis not clear from the kinetics when the cytoplasmic tilt of helix F is reversed, but these results,
together with our observed outward tilt of helix F at extracellular side, suggest a possible rigid
body rocking motion of helix F during the second half of the photocycle.

3. Helix D moves inward, toward the proton channel (Figure 9(a)). The constant distance
of K129R1 and A196R1 (Figure 4) suggests that helix D moves in the same direction and
amplitude as helix F. This inward movement, away from the center of the trimer and toward
the B-C loop, is supported by the decreased mobility of K129R1 (Figure 6 and Table 2).
Further, the increased distance between K129R1 and L61R1 (Figure 5) appears to exclude
the possibility that helix D moves outward from the proton channel, towards the axis of

3-fold symmetry at the center of the trimer.

4. Helix E tilts outward from the proton channel (Figure 9(a)). This motion may remove
some of the rigid contacts of helix E, and the increased backbone fluctuations would be
then reflected by the observed increased mobility at V130R1 (Figure 6 and Table 2). The
behavior of G195R1 (Figure 6) also contains a clue that there is increased space between
helices F and E, from the increased separation of these two helices. However, helix E does
not approach helix B' on the neighboring monomer. If the tilt of helix E were to result in
stronger tertiary contacts with helix B', the less mobile local environment would be
reflected by a decreased mobility at L62R1. Since there is no decreased mobility detected
at L62R1 (Figure 6 and 7), the most likely movement of helix E is outward, and sideways
from the neighboring helix B'.

However, another model might not be excluded in which helix E does not move. The outward
movement of helix F could modify the interface region between helices F and E, or the overall
rearrangement of the extracellular side could induce a change of the nitroxide orientation.
Either would lead to increase in the mobility at V130R1, as observed, without motion of helix
E.

Evaluation of D85S (1JV7) and acid bacteriorhodopsin (1X0l) as models for the O state

The distance changes between helices D and F are very small, less than 1 A in both D85S and
acid bacteriorhodopsin models. They are both consistent with the distance information from
K129R1/A196R1 for the O state. However, there is a large discrepancy of the movements of
helix D in the two models. In D85S helix D moves sideways relative to the proton channel and
away from the B-C loop (Figure 8(a)), while in acid bacteriorhodopsin helix D moves inward
to the proton channel and thus approaches the B-C loop, by ca. 2 A to Phe71 and by ca. 3 A
to Gly72 (Figure 8(b)). The EPR spectra suggest the inward movement of helix D (as in Figure
9(a)) with decreased mobility at K129R1 (Table 2), more as in the acid bacteriorhodopsin
model than in D85S.

The distance increase between helices C and F is ca. 5 A in D85S and ca. 4 A in acid
bacteriorhodopsin. Both agree with the observed distance change of ca. 4 A inO from N76R1/
A196R1, within error. Interestingly however, the directions of the movements of the helices
in the two models are different. In D85S (Figure 8(c)), helix F remains unchanged while in
acid bacteriorhodopsin (Figure 8(d)), helix F moves outward from the proton channel.
Although we could not construct unperturbed singly spin-labeled mutants on helix C, the EPR
analysis concludes that the distance change between helices C and F should originate from

J Mol Biol. Author manuscript; available in PMC 2008 February 23.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Chenetal.

Page 10

either the outward tilt of helix F (Figure 9(a)) or the movement of both two helices away from
one another, which is nearer to the prediction of the acid bacteriorhodopsin model.

The D85S coordinates predict that the distance between helices D and B' will decrease by ca.
2 A. In contrast, in acid bacteriorhodopsin this distance increases by ca. 1 A.The EPR spectra
indicate an increased distance of L61R1 and K129R1 in the O state (Figure 5). Because helix
D moves inward towards the proton channel (Figure 9(a)), the interaction of helices D and B'
between the monomers seems to be reduced, as predicted by the acid bacteriorhodopsin model.

Although both models predict that helix E' will tilt outward, away from the proton channel,
helix E' in D85S (Figure 8(e)) moves toward helix B, but in acid bacteriorhodopsin (Figure 8
(F)) moves sideways relative to helix B. The tilt of helix E' is supported by the observed
increased mobility of V130R1 and G195R1 (Table 2). Because a greater interaction of helices
B and E' expected from D85S is not supported by a mobility change of L62R1 (Figure 6 and
7), the conserved line-shape at this site favors the acid bacteriorhodopsin model.

Overall, the structure changes characterized by EPR are consistent with the acid
bacteriorhodopsin structure, except at the B-C loop where the absence of electron density
suggests increased disorder. However, the disorder may be due to the generally higher
temperature factors in 1X0I (average 47 A2as compared to 25 AZin 1C3W), a less native-like
crystal packing in P622 rather than P63, or the shrinkage of the unit cell during acidification
(ca. 3.3 A shortening along the ¢ axis).

How are the movements of helices related to proton translocation at the final step of BR

photocycle?

In the M intermediate, Asp85 becomes protonated, and water 402 that connects the Schiff base
to Asp85 had moved away or is absent altogether, as are several other water molecules of the
hydrogen-bonded network of the extracellular region. For recovery of the initial state through
deprotonation of Asp85, the aqueous proton conducting network in the extracellular region
must be rebuilt. In acid bacteriorhodopsin, and if it is the correct model for O, in the O state
also, the water molecules of the extracellular proton release channel are extensively rearranged.
Water 406 moved away from water 401 and Asp212, and water 407 moved away from Tyr57.
The water molecules in the network around the Glu194/Glu204 pair is completely rearranged,
and are now associated more closely with a sulfate ion rather than the glutamic acids. Water
402 is still absent. These differences break the hydrogen-bonded network that leads from Schiff
base region to the extracellular surface and collapse the proton pathway from Asp85 to the
proton release site. Thus, the proton pathway is blocked in O and will not recover until the
decay of the O state to BR state. In contrast, in D85S the extracellular aqueous network is
intact. If the D85S structure were the model for O, the aqueous network between Schiff base
and Asp85 would be present in O, i.e., it would have been rebuilt during the N to O transition
in the photocycle.

Deprotonation of Asp85 will depend also on recovery of the initial low pK;, of Asp85. In the
M state the positively charged Arg82 side-chain flips downward®0-52 from Asp85 toward the
proton release complex that is the aqueous network around Glu194/Glu204.46: 53 This will
increase the pK, of Asp85 and cause its protonation, as well as decrease the pK, of the release
complex and cause its deprotonation.54 The downward conformation of the Arg82 side-chain
is maintained in the acid form of bacteriorhodopsin. This suggests that in the O state the
configuration of the Arg82 side-chain continues to support the protonated state of Asp85.
Interestingly, because helix F moves outward a cavity appears near the positively charged
guanidinium ion of ArgSZ.21 This would destabilize the downward conformation of Arg82
because not only Glu194 moves ca.4 A away from Arg82 (Figure 9(b)), but also because the
negatively charge at the Glu194/Glu204 pair becomes diffuse as the two acidic groups move
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away from each other. In acid bacteriorhodopsin, this cavity is partly stabilized by the SO4
anion.21 Therefore, we might expect that in the O state, the energetically costly cavity around
the positive charged Arg82 without a counter-ion, like the Glu194/Glu204 pair, may be the
driving force to drive the Arg82 back to the upward conformation. Once this occurs, Asp85
will release the proton to the proton release complex, and the cavity is eliminated by return of
helix F from its tilted position. Since helix F undergoes little movement in D85S, Arg82 is
seen to maintain its downward conformation in this model from stabilization by the Glu194/
Glu204 pair, and no clue can be found how the final step of proton translocation is triggered.

Much is still not clear about the final step of bacteriorhodopsin photocycle. What drives the
movements of helices D, E, and F in the extracellular region during the decay of N state to O
state? Are there conformational changes at the cytoplasmic side in the O state? Is it possible
to design a zwitterion to stabilize Arg82 and the Glu194/Glu204 pair by specific binding in
the cavity induced by outward movement of helix F, and consequently to lock the O state? The
present work tries to understand the final proton translocation from the structural point of view
of the O state. By comparing the EPR data with the static structures of D85S and acid
bacteriorhodopsin, we find that it is the acid bacteriorhodopsin model that resembles the
structure of the O state and provides more insightful information than the former model.

Materials and Methods

Mutagenesis, expression and spin labeling

The site-directed spin labeling method requires substitution of a nitroxide side chain for the
native residue at selected sites. This was accomplished by cysteine-substitution mutagenesis,
followed by chemical modification of the unique sulfhydryl group with a nitroxide reagent.
Other than those introduced for this purpose, bacteriorhodopsin does not contain cysteine. Site-
specific mutants of bacteriorhodopsin were prepared according to a method developed by
Krebs.2® The shuttle vector PBA2 and the host cell MPK409 were the generous gifts from Dr.
Krebs at University of Florida. To aid specific accumulation of the O state during illumination,
all cysteine mutants contained also the E204Q mutation.58 The TGC codon for the cysteine
was induced into each desired position into E204Q background plasmids by QuikChange
method (Stratagene). The mutated PBA2 plasmids were sequence-confirmed, and then
transformed into MPK409 host by homologous recombination. After successive selection with
mevinolin (4 pg/ml) and (5-fluoroorotic acid 0.25 mg/ml) plates,57 the final recombinants
were again confirmed by DNA sequencing. Homologous expression of bacteriorhodopsin in
Halobacterium salinarum MPK409 was followed by the standard purification procedure for
purple membranes.®8 The ratios of absorbance at 280 nm to the retinal chromophore maxima
of different mutants were 1.9 - 2.1, which indicated high purity.

The labeling procedure followed a previously reported method, 49 with minor modifications.
Before labeling, the protein was incubated for 2 hrs at room temperature with 10 mM
dithiothreitol solution. After the reducing reagent was removed by five centrifugations in 100
mM NaCl, 10mM phosphate buffer, pH 7.0, ,the purple membranes were resuspended in 1 - 2
ml of the same buffer, to 1 - 2mg/ml concentration, and the spin-label reagent R1 (1-
oxyl-2,2,5,5,-tetramethylpyrroline-3-methyl) methanethiosulfonate), in dimethylsulfoxide,
was added immediately. The molar ratio of the reagent to the protein was about 10:1. The
reaction was carried out for 12 hrs at room temperature. Excess reagent was removed by five
centrifugations and washes of the purple membrane with 100 mM NaCl, 10mM phosphate
buffer, pH 6.0. The light-dependent accumulation of the O state was increased by replacing
H»0 with D,0, which slowed the decay of this intermediate. The labeled purple membrane
was finally washed and concentrated to 100-150 uM in 100mM NaCl, 10mM phosphate in
D,0 (pD 6.0) for the EPR measurements. Control samples in which O accumulated to a much
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lesser extent, were prepared in the same way, but with 100 mM NaCl, 10mM phosphate buffer
in H,O (pH 9.0).

The spin labeling reaction was specific to cysteine under these conditions, because the E204Q
mutant without cysteine showed no detectable EPR signal after the same labeling procedure.
At the high-field region, a sharp EPR signal which is assigned to free spin-label was always
present in the spectra of G195R1 and L61R1 (Figure 6). However, the amount of this free label
was so small (ca. 5%), that it neither hid the distinct immobile components in the low-field
region nor prevented detecting the EPR line-shape changes.

Characterization of spin-labeled mutants

UV-VIS absorption spectra were recorded on a Shimadzu UV 1601 spectrophotometer.
Determination of the occupancy of the O state was on the optical spectroscopic multi-channel
analyzer (OSMA).59 The spin labeled purple membrane (ca. 5 ul) was loaded into an EPR
capillary (1 mm inner diameter), and fixed in a homemade holder to which a green laser was
connected. The continuous 532 nm green light (ca. 2 mW/mm?) was passed through the sample
from the top of the capillary to produce a photostationary state. The spectra of the illuminated
samples showed a pronounced component with a red-shifted absorption. Figure 1 shows an
example of such spectra, indicating that a considerable amount of O is accumulated in the
illuminated A196R1. To quantify the occupancy of O, the absorption change at 670 nhm, which
is far from where the L, M, and N intermediates absorb, was used (extinction coefficient 39,000
M‘lcm‘l).39 With pD 6.0, minor occupancy for M (slight absorption increase at 410 nm in
Figure 1) was observed in some spin labeled mutants, but was not considered to significantly
affect the calculations of mobility and distances in the O state.

Electron paramagnetic resonance spectroscopy

Continuous-wave EPR experiments were carried out on a Bruker EMX spectrometer with X
microwave band. The temperature was maintained by an ER 4112HV controller. For the low
temperature (120K + 0.1K) measurements, the microwave power was 0.2 mW, and the
modulation amplitude was 2G. For the room temperature (ca. 298K) measurements, the
microwave power was 6 mW and the modulation amplitude was 1.5 G. To avoid possible
temperature fluctuations by the illumination, a stream of nitrogen was blown into the cavity.
Under these conditions, there was no evidence for power saturation or distortion in the EPR
line-shape.

Samples for low-temperature measurements were first tested for occupancy of the O state by
recording spectra before and during illumination as described above, and the capillary was
plunged into liquid nitrogen while illuminated to freeze-in the photostationary state. Room-
temperature samples were directly inserted into the resonance cavity, with the same
illumination setup on top of the capillary during data collection.

Structure alignment and steric packing density parameter

To evaluate the two structures 1JV7 and 1X0I (all-trans), both models were aligned with the

model for the BR state, LC3W. First, the 1C3W trimer in the space group P63, was constructed
with Swiss-pdb viewer, and then three 1JV7 or 1X0I monomers were loaded into the trimer.

Each monomer of 1JV7 or 1X0I was then aligned with a 1C3W monomer on the basis of RMSD
minimization of backbone atoms. The final RMSD values relative to 1C3W were 0.91 A and
0.85 A for 1JV7 and 1X0l, respectively.

All the distances were measured between CB atoms of interest. To evaluate the distance change
between helices C and F, D and F, and D and B' (where the apostrophe indicates that the helix
is from a neighboring monomer), measurements of 178C and A196C, K129C and A196C, and
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K129C and L61C were used respectively. Because the coordinates of Asn76 are absent in both
1JV7 and 1XO0I, we used I1e78 instead to measure the distance between helices C and F.

To predict the mobility (AHg)* change (see below) based on the structure alignment of 1JV7
or 1X0I with 1C3W, the steric packing density parameter (N) was introduced. Because the
distance from the CB atom to the ring of the label is about 6 A, wechosea5 A radius to search
for close tertiary contacts. Thus, the steric packing density parameter (N) is defined as the
number of atoms within a sphere whose center is the CB of spin-labeled side-chain and radius
is 5 A. This parameter evaluates the degree of steric hindrance of the local space surrounding
the spin label side-chain, which can modulate the motions of the spin-label. Thus, increase of
N suggests stronger steric hindrance that will decrease the mobility, and vice versa. A
quantitative relationship between AN and mobility change A(AHg) ! cannot be established
since other complex interactions including Coulombic interaction, van der Waals interaction,
and hydrogen bonding may also contribute. The AN calculated from the aligned structures
exclude the atoms of the spin label side-chain itself. The atoms of lipids are also excluded
because the various models contain different coordinates and kinds of lipids.

Mobility parameter

At room temperature, the EPR mobility parameter (AHg) 1, a semi-quantitative descriptor of
spin motion that implies both rate and order, is the inverse of the width of the central resonance
line.32 The EPR spectrum of the O state was calculated from the measured EPR spectrum with
illumination by subtracting a scaled amount of the spectrum measured in the dark, and rescaling
the result according to the measured occupancy of the O intermediate.

Different from the low temperature EPR experiments, the samples illuminated at room
temperature had to be scanned under continuous light for at least 20 mins in order to increase
the S/N. Under this condition, the possibility of artifacts induced by the light, increase of
temperature, and the possible occupancy of other intermediates had to be considered.
Therefore, control samples were prepared at pH 9 in H,O buffer, in which the O occupancy
decreased dramatically (Table 1).

Distance calculations

For calculation of inter-spin distances we recorded the EPR spectra of the frozen samples. The
spin-spin dipolar interaction can be easily recognized by the decreased amplitude and
broadened linewidth from the raw data. Because no line-shape and mobility changes were
found at L61R1, A196R1 and N76R1 at both room temperature and in the frozen state, and at
K129R1 in the frozen state after the illumination, the center line amplitude change is an
unbiased and direct criterion to detect the distance changes in the spin-pair samples.GO'

The Fourier deconvolution method#3 assumes that the dipolar interaction EPR spectrum
containing a spin-pair can be represented as the convolution of the non-interacting EPR
spectrum with a broadening Pake function. By simulation of the deconvoluted curve, distance
distributions from 8-25 Angstroms will be generated (software package written by Dr.
Christian Altenbach from UCLA).62 Distances longer than 25 A, the so called non-interacting
components, were not taken into account because they were contributed either by partially
labeled c%/steine mutants or dipolar interactions outside of the reliable range of this method.
43, 60, 62 The distance distribution in O state was extracted from those in the illuminated
samples by subtracting a scaled amount of distribution in the non-illuminated samples
according to the O occupancy results.
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Figure 1.

Absorption spectra of A196R1 before (grey) and during (black) illumination in D,O buffer
(10mM Pi/Na, 100mM NaCl, pD=6.0). A pronounced component with a red-shifted absorption
is present in the photostationary state, which is characteristic of the O state. The upward arrow
indicates light from the green laser at 532 nm, scattered by the illuminated membrane.
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Figure 2.
Bacteriorhodopsin model (pdb code: 1C3W) viewed from the extracellular side. Two

monomers in a trimer are shown. The amino acids that were replaced by cysteines modified
by spin labels are shown as space-filled balls at the coordinates of the side-chain CB atom.
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Figure 3.

EPR spectra at 120K and distance calculation for N76R1/A196R1. (a) Sum of spectra of the
N76R1 and A196R1 single mutants without illumination (blue), spectrum of N76R1/A196R1
before illumination (black), and the spectrum of N76R1/A196R1 after illumination (red),
superimposed. All spectra are normalized to the same spin number. Panels (b) and (c) show
the distance distributions of N76R1/A196R1 in the BR and O states, respectively. The distance
distribution in O state was extracted from those in the illuminated samples by subtracting a
scaled amount of distribution in the non-illuminated samples according to the occupancy of O
in Table 1.The vertical (normalized population) axes of the distributions are arbitrary and
selected for convenience of display.
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Figure 4.

EPR spectra at 120K and distance calculation for K129R1/A196R1. (a) Sum of spectra of the
K129R1 and A196R1 single mutants without illumination (blue), spectrum of K129R1/
A196R1 before illumination (black), and the spectrum of K129R1/A196R1 after illumination
(red), superimposed. All spectra are normalized to the same spin number. Panels (b) and (c)
show the distance distributions of K129R1/A196R1 in the BR and O states, respectively.
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Figure 5.

EPR spectra at 120K and distance calculation for L61R1/K129R1. (a) Sum of spectra of the
L61R1 and K129R1 single mutants without illumination (blue), spectrum of L61/K129R1
before illumination (black), and the spectrum of L61R1/K129R1 after illumination (red),
superimposed. All spectra are normalized to the same spin number. Panels (b) and (c) show
the deconvoluted distance distributions of L61R1/K129R1 in the BR and O states, respectively.
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Figure 6.

?j

EPR spectra of singly spin-labeled mutants at room temperature. Spectra in black represent the
non-illuminated BR state, the spectra in blue represent the O state. The difference spectra (blue
minus black) are shown in red. The low-field a region that identifies the immobile components

and the high-field 3 region that identifies the mobile compone
line. The arrows indicate the changes of immobile and mobile

nts are separated by a vertical
components in the difference

spectra (see Results). The EPR spectra of the O state were reconstructed according to the
occupancy of O in Table 1 (see materials and methods). The EPR spectra of the non-illuminated
BR and O states were normalized to the intensity of the central resonance peak.
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Figure 7.

EPR difference spectra at room temperature in D,O buffer (black, 10 mM Pi/Na, 100 mM
NaCl, pD=6.0) and in H,O buffer (grey, 10 mM Pi/Na, 100 mM NaCl, pH=9.0). The difference
spectra are calculated by subtracting the non-illuminated EPR spectra from the illuminated
spectra. At pH=9.0, the amplitude of the difference spectra decreases compared to that at
pD=6.0, as the O occupancy decreases (Table 1). Thus, the spectra at pH=9.0 are controls to
confirm that the difference spectra at pD=6.0 are attributable to the O state.
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Figure 8.

Structure alignments of the BR state (purple, pdb code 1C3W) with the model D85S (blue-
green, in (a), (c) and (e), pdb code 1JV7) and acid bacteriorhodopsin model (blue-green, in
(b), (d) and (f), pdb code: 1X0I). The spin labels (K129R1 in (a) and (b), G195R1 in (c) and
(d), and L62R1 in (e) and (f)) are shown as space-filled balls according to the coordinates of
side-chain CB atom. Purple, spin-labels in the BR state; blue, spin-labels in either D85S or
acid bacteriorhodopsin. Arrows indicate the directions of the movements of either spin labels
or helices.
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Figure 9.

(a) Overall structural changes in the O state of bacteriorhodopsin, based on the EPR data. The
arrows in (a) indicate the directions of the movements of helices D, E and F. (b) Structural
alignment of the M state (pdb code: 1C8S) with acid bacteriorhodopsin (pdb code: 1X0l).
Nitrogen and oxygen atoms are shown in purple and red, respectively. Carbon atoms in the M
state and acid bacteriorhodopsin are shown in yellow and blue, respectively. Arg82 is oriented
to the extracellular surface, toward the proton release site and away from Asp85. However, in
the acid bacteriorhodopsin model Glu194 and Glu204 have moved away (indicated by the
arrows) from the positively charged Arg82 as compared to the M state, creating a cavity (see
Discussion).
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Table 1
Characteristic absorption properties of bacteriorhodopsin mutants before and after spin labeling. All mutants
contained the E204Q residue change as background. The occupancy of O is shown for the spin labeled mutants
under continuous illumination in two different buffer systems

Location of spin label Abs. Abs. (0] (0]
max.(nm) max.(nm) occupancy at occupancy at
before after pD 62 pH gb
labeling labeling % %
568 568 50 N.D.
L61R1 562 559 21 7
L62R1 567 566 32 13
Q75R1 568 567 50 19
N76R1 566 564 40 8
K129R1 567 566 40 7
V130R1 566 565 36 12
G195R1 568 567 30 8
A196R1 568 567 53 28
N76R1/A196R1 568 564 44 N.D.
K129R1/A196R1 567 566 28 N. D.
L61R1/K129R1 560 552 18 N.D.
N78R1 564 460-570¢ <5 N. D.
T128R1 566 550 <10 N. D.
Y131R1 564 555 <10 N.D.
G192R1 564 490-570° <5 N. D.

N.D.: Not Determined
abuffer: 10mM Pi/Na, 100mM NaCl, pD=6.0 in D20
bbuffer: 10mM Pi/Na, 100mM NaCl, pH=9.0 in H20

Cbroad peak
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Table 2
Comparison of the predicted change of steric packing density (AN) in 1JV7 and 1X0I with EPR mobility change

A(AHg)™

Mutants AN A(AHy LG
D85S Acid BR
(1IV7) (1xo1)

L62R1 +14 +6 —0.0080.004
K129R1 -5 +3 -0.074+0.021
V130R1 -2 -1 +0.033+0.024
G195R1 -6 -11 +0.037+0.018
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