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ABSTRACT: The positions of single amino acids in the interhelical loop regions and the C-terminal tail of
bacteriorhodopsin (bR) were investigated by X-ray diffraction using site-directed heavy-atom labeling.
Since wild-type bR does not contain any cysteines, appropriate cysteine mutants were produced with a
unique sulfhydryl group at specific positions. These sites were then labeled with mercury using the
sulfhydryl specific reagermi-chloromercuribenzoate (p-CMB). The cysteine mutants D96A/V101C, V130C,
A160C, and G231C were derivatized with labeling stoichiometries of &%, 0.85+ 5%, 0.79+

7%, and 0.7'A 8%, respectively (Hg per bR). No incorporation was observed with wild-type bR under
the same conditions. All mutants and heavy-atom derivatives were fully active as judged by the kinetics
of the photocycle and of the proton release and uptake. Moreover, the unit cell dimensions of the two-
dimensionaP; lattice were unchanged by the mutations and the derivatization. This allowed the position
of the mercury atoms, projected onto the plane of the membrane, to be calculated from the intensity
differences in the X-ray diffraction pattern between labeled and unlabeled samples using Fourier difference
methods. The X-ray diffraction data were collected at room temperature from oriented purple membrane
films at 100% relative humidity without the use of dehydrating solvents. These native conditions of
temperature, humidity, and solvent are expected to preserve the structure of the surface-exposed loops.
Sharp maxima corresponding to a single mercury atom were found in the difference density maps for
D96A/V101C and V130C. Residues 101 and 130 are in the short loops connecting helices C/D and D/E,
respectively. No localized difference density was found for A160C and G231C. Residue 160 is in the
longer loop connecting helices E and F, whereas residue 231 is in the C-terminal tail. Residues 160 and
231 are apparently in a more disordered and mobile part of the structure.

Investigations on the structure of the light-driven proton chromophore with its protonated Schiff base linkage to the
pump bacteriorhodopsin (bRpy diffraction methods are  protein is the key functional element of this proton pump.
facilitated by the organization of these proteins in a natural The in-plane and transmembrane positions of the chro-
two-dimensional lattice, the so-called purple membrane. mophore were determined by neutron diffraction with
Three-dimensional structures of bR were obtained by electronselectively deuterated retinal$+7). The recent high-
cryocrystallography using tilted specimens consisting of resolution structures2(-4) are in good agreement with the
single purple membraned+3). The refined structure of  results of these earlier studies on the chromophore location.
(2) has a resolution of 3.5 A in the plane of the membrane Detailed high-resolution structural information on the con-
and 4.3 A perpendicular to the membrane. A higher figuration of the chromophore was obtained from resonance
resolution 6 3 A was recently achieved by using larger tilt Raman 8) and solid-state NMR spectroscops, (L0).
angles §). A three-dimensional structure with a resolution e interhelical loops and C- and N-terminal tails are not
of 2.5 A was also obtained by X-ray crystallography using commonly believed to play an important role in the function
microcrystals 4). These three structureg{4) showahigh ot g However, protons are released and taken up on the
degree of similarity in the transmembrane helical regions as gyiracellular and cytoplasmic surfaces, respectively. The
judged by the root-mean-square deviations. The retinal .ojaase group is currently thought to be Glu 204 at the

T This work was supported by Grant GM 28289 from the National extracellular 9”0' of helix G near t.he FG IOO.DJ'I' The
Institutes of Health (H.G.K.) and by Grant 03-HE4 FUB3 from the UPtake group is unknown, but prominent candidates are Asp
Bundesministerium “fuBildung und Forschung (M.P.H.). 102 and Asp 104 in the CD loop on the cytoplasmic side

¢ Freie UniversitaBerlin. just above the proton donor Asp 96 in helix C. Transient
§ Massachusetts Institute of Technology.

1 Abbreviations: bR, bacteriorhodopsin; p-CMB¢chloromercuriben- ,Sur_face charge Cha!“,ges Werg recently reported with a pH-
zoate; V130C, G231C, and A160C, single mutants of bacteriorhodopsin indicator dye at position 101 in the CD loop2). Another
with valine 130, glycine 231, and alanine 160 replaced by cysteine; residue involved in proton uptake is Asp 38 in the AB loop

D96A/V101C, double mutant of bacteriorhodopsin with aspartate 96 i
replaced by alanine and valine 101 by cysteine; V130C-MB, G231C- (13). The structures of the cytoplasmic half of bR and the

MB, A160C-MB, and D96A/N101C-MB, mercuribenzoate derivatives 100PS on that side change in th? M- and N'intermedialés (
of the corresponding cysteine mutants. 15) presumably as the protein opens up to let in water
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molecules. Thus, an investigation of the loop structure in  The method of using localized heavy-atom labels is
the unphotolyzed state and the intermediates is clearly of alternative and complementary to electron and X-ray crystal-
interest. Little is known with certainty about the structure lography in which the structure of the whole protein is
of the interhelical loops and C- and N-terminal tails, however, determined. One significant advantage of our method, in
since these surface-exposed regions are disordered, mobileyiew of the controversial results obtained for the loops so
and susceptible to environmental perturbations. The threefar (2—4), is that the experiments are performed at room
model structures—4) differ markedly in the structure of  temperature and 100% relative humidity. The samples
the loops, probably because the different specimen conditionsconsist of thin fully hydrated films of stacked purple
employed perturb the surface structure to different extents. membranes. From the lamellar diffraction of such films at
In (3), the membrane specimens were in the presence of100% relative humidity, it is known7j that there is a water
trehalose and were rapidly frozen. This treatment may havegap of approximately 10 A separating the adjacent mem-
prevented the specimens from being completely dehydratedbranes, thus preventing loefoop contacts. The electron
(3). These authors observed a well-defined structure for eachcrystallography experiments, on the other hand, are carried
loop 3). In (2), completely dried specimens in the presence out at liquid nitrogen or helium temperature with partially
of glucose were used. These authors found very high or fully dehydrated glucose- or trehalose-embedded mem-
temperature factors for the AB, BC, and EF loops, with branes in a vacuum. The X-ray diffraction experiments are
corresponding uncertainty in the structure. For the CD, DE, performed with flash-frozen densely packed crystals in which
and FG loops, the temperature factors were smaller and thecrystal contacts perturb the loop structure. These features
atomic coordinates were more certain. There are major of the experimental conditions and specimen preparation are
differences betweer?) and @) in the structures of the AB,  not expected to have significant effects on the transmembrane
BC, and EF loops. In4), no density was obtained for the part of the structure, but may well affect the structure and
EF loop, but the structures of the AB, BC, and DE loops mobility of the surface-exposed loops.

were again very different from those i2)( The X-ray In a previous communication, we already demonstrated
diffraction work was performed with densely packed three- the feasibility of this strategy by mercury-labeling A103C
dimensional crystals with crystal contacts involving the AB iy the CD loop (7). Here we extend these investigations
and BC loops of adjacent layers of molecules and intratrimer tg resijdues V101, A160, and G231 on the cytoplasmic side
contacts involving the AB and CD loopd)( The electron  and v130 on the extracellular side of the membrane. The
cryocrystallography data were collected at 153 &nd  |abeled residues are indicated by circles in Figure 1. V101
liquid helium temperatureg], respectively, with grids inthe  and V130 are in the CD and DE loop, respectively. These
vacuum of the microscope. The X-ray diffraction data were |gops are quite short (6 and 8 residues, respectively), and,
obtained with flash-frozen CryStalS at100 K. Itis quite IIker according|y well-defined positions may be expected_ A160
that the different sample conditions of solvent, water content, js in the 8 residue long EF loop, which may be more mobile
and temperature as well as the altered Iolgwp contacts  and disordered. G231 is in the beginning of the C-terminal
in the crystals will affect the soft surface structure to different 5.
degrees, thereby explaining the major differences in these
studies. The excellent agreement for the transmembrane pariATERIALS AND METHODS
of the structure is in full accordance with this argument, for
this densely packed hydrophobic region is not expected to Construction of the bR Mutants V130C, A160C, G231C,
be perturbed by these external parameters. In view of theseand D96A/V101C.The bacteriorhodopsin mutant genes were
contradictory results for the loops, it is clearly desirable to constructed and expressedHnsalinariumas describedL(7,
carry out structural investigations under native conditions 18). The preparation of the bR mutants A160C and G231C
of temperature, solvent, humidity, and proteprotein has been reportedl®). The mutants V130C and D96A/
contacts, as performed in this study. V101C were prepared by using the synthetic restriction
BR is the prototype of the large class of transmembrane fragmentsBsgHI—SpH and Asp718-BsfHI, respectively,
proteins with the structural motif of a severhelical bundle. ~ for construction of the mutant genes.
The related retinal protein rhodopsin is a G-protein-coupled  Heavy-Atom Labeling. The single-cysteine mutants were
receptor. Activation and recognition by the G-protein are derivatized withp-chloromercuribenzoate (p-CMB) as de-
believed to involve the cytoplasmic loops and C-terminal scribed R0, 17), with minor changes. The bR mutants were
tail of rhodopsin 16). The structure and dynamics of the isolated and purified in solutions containing 1 mM DTT.
surface loops are clearly of major significance for this large Prior to derivatization, the purple membranes were suspended
class of heptahelical receptors. It is thus appropriate toin 30 mM NaR, 150 mM NaCl, pH 7, at a final concentration
develop new methods designed to study the structure of theseof 10-20 mM bR. The labeling reaction was performed
surface-exposed loops using bR as the model system. with a 1.5-10-fold molar excess of p-CMB in the dark at
In this study, we introduce a mercury atom by site-directed room temperature. The maximum of the difference spectrum
heavy-atom labeling using a cysteine mutation. The position between the mercaptide and the unbound p-CMB is at 250
of this label is then determined by Fourier difference methods nm with Ae = 7600 Mt cm™%. The time course of the
using the phase information from electron crystallography. labeling reaction was therefore monitored by recording the
Since the labeling is site-specific, the interpretation of the absorbance change at 250 nm. When the reaction reached
Fourier difference map, based on the known transmembranecompletion, the excess p-CMB was removed by chroma-
structure of bR, is very simple. The labeling strategy is tography on a Sephadex G25 column preequilibrated and
particularly promising for studying structural changes in the eluted with 30 mM NaR pH 7.0. This was followed by
various intermediates of the functional cycle. two washes with MilliQ (Millipore) water at 4C. A control
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sample was prepared in the same way except that no p-CMBfrom the Bragg reflections by fitting Gaussian line shapes
was added. After removal of the excess unbound p-CMB, to the diffraction peaks. Bragg reflections with the same
the final labeling stoichiometry was determined from the value for 2 + hk + k?) occur at the same Bragg angle and
absorbance difference between the light-adapted labeled andontribute to the same powder Bragg reflection (Debye
control samples at 238 nm. This is the absorption maximum Scherrer ring). These intensities were split using intensity
of the mercaptide. The stoichiometry (moles of mercuriben- ratios from electron microscopy2®). In the refinement

zoate per mole of bR) was calculated using procedure, this constraint was dropped. The justification for
this procedure has been discussed in de28)l. (The validity
Crg/Car = (AAyzd €239 (€569 Ase) (1) of this approach was confirmed experimentaByZ4). All

intensities were corrected by a Lorentz factorlof{ hk +

chg and cgr are the molar concentrations of the bound k2)Y2
mercuribenzoate and bR, respectiveltAzss is the absor- The Fourier synthesis was calculated using the experi-
bance difference at 238 nmafs= 20 700 Mt cml). Asgg mental structure factors and the phases from electron
is the absorbance of the light-adapted bR sample at 568 nmmicroscopy 22). The position found for the label was used
(eses= 63 000 Mt cm™). The UV/VIS absorption spectra  as the starting point for the refinement proced8).( To
were recorded with a Perkin-Elmer or a Shimadzu 2105 check whether the intensity differences are due to one
spectrometer equipped with an integrating sphere. mercury atom per molecule of bR, model calculations were

Flash SpectroscopyThe kinetics of the photocycle and  performed.
of proton release were measured in 150 mM KCI, pH 7.3,
22 °C, as described2(l). RESULTS

Sample PreparationThe labeled and control (unlabeled) o . .
samples were centrifuged, and each pellet was dissolved in Stoichiometry of Hegy-Atom Labeling. The four cysteine
a small volume of MilliQ water to form a concentrated br Mutants V130C, A160C, G231C, and D96A/V1O01C were
suspension~20 mg of bR/mL). To avoid differences in useq_ for heavy—atqm Iablellng.and X-ray diffraction. .The
the diffraction patterns due to differences in sample treatment, POSitions of the amino acid residues changed to cysteine are
all operations on the labeled and unlabeled samples wergndicated in Figure 1 by circles. The isolated mutant purple
performed in parallel. A concentrated drop of the suspension Membranes are similar to wild-type purple membranes both
was applied to a thin Mylar suppord & 6 «m) which was in dgnsny. and in crystqlhnlty_ as checked by density
stored in a sealed box at 86% relative humidity. Under these C€ntrifugation and X-ray diffraction (see below).
conditions, bR patches form oriented multilamellar fims  The sulfhydryl group of cysteine is known to react highly
when the excess water evaporates. When the drop becamépecifically with mercury-containing reagents such as p-
flat, another drop was applied right on top of it. An oriented CMB, forming a mercaptide2Q). p-Chloromercuribenzoate
purple membrane film was thus produced covering an area(P-CMB) undergoes a change in the ultraviolet absorption
of approximately 7 mrhand containing about 1.0 mg of bR. ~ spectrum of the benzoate upon mercaptide formation with

After film formation, the sample was stored in a box with cysteine. The maximal difference absorption between un-
100% relative humidity to prevent dehydration. The sample bound p-CMB and the mercaptide occurs at 250 nm. The
was mounted in the sample holder between two Mylar absorbance change at this wavelength was used to follow
windows 24 h before X-ray measurements. The sample wasthe label incorporation during the reaction in the presence
kept in the sample holder at 100% relative humidity. of a large excess of free p-CMB. The cysteine mercaptide

X-ray Diffraction. In-plane powder diffraction patterns ~has its maximal absorbance at 238 ne= 20 700 M
were recorded with a one-dimensional position-sensitive CM™*), and the absorbance at this wavelength was used to
detector (Braun OED-50-M) in the radial direction. A calculate the labeling stoichiometry using eq 1 after removal
rotating anode X-ray generator (Marconi-Elliott GX21) at Of the excess free p-CMB. Figure 2A shows as an example
1.542 A was used as the X-ray source. The hydrated purplethe absorption spectra of purified A160C (control) and
membrane Samp|es were mounted with the film p|ane A160C-MB. The difference spectrum is plotted in Figure
perpendicular to the X-ray beam. A helium chamber 2B and shows an absorption maximum between 230 and 240
between the sample and the detector reduced the scatteringm as expected for the mercaptide. The labeling stoichi-
of the primary beam in air. Each sample was allowed to ometries determined using eq 1 were 0:8%%, 0.79+
equilibrate for 24 h in the constant humidity sample holder 7%, 0.77+ 8%, and 0.93+ 5% for V130C-MB, A160C-
before measurement. For each sample, about 30 datdVB, G231C-MB, and V101C-MB/D96A, respectively. No
collection runs 61 h were recorded and divided into 2 data reaction was observed for wild-type bacteriorhodopsin under
sets. The two data sets were analyzed independently to checkhe same conditions.
for the reproducibility of the experiment. All measurements  The cysteine-mercuribenzoate complex is known to be
were performed at room temperature in the dark-adaptedunstable under certain condition6]. The labeling stoi-
state. chiometry was therefore determined both before the X-ray

Data Analysis. For both the labeled and unlabeled sample preparation (c h after the reaction and the removal
samples, the same number of indivilda h runs were of the excess reagents were completed) and after the X-ray
summed up to one spectrum. The individual runs were first measurements on an aliquot that was not exposed to the
checked for errors. Individual counts in every Bragg X-ray radiation. Figure 2A shows the spectrum of A160C-
reflection were judged statistically. MB directly after labeling. Figure 2C shows the spectrum

Background subtraction was performed by fitia 7 or 8 of the A160C-MB sample before and after the X-ray
degree polynomial to the data. The intensities were derived experiments. From a comparison of these spectra, we
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Ficure 1: Secondary structure of bacteriorhodopsin based on the mod@).dBg¢xed regions labeled AG correspond to the seven
transmembrane-helices. The circled amino acid residues 101, 130, 160, and 231 were changed to cysteine in this study.

conclude that no label loss occurs in the time interval ses): 0.88s (0.93us), 55us (52us), 410us (430us), 22
between the labeling and the completion of the X-ray ms (18 ms), 1.0s(1.1s), and 2.0 s (2.2 s). Again the labeling
diffraction experiments. has no significant effect on the photocycle kinetics. The
Absorption Spectra, Photocycle, and Proton Pumping. kinetics of the decay of M are slowed with respect to wild-
The single-cysteine mutants have absorption spectra whichtype, an effect well-known for the D96A single mutant at
are very similar to those of wild-type (see, e.g., Figure 2 for this pH @21).
A160C). The kinetics of the photocycle and of proton release  The proton release times detected with the pH indicator
and uptake were measured for the mutants before and aftedye pyranine in the aqueous bulk phase are also similar (830
derivatization to see if changes due to the labeling or with and 785 ms for V130C and V130C-MB, respectively) and
respect to wild-type occur. The kinetics of the p-CMB- close to the value for wild-type (data not shown).
labeled samples were very similar to those for the unlabeled X-ray Diffraction. The diffraction patterns of the labeled
mutants. For A160C, G231C, and V130C, these data haveand unlabeled samples were indexed on a hexagonal lattice
already been reported®). As an example of the very minor  of P; symmetry. The unit cell dimensions for D96A/V101C,
effect of labeling, Figure 3 shows the time course of the D96A/NV101C-MB, V130C, V130C-MB, A160C, and A160C-
absorbance changes at 410 and 650 nm for V130C andMB were 62.34+ 0.2 A. For G231C and G231C-MB, the
V130C-MB. The rise and decay of the M and O intermedi- lattice constants were 6244 0.2 A. These values are, within
ates contribute mainly at these wavelengths. A global fit of experimental error, equal to the value of 62.4 A established
the photocycle kinetics with seven exponentials led to for wild-type purple membraney).
photocycle times of 1.4s, 43.9us, 167us, 740us, 1.9 ms, For each sample, Bragg reflections were recorded out to
7.7 ms, and 47 ms for V130C-MB versus L&, 36.2us, the (7,1) reflection which corresponds to a resolution of 7.2
129us, 680us, 1.9 ms, 6.5 ms, and 38 ms for V130C. These A. Since the amount of scattering material in the beam
photocycles are identical within experimental error. Similar cannot be exactly the same for the labeled and unlabeled
measurements were carried out with D96A/V101C and samples, the observed intensities first have to be scaled such
D96A/V101C-MB at pH 6.95. A global fit with six  thatthe sum of the intensities is the same. For D96A/V101C,
exponentials led to the following time constants for D96A/ V130C, G231C, and A160C, the scaling factors were 1.40,
V101C-MB and the unlabeled double mutant (in parenthe- 1.13, 1.07, and 1.75, respectively. Clear-cut differences in
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w the experiments.
o The scaled diffraction patterns for the V130C and V130C-

MB samples before Lorentz correction are shown in Figure
5. The most noticeable positive change in intensity occurs
Time after excitation (us) in the (4,0) reflection, whereas the most negative changes
FicUrRe 3: Photocycle kinetics of V130C (---) and V130C-MB) in scattered intensity were observed in reflections (7,0) and
monitored at 410 nm (top panel) and 650 nm (bottom panel). (7 1). The relative changes in intensity after Lorentz
Conditions: pH 7.0, 150 mM KCl, 22C. correction were 7.4% and 6.9% in two independent experi-

intensity could be observed for the samples D96A/V101C- ments. This resulted ir_1 a high sample correlation coefficient
MB and V130C-MB. These differences are due to the ©Of 0.95 for both experiments.
mercury label which gives rise to positive and negative  For the samples A160C-MB and G231C-MB, no clear-
changes in the scattered intensities. cut differences in intensities were observed. Figure 6 shows
This can easily be seen by comparing the correspondingthe intensities for the samples G231C and G231C-MB. Only
reflections of the D96A/V101C and D96A/V101C-MB minor changes were observable. The difference spectrum
samples in Figure 4. The most prominent positive change calculated from the labeled and unlabeled samples is also
in intensity is detected in the (2,0) reflection whereas the plotted in Figure 6. Positive and negative changes can easily
most negative change was observed in the (4,0) reflection.be recognized in this plot. Only small changes could be
The overall relative intensity chang®$Al|/Y | after Lorentz detected in both independent experiments. The overall
correction were calculated to be 6.9% and 7.2% for the two relative changes in intensities were 2.9% and 3.1%, respec-
independent experiments. The correlation of both experi- tively, for both experiments. In experiments where only
ments was judged by computing the correlation coefficient small changes are detectable, the modeled background has
as described?). The calculated correlation coefficient was a larger effect on the result than in experiments where greater

l d ol o viped 4 l | IR R
100 10" 10% 10° 10 10° 10°
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MB (---). To help with recognition of the small intensity differences,
the difference was calculated and plotted under the two patterns.Figyre 7: Two-dimensional difference density map showing the
Scale expansion at (2,1) is as in Figure 4. in-plane position of the mercuribenzoate label bound at Cys 101
of the bR mutant D96A/V101C after refinement. Negative contour

changes are observable. Therefore, the background subtradines were omitted. The five boldface contour lines range from 53%
flon forthese samples was perfrmed more igorously. T o 972 2 (18 posiy Herencs feriiy. T e 1an comont,
subtraction was done several times with slightly d|fferen_t Helices C and D are labeled. The origin of the oblique coordinate
backgrounds to check for the effect on the small changes insystem is in the center of the unit cell with positixeandy as
intensities. These various tests did not increase the overallindicated. There are three bR molecules per unit cell. The two black
intensity changes significantly. The calculated correlation circles @) superimposed on the difference density mark the
coefficient for the two independently analyzed data sets for Positions of the G atoms of V101 fromZ). The cross ) marks

C the mercury position of A103C-MB obtained previously’). The
samples 6231,0_ _and 62310'MB,V‘_’aS 0.79. _Th|s indicates pjacy circle right above it marks theg@tom of A103 according
good reproducibility, even though it is not as high as reached 1o ().
for the D96A/V101C and V130 samples. The corresponding
correlation coefficient for the A160C and A160C-MB the label at residue 101, we find a temperature factor of 192
samples was only 0.25, suggesting poor reproducibility. A2,

Refinement of the p-CMB Label Positiomhe intensities For the V130C-MB label, the coordinates found by the
of the Bragg reflections were calculated from each spectrum refinement are (0.279, 0.257) and (0.275, 0.252) for the two
for all samples, as described under Materials and Methods.experiments. The small difference of only 0.27 A indicates
Fourier difference maps were computed from the structure excellent experimental reproducibility. The coordinates
factor differences, and the label positions found for D96A/ found in the refinement were independent of the starting
V101C and V130 in these maps were then used as thevalues. This was tested in the same way as described for
starting points for the refinement procedure. Fractional the D96A/V101C-MB label. Points chosen on a circle of 7
coordinates are defined with the origin in the center of the A diameter as starting values for the refinement led to the
unit cell and withx andy increasing along the oblique and same final coordinates. Figure 8 shows the refined electron
horizontal axes from the top to bottom and from left to right, density map for the label together with two contour lines
respectively (see Figure 7). In these fractional coordinates, outlining the boundary of the projected protein density. The
the truex andy values are divided by the unit cell dimension refined position is clearly in the region between the extra-
(62.2 A). The two corners of the unit cell shown in Figure cellular ends of helices D and E where it is expected to be
7 then have fractional coordinates of (1/2, 1/2) (lower right found. The temperature factor for this label position was
corner) and €1/2, —1/2) (upper left corner). In these 50 A2
coordinates, the refined positions for the p-CMB label from  The Fourier difference map for samples G231C and
sample D96A/V101C were (0.335, 0.178) and (0.337, 0.187) G231C-MB is shown in Figure 9. For a proper comparison,
for the two independent experiments. The difference in the difference in electronic density was brought to the same
position was onlyAd = 0.89 A and accounts for the excellent scale as for the corresponding maps for D96A/V101C-MB
reproducibility of the experiments. The refined label position and V130C-MB. No single maximum can be discerned in
did not depend on the starting values, (yo) for the this map. Most of the electron difference density is at the
refinement. Points on a circléf @ A diameter around the  noise level, which is due to the cutoff of the Fourier series
position found in the Fourier difference map were chosen and due to the inherent assumptions of the Fourier difference
for refinement, and the final position was independent of method. We note that the largest difference density is in
the chosen starting position. Figure 7 shows the refined the lipid phase.
electron difference density peak and two contour lines For the label at position 160, similar intensity differences
outlining the projected density of the protein. The label and Fourier difference maps were obtained as for position
position found is in the region between the cytoplasmic ends 231 (data not shown). We conclude that the lack of a definite
of helices C and E. The refinement procedure also yields aposition is due to disorder or mobility of this part of the EF
value for the temperature factor which is a measure of the loop under our experimental conditions (room temperature,
mean square displacement of the label from its position. With 100% relative humidity).

(0.5, 0) |
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unlabeled cysteine mutants using the phases from electron
cryomicroscopy.

Our experiments were carried out at room temperature,
with samples that were fully hydrated and without using
additives such as glucos@)(or trehalose J). This is an
important advantage over cryoelectron microscopy J)
which is carried out at low temperature (liquid nitrogen or

(0,0.5) helium) with air-dried glucose-embedded single membranes
on a grid in vacuo. The specimen preparation employed in
cryoelectron microscopy may well perturb the structure of
the surface-exposed loops. Temperature, solvents (glucose,
trehalose), and dehydration are expected to alter the dynamics
and structure of the floppy and easily deformable loops that
protrude from the surface. These fragile and flexible parts
of the structure are expected to be very sensitive to these

(05, 0) external parameters. The recent X-ray diffraction work was

Ficure 8: Two-dimensional difference density map showing the pgrformed with flash-frozen densely packed three-dimen
in-plane position of the mercuribenzoate label bound at Cys 130 Sional crystals 4). The crystal contacts lead to some
after refinement. The five boldface contour lines range from 53% intramolecular loop-loop interactions which are absent in
to 97% of the positive difference density. The two thin contour the purple membranet). In our sample with a 10 A wide

lines indicate the outer boundary of the projected density of bR. ater layer between the membranes, these -dopp

Helices D and E are labeled. The positions of the G, and i
atoms of V130 from 2) are marked by black circle®], with the ~ cONtacts, which may well change the loop structure, are

side chain pointing to the right. absent. .
Another important advantage of our approach is that we

determine the label position in a direct way. Despite the
moderate resolution of our experiments, the position of the
© ® label density peak can be obtained with good precision. The
< limited resolution only leads to a broadening of the peak. In
> A 9 ( cryoelectron microscopy2( 3) and X-ray diffraction 4), on
o the other hand, the protein structure is modeled into the
observed electron density in a global way. The protein
00 ¥ (0,0.5) R-factor, a measure of the refinement of the entire protein
9 structure, is not very sensitive to the local structure of the
X O loops, whose scattering density is rather weak.
For the labeling strategy to work, three criteria have to be
- met:
(1) The replacement has to be isomorphic. Since p-CMB
is bulky and charged, it is important to check this point. We
o showed that neither the cysteine mutation nor the derivati-
(0.5,0) zation at these four surface-exposed positions had significant

) . . . . effects on the function of bR as a proton pump as judged by
Ficure 9: Two-dimensional Fourier difference map for the o
mercuribenzoate label bound at Cys 231. The four contour lines € Kinetics of the photocycle and of proton release (e.g.,
range from 53% to 97% of the positive difference density. To See Figure 3).
compare this map with those for the label at positions 101 (Figure  (2) The unit cell dimensions before and after derivatization

7) and 130 (Figure 8), the electron density difference was brought should be the same; otherwise, the amplitudes of the

to the same absolute scale. The difference density is rather uniformly : : :
distributed throughout the unit cell, and no significant difference continuous Fourier transform of the density are sampled at

peak becomes apparent. The absolute maximum (upper right cornerg'ﬁe‘rent points. Moreover, the unit cell dimensions should
is located in the lipid phase. Most of the difference density is at be the same as for wild-type, so that the phase information
the noise level and is due to the cutoff error in the Fourier series from cryoelectron microscopy can be used. Our results show
and to the inherent limitations of the Fourier difference method. hat this criterion is also met.
DISCUSSION (3). The Iabeling stoichiometry shquld be_ as close as
possible to 1, leading to a correspondingly high occupancy
In this study we have used site-directed heavy-atom of the heavy-atom site. Low occupancy leads to positional
labeling to incorporate mercury atoms at four defined disorder and a reduction in the amplitude of the Fourier
positions in the interhelical loops and C-terminal tail of difference peaks, making it more difficult to localize the
bacteriorhodopsin to determine their positions in the unpho- label. We determined the labeling stoichiometries spectro-
tolyzed state. The wild-type residues at positions 101, 130, photometrically using the UV absorbance of p-CMB. The
160, and 231 were replaced by cysteine, and the uniquehigh stoichiometries of 0.93 5% (D96A/V101C), 0.85t
sulfhydryl groups were reacted with the reagent p-CMB to 5% (V130C), 0.79 7% (A160C), and 0.7# 8% (G231C)
yield the corresponding-mercuribenzoate derivatives. The are clearly adequate for these experiments.
mercury positions were then determined from the X-ray = We now discuss the results for each labeling site sepa-
intensity differences between samples of the labeled andrately:
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D96A/V101C. This position in the short cytoplasmic loop loops out to the exterior side of helix @), The side chain
connecting helices C and D (16104) is of particular of V101 points according t&2 toward helix E, and our label
interest, since we detected transient surface charge changegosition is in complete accord with this finding.
with a pH-indicator dye at this site which is close to the  For V130C-MB, we found a refined mercury position of
proton donor D96 12). Moreover, experiments with a (0.277, 0.255) which may be compared to (0.253, 0.339)
nitroxide spin-label attached at this position suggested from (2) for the valiney-carbon. The positions of the V130
movement of the CD loop associated with the decay of the side chain carbons fron2) are marked by®) in Figure 8.
M-intermediate {5). For this reason, the double mutant The agreement with the result df)(is not as good for this
D96A/V101C was prepared which allows trapping the system position in the DE loop as for 101 and 103 in the CD loop.
easily in the M-intermediate. Figure 7 shows the refined The distance between the label position and the®m of
position of the label. The CD loop apparently starts at the V130 according to %) is about 3 A, i.e., well within the
top of helix C on the inside of the helical bundle. The radius of 4.5 A for an extended labeled cysteine side chain.
position found (0.336, 0.182) is actually closer to the end of The two positions are thus consistent as far as the main chain
helix E rather than to that of helix D. This will be discussed C, atom is concerned, but the side chains appear to point to
further below. Two independent experimental determina- opposite sides of the main chain. There may thus be a true
tions led, within experimental error, to the same position. It disagreement possibly due to differences in sample prepara-
is also in good agreement with our previous work in which tion and measuring conditions. One should keep in mind,
we obtained the mercury position for AL03C-MB (0.199, however, that the valine side chain was replaced by the
0.105) using the same approady), Since we find well- p-CMB-derivatized cysteine, which may take up a slightly
defined and mutually consistent positions for two of the five different position. For A160C-MB, we found no density.
amino acids of the CD loop (101, 103), we conclude that In (2), defined coordinates for A160 were given, but the
this short loop has a well-defined structure. authors were unsure whether their very disordered structure

V130C. This residue is in the short extracellular DE loop for the EF loop was correct, observed no density for residues
(128-133). We conclude from Figure 8 that this loop label 164—166, and obtained a very high temperature factor of
also has a definite position and is found precisely where 350 A2. In (4), no density was observed for the complete
expected, between helices D and E. The low-temperatureEF loop (residues 157166), in agreement with our result.
factor of only 50 & is also consistent with an ordered In (3), on the other hand, excellent density was found for
structure for the DE loop. every residue of the EF loop. For G231C-MB in the

A160C and G231C No difference density was observed C-terminal tail, we obtained no defined position. This is in
for these positions. Since the label stoichiometry was high, agreement with4) and @), whereas inJ) residue 231 was
we conclude that these results are due to loop disorder orthe last one for which density was observed.

mobility. Position 160 is in the longer EF loop (15865). Itis also of interest to compare the backbone temperature
Position 231 is in the long C-terminal tail (22248) which factors for the loops reported by Grigorieff et a2) (with
is expected to be disordered. the ones we obtained for the labels. The lowest temperature

It is of interest to compare our results obtained at room factor of about 60 Awas obtained for the DE loop. This
temperature and 100% relative humidity with those from value is only slightly outside the range for well-ordered
cryoelectron microscopy and X-ray diffraction, which were helices, for which these authors found values between 10
obtained under very different condition2—4). In the and 50 R. The temperature factor of 5024eported here
introduction and the beginning of the Discussion, we have for the label attached at residue 130 of the DE loop is in
already argued that the large differences between the resultexcellent agreement with Grigorieff's results. The next
of (2—4) for the loops are probably due to the different lowest temperature factor of about 156 dnd significant
extents to which the surface structure is perturbed by density were observed for the CD loop)( This result is
dehydration, temperature, and leelpop contacts. Agree-  also consistent with our observation of a clear density peak
ment between our results and those 2f4) is therefore for V101C-MB, the first residue of the short CD loop (101
not necessarily to be expected. In Figure 1, we have adoptedl04), for which we observed a temperature factor of 192
the definition of the loop regions fron2). It was noted 2) Az,
that there remains an uncertainty-b1 residue, and indeed The dynamics of the C-terminal tail were studied by time-
there are differences of this magnitude in the starting and resolved fluorescence depolarizati@8,(29) and?H and**C
ending residues of the helices between the refined structureNMR (30, 31). Contradictory results were obtained concern-
(2) and the previous structurd)(as well as 4). For all ing the mobility of the tail with some studies claiming
three structures2(-4), the coordinates have been deposited isotropic reorientation on the available time scale and others
in the Protein Data Bank, but only fo2)are the coordinates  claiming immobilization. These controversial results were
currently available. For V101C-MB, the refined position for recently reviewed32). We point out here that the informa-
the mercury label (in reduced coordinates) is (0.336, 0.182). tion obtained by X-ray or electron diffraction concerns the
For the y-carbon of V101, Grigorieff et al.2) obtained time-averaged structure. High mobility of loops or tail will
coordinates of (0.324, 0.168). The agreement is excellentlead to a smeared-out density and the lack of a clear-cut
for this first residue of the short CD loop. The two, C maximum in the Fourier-difference map.
positions from 2) are marked by black circles in Figure 7. The structure and dynamics of the cytoplasmic loops are
Also shown in Figure 7 are the mercury positions for A103C- of great functional significance for the large class of
MB from (17) and the G of A103 from @) marked by X heptahelical receptor proteins. Upon activation, changes in
and @), respectively. The backbone chain connecting the structure and dynamics of these loops occur exposing
helices C and D starts on the interior of helix C and then recognition sites for G-proteins in the G-protein-coupled
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members of this family. Although not a receptor protein 12. Alexiev, U., Scherrer, P., Marti, T., Khorana, H. G., and Heyn,
itself, it is interesting to note that the disorder of the loops M. P. (1995)FEBS Lett. 37381-84.
and helices of bR is highest on the cytoplasmic side of the 13- Riesle, J., Oesterhelt, D., Dencher, N. A., and Heberle, J.
membrane ). The cytoplasmic ends of helices B, F, and (1996) Biochemistry 3566356643,

T v ) 14. Subramaniam, S., Gerstein, M., Oesterhelt, D., and Henderson,
G are more disordered than the extracellular ends, with R. (1993)EMBO J. 12 1-8.
temperature factors as high as 158 At was observed by 15. Steinhoff, H.-J., Mollaaghababa, R., Altenbach, C., Hideg, K.,
cryoelectron microscopy that the cytoplasmic part of helix Krebs, M., Khorana, H. G., and Hubbell, W. L. (19%gience
F moves outward in the M intermediate with a hinge, 266, 105-107.

possibly at Pro 18614). This state of bR corresponds to 16",';50“3'“3%”_”?”5*(6 P.,Zer, S., and Emnst, O. P. (1998]. J. Chem.

the aqtivated M form of rhodopsin. For such hin.ge motions 17. Krebs, M. P., Behrens, W., Mollaaghababa, R., Khorana, H.
of helices to occur, the loops on the cytoplasmic side of the G., and Heyn, M. P. (199Biochemistry 3212830-12834.
membrane have to be flexible, as observed here for the EF 18. Krebs, M. P., Mollaaghababa, R., and Khorana, H. G. (1993)
loop. Labeled sites on the cytoplasmic ends of transmem- Proc. Natl. Acad. Sci. U.S.A. 90987-1991.

brane helices at the interface with the loops may be most 19. Alexiev, U., Mollaaghababa, R., Scherrer, P., Khorana, H. G.,

suitable to detect the rigid body tilt motion of helices. ggg Heyn, M. P. (1995jroc. Natl. Acad. Sci. U.S.A. 9372~

Position 101 at the end of helix C is an example. 20. Boyer, P. D. (1954). Am. Chem. Soc. 7@331-4337.
21. Otto, H., Marti, T., Holz, M., Mogi, T., Stern, L. J., Engel,
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