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Fluorescent labeling of bacteriorhodopsin: implications for helix connections
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Purple membrane from Halobacterium halobium was reacted with dansyl (5-dimethylamino-1-naphthalenyl)
fluorescent labels that have specificity for different protein side chains of bacteriorhodopsin. Dansyl chloride
was found to react primarily with Lys-41. Dansyl hydrazine was coupled, with water-soluble carbodiimide, to
Glu-74 and / or Asp-85, which was the major modified site after papain-cleavage of the carboxyl-terminal 17
amino acids. Fluorescence energy transfer was used to probe the proximity of the modified sites to the
retinal chromophore of bacteriorhodopsin. The dansyl group on Lys-41 was greater than 2.99 nm from
retinal, while the dansyl group on Glu-74 /Asp-85 was greater than 2.10 nm from retinal. Information
available on the location of retinal in the transmembrane profile and probable surface locations of the
fluorescent labels was combined with the energy transfer results to calculate distances projected in the plane
of the membrane. The projected distances to retinal were 1.64 nm (Lys-41) and 1.65 nm (Gly-74). These
measurements, combined with many other labeling experiments that have been reported, restrict the number
of likely helix-connection models to only three: EDCABGF, FEDCBAG and FGEABDC (in the nomencla-
ture of Engelman et al. (1980) Proc. Natl. Acad. Sci. USA 77, 2023-2027).

Introduction trans retinal is linked at Lys-216 as a Schiff base
(see Ref. 1 for a recent review). Image reconstruc-
tion from low-dose electron micrographs [2] re-
vealed that the structure of bacteriorhodopsin at
low resolution consists of seven cylindrical elec-
tron-dense regions, presumably a-helices, roughly

perpendicular to the plane of the membrane. The

Purple membrane from Halobacterium halobium
contains the light-induced proton pump
bacteriorhodopsin to which the chromophore all-
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connections between these helices and the identifi-
cation of the helices with particular segments of
the bacteriorhodopsin amino acid sequence have
been the object of numerous studies (for example,
Refs. 3-10). No consensus has yet emerged. In-
deed, some results contradict the general assump-
tion of an entirely a-helical structure [11].
Previous experiments in this laboratory resulted
in several apparently specific fluorescent labeling
reactions [12,13]. We have now localized the amino
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acid sequence positions of these labels with the
objective of measuring dipole resonance energy
transfer between the labels and retinal, the purple
chromophore of bacteriorhodopsin [14,15]. The
energy transfer efficiency to retinal of a particular
amino acid sequence position could serve as a
useful additional constraint for attempts at helix
connection model building.

Experimental methods

Isolation of purple membrane. Purple membrane
was prepared from H. halobium S9 as described
by Oesterhelt and Stoeckenius [16].

Reaction of purple membrane with dansy! chlo-
ride. This reaction was performed as previously
described [12] except that the dansyl chloride stock
solution to be added to the reaction mixture was
first mixed with a residue of [*H]dansyl chloride
(New England Nuclear) dried from pentane, which
contained the desired level of radioactivity.

Purification of dansyl chloride-labeled peptide.
Cleavage with chymotrypsin, purification by LH-
60 chromatography, cleavage with CNBr, and
purification by LH-20 chromatography were per-
formed as previously described [17,12]. Protein
concentration was measured by acid hydrolysis (6
M HC], 24 h, 110°C) followed by analysis on a
Durrum 500 amino acid analyzer. Radioactivity
was measured by liquid scintillation counting in
Aquasol II (New England Nuclear). Amino acid
sequence analysis was performed on a Beckman
890C Sequencer, using a 0.1 M quadrol program.
Anilino thiazalinone amino acids were converted
to phenylthiohydantoins (PTH) in 1 M aqueous
HCI and the products were analyzed by HPLC.

Purification of non-protein-bound label. Lipids
were extracted from dansyl chloride-labeled pur-
ple membrane by the method of Bligh and Dyer
[18] and separated on a 0.25 mm silica 60 thin
layer plate (E. Merck) in CHCI,/80% acetic
acid / methanol 30:10:4. After observing the flu-
orescence pattern under ultraviolet light, the plate
was stained for phospholipids with molybdate [19].

Lipids were also separated from bacteriorho-
dopsin on an agarose gel column as described by
Huang et al. [20].

Functional characterization of dansyl-Lys-41-
bacteriorhodopsin: rate of regeneration. Purple
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membrane sheets (20 nmol bacteriorhodopsin or
dansyl-Lys-41-bacteriorhodopsin) were suspended
in 2 ml hydroxylamine (0.16 M final concentra-
tion, pH 7.0) and illuminated for 45 min, with a
projector lamp, to form retinal oxime. The mem-
branes were washed by centrifugation three times,
with resuspension first in 0.05 M NaCl, then 0.015
M Na(l and finally 2 ml of water. The regenera-
tion reaction was started by addition of 5 pl of 4.5
mM all-frans retinal in ethanol. Absorbance
changes at 570 nm were followed as a function of
time on a Beckman Acta spectrophotometer.

Photoreaction cycle. Rates of formation and de-
cay of photointermediates L, M and O of dansyl-
Lys-41-purple membrane sheets were measured by
flash spectroscopy using the apparatus con-
structed by Lozier et al. [21] with the generous
assistance of R. Bogomolni, University of Cali-
fornia at San Francisco.

Reaction of purple membrane with dansy! hy-
drazine and characterization of product. This reac-
tion was done as previously described [13] except
that the published procedure contains a typo-
graphic error (12 ml of solution B was added to
solution A, not 4.8 ml). Papain cleavage of
dansyl-hydrazine-labeled membrane with papain
was also performed as described [13], using a
larger-scale reaction. The product was monitored
by gel electrophoresis to verify removal of the
C-terminal peptide. Reaction of the papain-cleaved
dansyl-hydrazine-labeled membrane with chymo-
trypsin followed the procedure described by
Gerber et al. [17]. Cleavage with CNBr at Met
residues was done following the procedure of
Gerber et al. [17]. Cleavage at both Met and Trp
was done as follows. Approximately 300-500 nmol
of papain-cleaved dansyl-hydrazine-labeled mem-
brane was lyophilized, dissolved in 3 ml 88%
formic acid, diluted with 7 ml of ethanol and
applied to a 2.5X90 cm column of LH-60
(Pharmacia) equilibrated with formic acid/ ethanol
30:70. The material eluting in the void volume,
containing lipid-free protein, was evaporated un-
der reduced pressure. The residue was dissolved in
3 ml 88% formic acid, diluted with 3 ml anhydrous
heptafluorobutyric acid (HFBA), and added to 2.1
g CNBr [22]. After 24 h, the solvent was partially
evaporated under a stream of N, and the re-
mainder was diluted with approximately 10 ml
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water ad lyophilized. Chromatography of the
CNBr peptides was performed on LH-60 as de-
scribed by Khorana et al. [23], and the peptides
were further purified on a Bio-Rad C; column
(4.8-250 mm) [17].

Functional characterization of dansyl-Glu-74 /
Asp-85-bacteriorhodopsin. Purple membrane was
reacted with 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide (EDC) as previously described [24],
for 1 h, using various concentrations of EDC.
Light-induced changes in H* binding were mea-
sured on the products at pH 9.0 [25]. Purple
membrane that had been reacted with a 210:1
molar ratio of EDC to bacteriorhodopsin was
subsequently reacted with [*H]dansyl hydrazine,
as described above. The extent of incorporation of
label was measured as previously described [13].

Fluorescence spectroscopy. Steady-state fluores-
cence emission spectra were measured on a Far-
rand MKI fluorometer with a ratio recording
accessory. Static fluorescence polarization and flu-
orescence emission kinetics were measured as pre-
viously described [13].

The emission of the Farrand fluorometer was
corrected using 1-anilinonaphthalene-8-sulfonic
acid (1,8-ANS) in ethanol [26] and quinine sulfate
in 0.1 M H,S0, [27]. Purple membrane that had
been reacted with dansyl chloride or dansyl hy-
drazine was washed five times with 0.05 M Tris
(pH 8) for dansyl chloride, or four times with
dilute NaCl and once with water for dansyl hy-
drazine, and resuspended in water at a concentra-
tion of 10~* M bacteriorhodopsin. The dansyl
membrane (0.70 ml) was then dissolved in 0.8%
Triton X-100 (0.70 ml) for several hours at room
temperature and diluted with 2.6 ml of 0.4% Tri-
ton X-100. half of the sample was then bleached
by adjustment to pH 2.1 with HCL After measur-
ing the absorbance spectrum, the pH was brought
back to 6.8 with 1 M NaOH. Bleached and un-
bleached samples were diluted 1:4 in 0.4% Triton
X-100 and fluorescence emission spectra were
measured. Quantum yields were calculated with
reference to 1,8-ANS or quinine sulfate.

Results

Location of the dansyl chloride site
Purple membrane was labeled with [>H]dansyl

chloride in order to locate the sequence position
of the dansyl label and to measure the amount of
non-covalently bound dansyl group associated
with intact membranes after the labeling reaction.

The yields of the steps in the reaction used for
sequence analysis are shown in Table 1. The puri-
fication of the labeled peptide is exactly as previ-
ously reported [12] except the HPLC purification
step was omitted, since the contaminating peptide
in the LH-20 fractions used for sequence analysis,
CNBr 2, has a blocked N-terminus. Sequential
Edman degradation of CNBr 1 (Fig. 1) shows
label exclusively at position 9, which corresponds
to Lys-41. No significant label is released at posi-
tion 8 (Lys-40) or position 11 (Tyr-43). Thus, the
dansyl chloride labeling reaction appears to be
exclusively at Lys-41.

After labeling purple membrane with dansyl
chloride, we previously found approximately 2
mol of dansyl per mol of bacteriorhodopsin [12].
Since only one modified site was found on the
protein, we assumed that the additional label rep-
resented lipid-associated label. Thin-layer chro-
matography of the extracted dansyl purple mem-
brane lipid showed that most of the non-protein
label is not dansic acid. Two major yellow-fluo-
rescent dansyl spots migrated in the region of the
sulfated lipids, but the lipid composition and dis-
tribution did not appear altered by dansylation.
Chromatography of deoxycholate-solubilized
dansyl purple membrane on agarose showed that
75% of the label migrated with bacteriorhodopsin
and 25% with the lipids. The average labeling
stoichiometry of the lipid-free bacteriorhodopsin
fractions after gel filtration was 1.3 + 0.4 mol of
dansyl per mol of bacteriorhodopsin (three mea-
surements). The presence of non-protein-bound
label could interfere with use of the labeled mem-
brane for fluorescence spectroscopy. However, we
found that incubation of the labeled membrane in
0.05 M Tris (pH 8.0) at 37°C for 1 h followed by
centrifugation and resuspension removed 18% of
the label. Samples used for spectroscopy were
repeatedly washed with Tris until a non-fluo-
rescent supernatant was obtained.

Functional properties of dansyl-Lys-41-bacteriorho-
dopsin
Some functional properties of dansyl-Lys-41-
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YIELDS OF DANSYL-BACTERIORHODOPSIN AND DANSYL PEPTIDES

n.d., not determined; p, on basis of recovered peptide; c, on basis of recovered counts; r, repetitive yield.

Sample Total cpm mol dansyl mol bacterio- mol dansyl/ Percent yield
rhodopsin mol bacterio- from previous
or peptide rhodopsin step
or peptide
1. Reaction mixture 2.74-107 48.1 pmol 1.2 pmol - -
2. Dansyl-bacteriorhodopsin 1.46-10° 2.56 pmol 0.95 pmol 2.6 79 (p)
3. Chymotrypsin-cleaved
dansyl-bacteriorhodopsin 663000 1.16 pmol n.d. - 45 (¢)
4. Dansyl-CT2 370000 648 nmol n.d. - 56 (c)
pooled fractions 209000 367 nmol 417 nmol 0.88 -
5. Dansyl-CNBrl 157000 275 nmol nd. - 75 (¢)
applied to sequenator 68600 120 nmol nd. - -
6. Sequence, round 9 3100 5.45 nmol 7 nmol 0.8 70 (r)
recovered from
sequenator after round 12 10900 19.2 nmol n.d. - -
1T T T T T TT T T bacteriorhodopsin in addition to those previously
reported [12] were examined. The rate of regenera-
300 |- - tion of the 570 nm chromophore with all-trans
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Counts per min.

100 |- -

A K K F Y A
33 35 40 44
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Fig. 1. Sequence analysis of dansyl chloride-modified peptide.
A mixture of CNBr fragments 33-56 and 1-20 were applied to
a Beckman 890 sequenator [17]. The dried PTH amino acid
fractions were each solubilized in 1 ml ethyl acetate; 0.1 ml
was withdrawn and added to 10 ml Aquasol-2 for liquid
scintillation counting. PTH amino acids identified by HPLC in
each Edman round are given on the abscissa with the one-letter
amino acid code.

retinal after NH,OH bleaching was found to be
indistinguishable from unmodified purple mem-
brane (Table II). Furthermore, the photoreaction
cycle was essentially the same as that of the un-
modified membrane (although a small inhibition
of the decay of O was noted; data not shown).

Location of the internal dansyl hydrazine site
Purple membrane was reacted with dansyl hy-
drazine in the presence of EDC, foliowed by en-
zymatic 'and chemical cleavage in order to locate
the sequence position of the modification. Papain
treatment released more than half the dansyl hy-
drazine label. We previously presented evidence
that the dansyl hydrazine sites released by papain
are on the carboxyl-terminal tail [13]. The remain-
ing label migrated with the large chymotryptic
fragment (CT1) on LH-60 chromatography (Fig.
2). The hydrazide linkage appeared to be some-
what unstable in light and acid and variable
amounts of the label were cleaved, apparently
during dissolution is concentrated formic acid
prior to LH-60 chromatography. Reaction of
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TABLE 11

REGENERATION OF PURPLE CHROMOPHORE WITH
ALL-TRANS RETINAL

Time Percent regeneration
(s) bacterio- dansyl-Lys-41-
rhodopsin bacteriorhodopsin
0 0 0
100 72 60
400 100 98
1150 100 100

papain-cleaved CT1 with CNBr, followed by re-
verse phase HPLC separation (Fig. 3), showed
that the yield of material peaking at fraction 55,
CNBr 10 (residues 72-118), was diminished com-
pared to control experiments [17] while the yields
of CNBr 9 (residues 163-209) and CNBr 7 (re-
sidues 119-145) were unaltered. (Yields were
estimated by relative ultraviolet absorbance.) Two
additional peptides do not show up on the reverse
phase chromatogram, and they were examined by
LH-60 chromatography of the same mixture of
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Fig. 2. Separation of chymotrypsin fragments of dansyl-hy-
drazine-modified bacteriorhodopsin. Fluorescent-labeled pro-
tein was cleaved first with papain [13] and then with
chymotrypsin {17}. The fragments were separated by gel filtra-
tion on a column of LH-60 (2.5X90 cm) in 88% formic
acid /ethanol 30:70. Fractions of 4 ml were collected. Ab-
sorbance at 280 nm and fluroescence at 500 nm (excitation =
330 nm) were monitored. Approximately 60% of the label
migrates with the large chymotrypsin fragment (fractions
23-32, containing residues 72-248), 0% with the small frag-
ment (fractions 41-50, containing residues 1-71) and 40% in
the included volume (fractions 91105, containing retinal, lipids
and free label).
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Fig. 3. Separation of CNBr fragments from residues 72-231 of
dansyl-hydrazine-modified bacteriorhodopsin: cleavage at
methionine. The large chymotrypsin fragment of dansyl-hy-
drazine-modified bacteriorhodopsin was cleaved with CNBr
and applied to a C;3 reverse-phase column [17]. The sample
was applied in 88% formic acid and eluted with a gradient
from 40% to 80% of ethanol in water. Mobile phase contained
5% formic acid. Fractions of 1 ml were collected. Absorbance
(254 nm) and fluorescence (500 nm, excitation at 330 nm) were
monitored.

CNBr fragments [23]. No fluorescence migrated
with peptides in the 2000 molecular weight range
(data not shown), ruling out modification of
papain-cleaved CNBr 6 (residues 209-231) and
CNBr 11 (residues 146-163). Thus, after dansyl
hydrazine labeling and papain cleavage, only
CNBr 10 appears to be modified. This peptide
contains six potential dansyl hydrazine modifica-
tion sites: Glu-74, Asp-85, Asp-96, Asp-102, Asp-
104, and Asp-115. Further localization of the site
was simplified by the fortuitous arrangement of
tryptophan residues at position 80 (between Glu-74
and Asp-85) and position 86 (between Asp-85 and
Asp-96). The CNBr cleavage method of Ozols and
Gerard [22] proved to be a satisfactory method of
scission at Trp, as we recently reported [28)]. De-
spite the high (3.5 molal) CNBr concentration, the
fluorescence properties of the dansyl group ap-
peared unaltered. The chymotrypsin cleavage step
was omitted for convenience. Whole, lipid-free
dansyl-hydrazine-labeled, papain-treated bacterio-
rhodopsin was cleaved at both Trp and Met by
CNBr in 1:1 heptafluorobutyric acid / 88% formic
acid. The resulting fragments were separated by
LH-60 chromatography (Fig. 4). Fractions 83-100
were shown to be dansic acid by fluorescence
emission and thin layer chromatography. Two
major peaks were observed at fractions 70 and 77,
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Fig. 4. Separation of CNBr fragments of dansyl-hydrazine-
modified bacteriorhodopsin: cleavage at methionine and tryp-
tophan. Bacteriorhodopsin was labeled with [*H]dansyl hy-
drazine and then cleaved with papain. The modified protein
was reacted with CNBr in heptafluorobutyric acid/88% formic
acid 1:1 to cleave at both methionine and tryptophan. The
mixture of peptides was separated on an LH-60 gel filtration
column as described in Fig. 2. A 0.1 ml sample of each fraction
was examined for *H by liquid scintillation counting.

with minor peaks at 40, 50 and 60. Calibration of
the gel filtration column was done with Met clea-
vage CNBr fragments of bacteriorhodopsin [17]
which migrate according to molecular size when
chromatographed after treatment with perfluoro-
carboxylic acids [23]. Peptides of approximately
5000 molecular weight elute with a peak at frac-
tion 55, while fragments of approximately 3000
molecular weight elute with a peak at fraction 65.
Since no CNBr fragment can migrate with a peak

TABLE III
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prior to fraction 55, the radioactivity in the frac-
tions with peaks at 40 and 50 must represent
partial cleavage products. Cleavage of CNBr 10
and Trp is expected to produce three fragments
containing residues 69-80, 81-86 ad 87-118. The
radioactivity in the peak at fraction 60 could
represent label on the 87-118 fragment or partial
cleavage products. The label in the peak at frac-
tions 70 and 77 can only be due to lahel on
residues 69-80 and/or 81-86. Of the label in
CNBr fragments, 10.7% is in the peak at fraction
60, while 89.3% is in the peaks at fractions 70 and
77. Thus, most of the label is on Glu-74 and/ or
Asp-85. The yields of each step in the isolation of
these peptides are shown in Table III.

Functional properties of dansyl-Glu-74 / Asp-85-
bacteriorhodopsin

Preliminary experiments [29] suggested that the
internal dansyl hydrazine stie was the same as a
site. which can be modified at neutral pH by
water-soluble carbodiimide, resulting in inhibition
of the proton uptake step of the proton pump [24]
and inhibition of the formation of the acid-in-
duced blue pigment [30]. However, upon finding
the fluorescent labeling site on the extracellular
side of the membrane, we re-examined the ap-
parent competition between carbodiimide modifi-
cation and subsequent fluorescent labeling. We
found that the water-soluble carbodiimide inhibi-
tion of proton uptake extends down to much
lower concentrations than those previously used

YIELDS OF DANSYL HYDRAZINE-BACTERIORHODOPSIN AND DANSYL HYDRAZINE-PEPTIDES

n.d., not determined; p, on basis of peptide; ¢, on basis of counts.

Sample total cpm®  Dansyl Bacteriorhodopsin ~ mol dansyl hydrazine/  Percent yield
hydrazine or peptide mol bacteriorhodopsin  from previous
(nmol) (nmol) or peptide step
1. Reaction mixture 1.4-10% 40000 1000 - -
2. Dansy! hydrazine-
bacteriorhodopsin 4320y ® 1.22)° a.on’® 1.1 -
3. Papain-cleaved dansyl-
hydrazine-bacteriorhodopsin ~ 7.3-10° 206 420 0.49 42 (p)
4. Low-M, CNBr fragments 5.0-10° 142 nd. - 69 (¢)

# Total yield at each step was applied to the next step. Total yield in step 2 was not determined.
® Measured from a small aliquot of the purified product from step 1.
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(Table 1V). At 3 mM EDC, the inhibition of
proton uptake is over 80% of the maximum. How-
ever, after pre-reacting purple membrane with this
concentration of EDC, the internal dansyl hy-
drazine site still can be labeled to the same extent
as in unmodified membrane. Thus, the pump-in-
hibiting water-soluble carbodiimide site is not
Glu-74/ Asp-85. Our previous observation of par-
tial inhibition of labeling of the internal dansyl
hydrazine site was probably due to the aggregated
state of purple membrane after treatment with
high concentrations of carbodiimide.

Fluorescence energy transfer measurements

Dipole resonance energy transfer has been used
to measure proximity between a fluorophore and a
nearby chromophore that acts as a fluorescence
energy acceptor [31]. Naphthalenesulfonyl fluo-
rescent labels and retinal pigments are excellent
energy donor-acceptor pairs [14,15]. Therefore, we
examined the energy transfer characteristics of
dansyl-Lys-41-bacteriorhodopsin in order to find
out the label’s proximity to retinal.

In order to avoid multiple-energy acceptors,
labeled purple membrane was dissolved in Triton
X-100, under conditions where there is only one
bacteriorhodopsin per micelle [32]. The retinal
chromophore environment, protein secondary
structure, and light-induced proton release and
uptake of bacteriorhodopsin are not drastically
affected by the presence of Triton [11,33,34], sug-
gesting no major structural alterations of the pro-
tein.

Corrected emission spectra of dansyl-Lys-41-
bacterioopsin and dansyl-Lys-41-bacteriorhodop-
sin were measured and the fluorescence energy
transfer efficiency was calculated as 0.74 (Table

TABLE 1V
EDC INHIBITION OF PROTON PUMP ACTIVITY

EDC Steady-state acidification
(mM) (mequiv./mol) ?
0 4
1 25
3 32
15 43
62 48

# Measured at pH 9.0 as described in Ref. 25.

V). Decay of emission anisotropy from dansyl
chloride-labeled purple membrane leveled off at
constant anisotropy, in a manner similar to that
reported for dansyl hydrazine attached at the
carboxyl-terminal tail [13], and for other mem-
brane probes [35]. Under these conditions, an
estimate of the dipole orientation factor, K 2, may
be made as follows. The energy acceptor is as-
sumed to be completely fixed and rigid. The en-
ergy donor is assumed to have rotational freedom
within a cone having its axis normal to the plane
of the membrane. As shown by Kawato et al. [35],
this angle, 6., may be calculated from the ratio of
r, the anisotropy extrapolated to infinite time, to
ro, the limiting anisotropy. Because of light pulse
and scattering artifacts, the value of r is not
accurately measurable from our anisotropy decay
kinetics data. However, the static anisotropy is
approximately equal to r when the anisotropy
decay is essentially flat after a brief, small rapid
decline from the limiting value as in the present
case. Thus, we have used static anisotropy data to
estimate §_. The limiting anisotropy of 0.204 and a
static anisotropy of 0.158 (at 23°C) imply a cone
angle of 23°, According to the analysis by Stryer
(31], this indicates a range of K? from 0.078 to
3.2. Based on measurements of donor quantum
yield and donor-acceptor spectral overlap, we

TABLE V

SUMMARY OF FLUORESCENCE ENERGY TRANSFER
PARAMETERS

Dansyl-Lys-41  Dansyl-Glu-74/

Asp-85

Quantum yield

(no acceptor) 0.48 0.15
Quantum yield

(acceptor present)  0.125 0.022
Transfer efficiency 0.74 0.85
Spectral overlap

M~ '.em’) 244.1071 2.58.1071
Limiting anisotropy  0.204 0.285
Static anisotropy,

23°C 0.158 0.240
K? 0.078-3.2 0.055-3.5
R, (nm) 3.6-6.6 2.8-5.6
Minimal distance,

donor to retinal

(nm) 2.99 210




estimate that the distance at 50% transfer, R,
could range from 3.6 to 6.6 nm. Considering the
parameters in Table V, the separation between
dansyl-Lys-41 and retinal in bacteriorhodopsin
must be between 2.99 and 5.5 nm.

An analysis of energy transfer similar to that
described above was performed on the dansyl-
Glu-74/ Asp-85 site. Dansyl hydrazine-labeled
membrane samples were cleaved with papain to
remove the carboxyl-terminal tail, leaving only the
Glu-74/ Asp-85 site. These samples were then dis-
solved in Triton X-100 and spectra were taken as
described for the dansyl chloride site. The transfer
efficiency was found to be 0.85. The limiting
anisotropy was 0.285 and the static anisotropy (at
23°C) was 0.240. These results imply a cone angle
of 19°, a range of K? from 0.055 to 3.5, and a
range of R, from 2.8 to 5.6 nm. Therefore the
distance between retinal and dansyl-Glu-74/
Asp-85 is between 2.1 and 4.2 nm (Table V).

Discussion

We have reported the characterization of two
fluorescent labeling reactions of bacteriorhodop-
sin.

Dansyl chloride site

The product of reacting purple membrane with
dansyl chloride is predominantly bacteriorhodop-
sin labeled at Lys-41 (Fig. 1). Step-wise recoveries
at each step (Table I) are sufficient to make it
extremely unlikely that another major labeling site
could have been missed. We previously showed
that no reaction occurs in the sequence region
72-248, and greater than 70% of the product is
between residues 33 and 56 [12]. We initially in-
ferred that the major dansyl chloride labeling site
is at Lys-40, based on an erroneous report by
Bridgen and Walker [36] that retinal is bound at
Lys-41. To our surprise, sequence analysis showed
no label at Lys-40 and all at Lys-41. In contrast to
the report by Ovchinnikov [8] we see no evidence
for labeling at Lys-30, although it is not possible
to compare reaction conditions, since none are
given in his brief review article. The two fractions
of additional labeling that we previously reported
[12], which amounted to 30% of the total, could
consist of partially cleaved peptides (for example,
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residues 1-32). In this case, label could be at
Lys-30, but we would not have seen it in the
sequence analysis, since the N-terminal pyro-
glutamate does not react with phenylisothio-
cyanate. Alternatively, the additional fractions
could be residues 33-56 with small modifications
that would result in different mobilities on HPLC
(for example, C-terminal homoserine lactone, or
formyl serine [37]). We can set an upper limit on
the labeling heterogeneity by assigning the two
small labeled fractions observed by HPLC to label
at Lys-40 and Lys-30. The largest of these two
fractions contains approximately 17% of the label.
Although we found some additional label non-co-
valently bound to the membrane (0.3 mol/mol) it
is possible to remove this material by repeated
washings and centrifugations.

Dansyl hydrazine site

This labeling reaction is not as specific as with
dansyl chloride. We previously reported [13] that
label is attached to carboxyl groups in the C-
terminal tail, as well as at an internal sequence
position(s). The stoichiometry of labeling is dif-
ficult to quantitate, due to the lability of the
hydrazide linkage, but our present results (tail:
0.61 mol/mol; internal: 0.49 mol/mol) are in
reasonable agreement with our previous report
(tail: 0.73; internal: 0.35; [13]). We previously
showed that the C-terminal label can be com-
pletely removed by treatment with papain. The
remaining label is entirely on the large chymo-
trypsin fragment. It migrates near the cyanogen
bromide peptide containing residues 72-118,
CNBr 10, and appears to be derived from it (Fig.
3). Using cleavage at tryptophan and methionine,
we found that most of the label migrates with
small peptides (Fig. 4). This result shows that the
label is predominantly at Glu-74 or Asp-85. Al-
though as much as 10.7% of the label may be
elsewhere on CNBr 10, it is unlikely to be at
Asp-115, since we previously reported [28] that
this site reacts with carbodiimides only under very
restrictive conditions. Thus, although we have not
fully located the dansyl hydrazine site(s), it is most
likely on the 3rd helical segment of bacteriorho-
dopsin.

Proximity to retinal
There are formidable problems with energy
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transfer measurements in the purple membrane
system. In the intact membrane, the retinal chro-
mophores are arranged in a hexagonal lattice of
trimers with a spacing of 3.5 nm. Thus if retinal is
used as an energy acceptor, any fluorescent probe
on bacteriorhodopsin is likely to be quenched not
only by the retinal in the same bacteriorhodopsin,
but also by the adjacent ones. In order to simplify
this problem, we solubilized the labeled membrane
in Triton X-100 prior to fluorescence measure-
ment. In Triton X-100, there is only one bacterio-
rhodopsin monomer per micelle [36]. A second
difficulty is the large fluorescence anisotropy we
observed for the labels. The high limiting ani-
sotropies (0.204 for dansyl-Lys-41 and 0.285 for
dansyl hydrazine-Glu-74/ Asp-85) indicate that
the dansyl groups are relatively immobile. Previ-
ous studies have shown that the retinal chromo-
phores, the energy acceptors, are also rigid [38].
Dipole orientation strongly influences the ef-
ficiency of energy transfer. Only in the case of low
anisotropy can be narrow distance range be
calculated with any certainty from the measured
transfer efficiency [34].

In view of the high anisotropy, only rather
limited proximity questions may be asked. What is
the minimum donor-acceptor distance compatible
with the measured transfer efficiency? Does this
distance place any constraints on models of the
bacteriorhodopsin structure? The minimum dis-
tances between retinal and the dansyl side chains
were estimated (Table V). We have attempted to
correlate these distances with the electron density
map of bacteriorhodopsin, in order to obtain some
information about the relationship between the
crystal structure and the amino acid sequence. The
analysis is based on the following assumptions. (1)
The fluorescence energy donors are at the mem-
brane surfaces, which are smooth planes separated
by 3.8 nm. (2) The transmembrane regions of
bacteriorhodopsin are a-helix (25 residues). The
helical segments of the amino acid sequence are
those suggested by Huang et al. [5]. (3) The transi-
tion dipole of retinal is centered at 1.3 nm from
the extracellular surface (Leder and Thomas, per-
sonal communication) and 2.5 nm from the cyto-
plasmic surface. The donor-acceptor distances can
now be calculated in terms of distances projected
on the plane of the membrane: 1.64 nm (Lys-41-

retinal) (1.642 =2.992 — 2.5%) and 1.65 nm (Glu-
74-retinal) (1.652 =2.12 — 1.3%). The minimum
distance in projection is obtained assuming all the
label is on Glu-74. If all label were on Asp-85, this
would imply a larger projected distance for the
measured transfer efficiency, since Asp-85 is
thought to be about two helical turns into the
membrane interior, placing it closer to retinal in
the trans-membrane direction. The segment of
peptide backbone to which the dansyl-lys-41 or
dansyl-Glu-74 is attached is, on the average, within
0.6 nm of the center of the naphthalene ring
(Lys-41 or Glu-74 side chain plus sulfonyl group
and half the naphthalene ring of dansyl).

Labeling heterogeneity could affect these calcu-
lations significantly. A minor labeling site further
from the energy acceptor than the major site would
allow a closer minimum donor-acceptor distance
for a given transfer efficiency. We have considered
this possibility, using the equation:

E=fiRS/(R}+RG)+ [LRG /(RS + RY) )]

where f, and f, are the fractions of sites 1 and 2,
R, and R, are the donor-acceptor distances, E is
the measured transfer efficiency, and R, is the
minimum possible value for the 50% transfer dis-
tance, assuming the anisotropy is the same for
both sites.

For the dansyl chloride site, possible secondary
sites include Lys-40 and Lys-30. Minor occupation
of the Lys-40 site would have essentially no effect
on the calculated minimum donor-acceptor dis-
tance, since it is adjacent in the sequence to the
major Lys-41 site and is also considered in most
structure models to be on the same helix. Occupa-
tion of the Lys-30 site would be quite significant,
since it is thought to be on a different helix. We
assume that Lys-30 and Lys-41 are at the mem-
brane surface and 1.0 nm apart (helix-helix spac-
ing). In the geometry that would most decrease
the minimum distance, R; (Lys-41) and R, (Lys-
30) are hypotenuses of right triangles that share
one side (2.5 nm) and for which the other sides are
d (Lys-41) or d + 1.0 nm (Lys-30), where d is the
distance of Lys-41 from retinal projected onto the
membrane surface. Substituting into Eqn. 1, as-
suming 17% occupancy at Lys-30, gives a value of
1.48 nm for d. This contrasts with 1.64 nm calcu-
lated above.



For the dansyl hydrazine site, major labeling is
at Glu-74 and / or Asp-85 (site 1) and minor label-
ing may be at Asp-96, 102 and/or 104 (site 2).
The maximum effect of heterogeneity would be
obtained by placing all of site 2 at the opposite
side of the membrane from site 1. In this case, R,
is the hypotenuse of a right triangle of sides 1.3
nm and 4, and R, is the hypotenuse of a right
triangle of sides 2.5 nm and d, where d is the
donor-acceptor distance projected on the mem-
brane plane. Solving Eqn. 1 with 10.7% of site 2
gives d = 1.45 nm, compared with 1.65 calculated
assuming only one site.

Circles showing the minimum projected donor-
acceptor distances are drawn on a projection of
the bacteriorhodopsin structure based on the work
of Seiff et al. [39] and Kouyama et al. [38] (Fig. 5).
The center of the circles is positioned at the center
of the retinal polyene. The positions of dansyl
groups of dansyl-Lys-41 and dansyl-Glu-74/
Asp-85 must lie outside the outer dashed circle in
Fig. 5 (diameter 1.65 nm), in projection on the
membrane plane. The a-carbons of position 41
and 74 must lie outside the inner dashed circle in
projection. The energy transfer results for single
sites clearly exclude helix 6 from being helix B,
containing Lys-41, and they also exclude helix 6
from being helix C, containing Glu-74 / Asp-85
(using the numbering and lettering scheme of En-
gelman et al. [3]: helices are lettered A-G from

Fig. 5 Proximity of dansyl-Glu-74 /Asp-85 and dansyl-Lys-41
to retinal. The position of the center of retinal polyene, from
Seiff et al. [39), is marked X on a projection of bacteriorho-
dopsin structure with helices numbered 1-7 (Engelman et al.
{3]). The outer dotted circle is the closest projected distance to
retinal of either dansyl group allowed by fluorescence energy
transfer data. The inner circle is the closest position permitted
for a-carbon of Glu-74/Asp-85 and Lys-41.
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amino to carboxyl terminus, and they are num-
bered so that the projected helices as drawn in
Fig. 5 are numbered 1-7 counterclockwise from
the lower left). Considering labeling heterogeneity,
helix B and C still cannot be helix 6, assuming a
central location for the a-carbons of helix 6 within
the projected electron density.

We can now compare our measurements with
conclusions drawn from other experiments that
relate to the helix connection question. Dumont et
al. [40] concluded that helix 6 is near helix B.
Although the energy transfer results reported here
appear to exclude helix 6 from being helix B,
assignment of helix B to helix 2, 3, 4, 5 or 7 would
be consistent with their observed Pt binding site.
The assignment of helix G by Katre et al. [10] to
helices 2, 3, 5 or 7, based on a Hg labeling site, is
also compatible with our fluorescence results. Our
experiments exclude 14 of the 41 most probable
models of Engelman et al. [3] and 28 of the 42
models that Trewhella et al. [9] derived from neu-
tron diffraction data. Seiff et al. [41] deuterated
Lys-41 with phenylisothiocyanate and located the
site by neutron diffraction. They concluded that
helix B must be helix 3, 4, 5 or 6. Our results add
a further constraint to the location of helix B,
limiting it to 3, 4 or 5. Agard and Stroud [4]
extended the Fourier analysis of Henderson and
Unwin [2] to reveal surface features which they
assigned to helix linker regions. They suggested
five most likely models, two of which are excluded
by our energy transfer data.

By applying all of the helix proximity data
cited above to the Engelman, Trewhella and
Agard-Stroud models, only six models survive:
EDCABGF, ECBAGFD, DCBAGFE, DE-
BAGFC, FEDCBAG and FGEABDC. Only the
first and the last two contain the G helix in a
position compatible with the location of the Schiff
base site proposed by Seiff et al. [39]. The last
model seems particularly appealing, since it not
only satisfies nearly all constraints but it also
places the long BC and EF linker regions in
positions that require long connections between
non-adjacent helices.
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