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ABSTRACT A model for random cross-linking of identical monomers diffusing in a membrane was formulated to test
whether rhodopsin’s cross-linking behavior was quantitatively consistent with 2 monomeric structure. Cross-linking was
performed on rhodopsin both in intact retinas and in isolated rod outer segment (ROS) membranes using the reagent
glutaraldehyde. The distribution of cavalent oligomers formed was analyzed by SDS-polyacrylamide gel electrophoresis
and compared to predictions for the random model. A similar analysis was made for ROS membranes cross-linked by
diisocyanatohexane and retinas cross-linked by cupric ion complexed with o-phenanthroline. Patterns of cross-linking
produced by these three reagents are reasonably consistent with the monomer model. Glutaraldehyde was also used to
cross-link the tetrameric protein aldolase in order to verify that cross-linking of a stable oligomer, under conditions
comparable to those used for ROS, yielded the pattern predicted for a tetrameric protein having D2 symmetry. This
pattern is markedly different from the one for a random-collision model. Moreover, a comparison of rates showed that
aldolase cross-linking with glutaraldehyde is significantly faster than cross-linking of membrane-bound rhodopsin. It is
concluded that rhodopsin is monomeric in dark-adapted photoreceptor membranes and that the observed cross-linking

results from collisions between diffusing rhodopsin molecules.

INTRODUCTION

Rhodopsin is the predominant protein of vertebrate photo-
receptor membranes. The suggestion that rhodopsin is
monomeric was first made on the basis of x-ray diffraction
studies (1). An investigation of rhodopsin in sheep photore-
ceptor membranes by cross-linking provided further evi-
dence supporting this view (2). However, in some images of
disk membranes made by freeze-fracture electron micros-
copy, the density of intramembranous particles is consis-
tent with the existence of rhodopsin oligomers (3). Finally,
the observation that there is a correlation between deter-
gents that solubilize rhodopsin as an oligomeric complex
and those that support regeneration after bleaching has
been put forward to suggest that native membrane-bound
rhodopsin may be oligomeric (4). Cross-linking studies
here now provide strong evidence for the monomeric nature
of rhodopsin in dark-adapted membranes. Changes in
association state initiated by photoexciting rhodopsin in
native retinal membranes have been addressed in separate
studies reported in the preceding paper (5).

The application of chemical cross-linking to native
membrane systems is, in general, complicated by the fact
that membrane-bound proteins exist at sufficiently high
densities that random collisional cross-linking between
monomeric proteins or between oligomeric complexes can-
not be ruled out. Therefore, covalent cross-links formed do
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not necessarily reflect the stable, naturally occurring asso-
ciation of proteins. One solution to this problem has been to
utilize photochemically activated bifunctional reagents
with very short lifetimes (6) to reduce the probability of
observing cross-linking within random collisional complex-
es. In contrast, the approach used here involves a com-
parison of observed patterns of cross-linking in ROS
membranes with appropriate theoretical and experimental
models to distinguish cross-linking within stable oligomers
from cross-linking within transient complexes. A related
quantitative approach has been used in structural studies
on actin (7, 8), in which cross-link formation within a long
actin filament is described by a model for random cross-
linking.

This paper reports the use of several cross-linking
reagents to investigate the oligomeric state of rhodopsin in
dark-adapted photoreceptor membranes from frog. Pre-
vious cross-linking studies on sheep photoreceptors (2)
have been interpreted qualitatively in terms of a mono-
meric organization of rhodopsin. In the studies reported
here, freshly dissected frog retinas and isolated ROS'

! Abbreviations used in this paper: EDTA, ethylenediaminetetraacetic
acid; MES, 2-[N-morpholino] ethane sulfonic acid; NEM, N-ethylmal-
eimide; ROS, rod outer segment; SDS, sodium dodecyl sulfate; PE,
phosphatidylethanolamine.
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membranes were cross-linked using various reagents and
conditions, and the resulting distributions of covalent
oligomers of opsin were quantitatively analyzed. The
experimental results were compared with distributions of
oligomers predicted if cross-linking were mediated by
random collisional events in the membrane. Aldolase was
utilized as a model oligomer, to verify that oligomeric
proteins yield a pattern of cross-linked oligomers distin-
guishable from the random model under the experimental
conditions used here. Consideration of the rate, extent, and
pattern of cross-linking is required to make the distinction
between a monomeric vs. oligomeric organization of mem-
brane-bound rhodopsin.

MATERIALS AND METHODS

All experiments were performed in darkness or dim red light. Whole
retinas used in cross-linking experiments were dissected from eye cups of
bullfrogs (Rana catesbeiana) and placed in a frog Ringer’s buffer
containing 5 mM D-glucose and 3 mM phosphate at pH 7.5. Cross-linking
reactions were initiated within 15 min of dissection. ROS were isolated
from Rana pipiens as described (9). Rhodopsin concentrations were
determined from absorbance at 500 nm using an E . of 40,000 M~ cm™!
and a molecular weight of 39,000 daltons. Absorbance ratios 4,4/ A for
the ROS preparations varied from 2.4 to 2.8.

Chemical Cross-linking

Reagents for glutaraldehyde cross-linking were prepared immediately
before use by the following procedure. 25% aqueous glutaraldehyde was
diluted 10-fold in distilled water to make a glutaraldehyde stock (pH 3.4)
that was nominally 250 mM. The pH was raised to 8.5 by addition of 0.5
M NaOH. After 10 min the stock was diluted with the appropriate
Ringer’s buffer to give reagents with nominal concentrations calculated
on the basis of the dilutions; actual concentrations of the effective
cross-linking species must be lower since glutaraldehyde undergoes aldol
condensation reactions at alkaline pH to form polymers of heterogenous
size (10). The protocol for preparing glutaraldehyde reagents was
designed to minimize variation in the condensation process and hence the
resulting mixture of polymers. For cross-linking of retinas, the Ringer's
solution used to dilute the stock was 111 mM NaCl, 2.5 mM KCl, 2.0
mM CaCl,, and 3 mM NaH,PO,, pH 7.5. For cross-linking ROS
membranes, 10 mM borate, pH 8.5, was used instead of phosphate with
the same Ringer’s salt solution.

For each assay of cross-linking on intact retinas, a retina (two or three
in experiments at higher reagent concentrations) was soaked in glutaral-
dehyde reagent (20-250 mM as indicated) at 0°C for 20-200 min. At the
end of the reaction the retina was removed using forceps and shaken
vigorously in 1.5 ml distilled water. The outer segments released by
shaking were pelleted in a microfuge (Beckman Instruments, Inc, Cedar
Grove, NJ) and washed once with 1.5 ml distilled water. The final pellet
was solubilized immediately in 20~40 ul dissociating buffer (2% SDS,
10% sucrose, 2 mM EDTA, 80 mM dithiothreitol, and 20 mM Tris HCI,
pH 8.0).

Cross-linking of ROS membranes was initiated by diluting suspensions
of ROS into glutaraldehyde reagent (0.1-10 mM) to a final rhodopsin
concentration <0.05 mg/ml. Reactions were carried out at 0—4°C.
Cross-linking was terminated by dilution or addition of 0.2 M glycine.
The ROS membranes were pelleted and washed with distilled water.
25-40 ul of dissociating buffer without dithiothreitol was added to
solubilize the pellets. Final samples contained 100-200 ug of rhodopsin
(calculated assuming quantitative recovery of membranes during wash-
ing).

Rabbit muscle aldolase (0.3 mg/ml) was cross-linked by reaction with
1 mM and 5 mM glutaraldehyde in borate Ringer’s buffer, pH 8.5.
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Reactions were terminated by addition of 0.2 M glycine. Samples for
electrophoresis were concentrated to 25 ul using a Minicon B-15 concen-
trator (Amicon Corp., Danvers, MA) and solubilized by addition of an
equal volume of dissociating buffer.

Cross-linking catalyzed by cupric o-phenanthroline was performed by
incubating whole retinas in the presence of Ringer's solution (buffered
with 50 mM MES, pH 7.5) containing o-phenanthroline and CuSO, in a
molar ratio of 3:1. Reactions were carried out at 25°C for 30 min with the
concentration of o-phenanthroline varying from 0.3 to 15 mM as
indicated. ROS were collected and solubilized as for glutaraldehyde
cross-linking on ROS, except that no 8-mercaptoethanol was added prior
to electrophoresis.

Reactions of ROS (0.05 mg/ml) with diisocyanatohexane (Aldrich
Chemical Co., Milwaukee, WI) were carried out at room temperature in
10 mM NaCl, 10 mM NaH,PO,, pH 7.1. Freshly prepared stock solution
of 0.5% diisocyanathohexane in DMSO was diluted into the ROS
suspension to give a final concentration of 0.01%. Reactions were
terminated by addition of 0.2 M glycine.

Labeling with NEM

Available sulfhydryl groups in ROS were labeled with ['“C] NEM
(specific activity = 5.7 x 10'' cpm/mol) for 12 h using the procedure of
Fung and Hubbell (11). Labeled ROS prepared in this way had incorpo-
rated slightly more than 3 mol NEM/mol rhodopsin. This value did not
take into account the possible contribution of opsin, which may have been
produced during labeling procedures. Therefore the ratio of NEM to total
photopigment may have been lower.

Polyacrylamide Gel Electrophoresis in SDS

ROS from cross-linking experiments on intact retinas were electropho-
resed on 5.6% polyacrylamide gels prepared according to Fairbanks et al.
(12). All other samples were analyzed on 7.5% SDS polyacrylamide
(acrylamide: N, N-methylene-bis acrylamide = 37.5) mini-slab gels (5
cm x 10 cm x 0.2 cm) in the presence of 0.1 M Tris-bicine and 0.1%
SDS. Samples from cross-linking on isolated ROS were prepared for
electrophoresis by adding one-quarter volume of a bromophenol blue dye
solution containing 5% B-mercaptoethanol and 50% glycerol to cross-
linked ROS that had been exposed to dissociating buffer for at least 1 h.
Gels were stained for protein with Coomassie blue as described by
Fairbanks et al. (12). Densitometric traces of tube gels or lanes sliced
from gels were obtained by scanning at 550 nm. The area under each
protein peak in densitometric traces was determined by cutting out and
weighing the peaks. Apparent molecular weights of proteins and protein
oligomers were determined using a series protein molecular weight
standards.

Gels containing [“C] NEM-labeled rhodopsin were analyzed by slicing
a sample lane into 1 mm segments. Each segment was solubilized by
incubation with 0.5 ml 30% H,0,, 70°C for >5 h. Samples were
neutralized with 0.2 ml of 0.025 M NaOH and counted in the presence of
a toluene/Triton X-100 (2:1) scintillation cocktail containing 4 gm/1 of
Omnifluor (New England Nuclear, Inc., Boston, MA).

Model for Random Cross-linking of
Rhodopsin Monomers

The distribution of oligomers expected to result from random, diffusional
cross-linking was predicted from a model based on the assumption that
the probability of forming a cross-link within any encounter complex in
the membrane remains constant during the course of the cross-linking
experiment. The cross-linking can be seen as a series of independent
(Bernoulli) trials in which a positive outcome, the formation of an initial
cross-link between two species, can be detected as the formation of an
n-mer containing n — 1 initial cross-links. (Further intra-oligomeric
reactions are not detected in these experiments.) A variable x, which gives
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the overall degree of cross-linking, is the mean number of initial cross-
links present per diffusing species and can be calculated from the equation
g = 2, (n — 1) (fraction n-mer). The Poisson approximation to the
binomial distribution can be used to calculate the expected distribution of
n-mers if the probability of forming an initial cross-link is very small and
remains constant during a cross-linking experiment. The frequency of
collisions between rhodopsin molecules in frog photoreceptor membranes
can be estimated from the rate of lateral diffusion at ~10°s~' (13). Since
the observed value for u does not exceed 1 even after several hours of
reaction with glutaraldehyde, the probability of cross-link formation in a
given collision complex must be very low, <10~°. Therefore, the fractions
of monomer and various n-mers expected for a given value of 4 measured
in a cross-linking experiment can be calculated by use of the Poisson
distribution

. ety
fraction of n-mer = >
r.

where r = n — 1 is the number of initial cross-links per n-mer. This
relationship provides a reasonable approximation to the oligomeric distri-
bution for the random collision case.

RESULTS

Cross-linking of Retinas

Treatment of freshly dissected frog retinas with 20-250
mM glutaraldehyde produced oligomers of rhodopsin. Fig.
1, B shows the electrophoretic pattern of SDS-solubilized
ROS from a cross-linked retina. For samples treated with
the highest concentration of glutaraldehyde, species with
apparent molecular weights corresponding to oligomers of
opsin ranging from dimer to hexamer could be resolved on
gels. These conditions also gave rise to some higher molec-
ular weight material that did not enter the gel. Even under
the most stringent conditions used, however, a considerable
fraction of the opsin remained as a monomer. Intermediate
degrees of cross-linking could be achieved by varying the
glutaraldehyde concentration or the reaction time at 0°C.
(This is illustrated by data in Fig. 3 of the preceding
paper). Increasing the temperature to 25°C slightly
increased the degree of cross-linking but had no effect on
the pattern of cross-linked oligomers observed. Virtually
all of the opsin in untreated controls (Fig. 1 A) migrates as
a monomer with an apparent molecular weight of 35,000
daltons. Small amounts of proteins other than opsin are
observed in the controls. Although migration of the minor
proteins does not correspond to that expected for oligo-
mers, as shown in Fig. 1 A, it is impossible to rule out the
presence of some dimer in unreacted ROS. The contami-
nating proteins are not evident in ROS from glutaralde-
hyde-treated retinas.

Reaction of retinas with the complex of cupric ion and
o-phenanthroline produced a pattern of oligomers similar
to that seen for glutaraldehyde treated retinas (Fig. 1 C).
In addition to oligomers of opsin, there was a band
migrating close to the opsin monomer. This may indicate
formation of an intramolecular disulfide bridge that alters
the migration of the opsin polypeptide. The satellite band
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FIGURE 1 Cross-linking of rhodopsin in intact retinas and isotated ROS

membranes. Samples of unreacted ROS containing 20-50 ug rhodopsin
or cross-linked ROS containing 100-200 ug rhodopsin were solubilized
and electrophoresed as described in Materials and Methods. Material
from intact retinas (A-C) was run on 5.6% gels; material from isolated
ROS membranes (D-F), on 7.5% gels. Densitometric traces are shown
for unreacted control, 4; 60 min at 125 mM glutaraldehyde, B; 30 min at
5 mM CuSO,, 15 mM o-phenanthroline, C; unreacted control, D; 3.5 h at
0.1 mM glutaraldehyde, E; 65 min at 10 mM glutaraldehyde, F.
Absorbance is in arbitrary units. The expected migrations of polypeptides
with molecular weights that are multiples of opsin were determined from
the appropriate standard curve and are indicated by tick marks.

was not present in untreated controls.” As with glutaralde-
hyde, the degree of cross-linking increased with increasing
reagant concentration. The disulfide cross-links produced
by the cupric o-phenanthroline complex are labile to
reducing agents. For this reason, dithiothreitol was not
present in the SDS-dissociating buffer used to solubilize
the ROS, and controls for these experiments contained as
much as 20% aggregated opsin, mostly dimer.

A consistent feature of the oligomeric distributions
obtained by cross-linking with both reagents is the decreas-
ing yield of oligomeric species (n-mers) with increasing n.

*The multiple forms of frog rhodopsin observed by Molday and Molday
(14) under reducing conditions were not resolved in either of the gel
systems used here when membrane samples were solubilized in the
presence of 8-mercaptoethanol.
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These observations are in general agreement with the
studies of Brett and Findlay (2) who investigated isolated
sheep photoreceptor membranes using a variety of bifunc-
tional cross-linking reagents.’

Distribution of Cross-linked Oligomers

Data on the oligomeric distribution resulting from gluta-
raldehyde cross-linking of retinas are displayed as the open
symbols in Fig. 2. The fraction of different n-mers observed
is plotted vs. the value of u measured in each experiment.
The fraction of opsin present as each n-mer was deter-
mined from the areas under each protein peak in densito-
metric traces. For a given sample, the Coomassie-blue
staining for each monomer and each oligomer peak was
linear with the total amount of ROS protein on the gel. In

Cupric o-phenanthroline did not catalyze the formation of oligomers in
isolated sheep photoreceptor membranes, as reported by Brett and
Findlay (2). This observed difference could result either from a species
difference in rhodopsin or from differences in rhodopsin’s sulfhydryl
chemistry between freshly isolated retinas and purified disk membranes.

1.0 . |

RELATIVE AMOUNT OF N-MERS
o
3
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1

FIGURE 2 Oligomeric distributions resulting from glutaraldehyde
cross-linking of intact retinas and isolated ROS membranes. The mass
fraction of opsin migrating as monomer and various oligomers was
determined from the electrophoretic patterns as described in Experimen-
tal Procedures. u was calculated as described in the text. Each distribu-
tion was plotted vs. the corresponding u value using open (retinas) or
closed (ROS) symbols for n-mers as follows: n = 1,@; 2, 4; 3, ¢; 4,8, 5, X
(ROS only). The solid lines show the distribution predicted for the
random model. The data from isolated ROS membranes include time
series at 0.1, 1, 2, 5, and 10 mM glutaraldehyde.
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replicate determinations on the same sample, the fraction
of n-mers measured agreed to +0.05. The solid lines in Fig.
2 represent values predicted for various n-mers from the
model for random cross-linking. The data are in good
agreement with the model predictions for the range of
cross-linking tested.

Patterns that would be expected if oligomeric membrane
proteins were cross-linked and then examined by SDS gel
electrophoresis are illustrated in Fig. 3. For the simplest
case of a dimer, depletion of monomer is paralleled by
formation of covalent dimer until x reaches a maximum
value of 1 (Fig. 3 A4). Hucho et al. (15) have developed
models for the cross-linking of stable, planar tetramers in
solution. Oligomeric distributions predicted from their
theoretical models were recalculated in terms of the vari-
able u for comparison with the random (Fig. 3 D) and
dimeric models. A planar configuration best approximates
the arrangement of a transmembrane oligomer. The case
of a tetramer in which the probability of cross-linking is
equivalent for all four contact domains (Fig. 3 B) is
compared to a tetramer with D2 symmetry, in which the
molecule behaves as two pairs of subunits. For the case
shown in Fig. 3 C, there was a fourfold difference between
the probabilities of cross-linking at the two different
interfaces. An implicit assumption in applying the oligo-
meric models to membranes is that specific intra-oligom-
eric cross-linking would dominate (by virtue of being
faster) over inter-oligomeric collisional cross-linking even
at high concentration of membrane-bound oligomers (see
Discussion).

The pattern of cross-linking that resulted from glutaral-
dehyde treatment of retinas is clearly inconsistent with
rhodopsin being dimeric. Although the distribution is in
good agreement with the random collision model, cross-
linking of a planar tetramer (such as that shown in Fig.
3 B) would give rise to very similar distributions of species
for u < 1. The data from cross-linking of retinas alone are
therefore not adequate to distinguish a monomeric organi-
zation from oligomers larger than a dimer.

Glutaraldehyde Cross-linking of Isolated
ROS Membranes

Attempts to extend the range of the analysis by increasing
the extent of cross-linking in retinas were thwarted because
the yield of ROS isolated by the simple shaking procedure
decreased significantly as glutaraldehyde concentration or
reaction time was increased. Furthermore, neither the
effective glutaraldehyde concentration, nor the fraction of
total membrane-bound rhodopsin contributing to the dis-
tributions measured from gels could be estimated from
experiments on retinas. These problems could be solved by
cross-linking of isolated ROS membranes. Moreover, the
results on isolated ROS allowed an estimation of initial
cross-linking rates for rhodopsin that could be compared to
rates for cross-linking of oligomeric protein subunits.

BioPHYSICAL JOURNAL VOLUME 47 1985




.ok A B
./ 8 33
@ 1
u 4
= osf -
z
w 2
o) 1 3
-
p R N
3 D
=
< (o]
w
Y 1
-
a L
]
& 2
3 < -
= - .
0 1.0 20 30
M

FIGURE 3 Patterns of oligomeric distribution predicted for planar
arrays of monomeric vs. oligomeric proteins. Curves represent the deple-
tion of monomer and formation of respective n-mers as the degree of
cross-linking increases. Degree of cross-linking is designated by u as
described in text. (A) dimer; (B) tetramer with identical binding
domains; (C) tetramer with D2 symmetry and probability ratio for
cross-linking between two binding domains of 1:4; (D) random Poisson
model (see text). The tetrameric models are derived from those of Hucho
et al. (1975) as described in the text.

Glutaraldehyde concentrations in the range 0.1-10 mM
were found to be suitable for investigating the pattern of
cross-linking of rhodopsin in isolated ROS membranes.
Glutaraldehyde treatment of isolated ROS led to distribu-
tions of oligomeric species that were experimentally indis-
tinguishable from those observed in freshly dissected reti-
nas. Electrophoretic patterns representing different
degrees of cross-linking are shown in Fig. 1 E and F. In
contrast to unreacted control samples from retinas (Fig.
1 A), similarly treated controls for isolated ROS solubi-
lized in SDS with dithiothreitol or #-mercaptoethanol
often exhibited a tendency to form opsin aggregates,
predominantly dimers. This problem could be minimized
by solubilizing cross-linked ROS in SDS-dissociating
buffer immediately after cross-linking and adding the
B-mercaptoethanol (<2%) along with tracking dye 10-30
min before the samples were electrophoresed. Under these
conditions, the amount of dimer in control samples (Fig.
1 D) was <7%. The distribution of covalently cross-linked
oligomers was calculated without any correction for this
small, variable fraction of noncovalent aggregates.*

Data on the distribution of oligomers from glutaralde-
hyde cross-linking of the isolated ROS membranes are
plotted (closed symbols, Fig. 2) as fraction of n-mer vs. y.
Higher values of u were achieved by increased reaction

‘A contribution of GTP-binding protein to the observed oligomeric
distributions is also possible. However, the amount bound to isolated,
dark-adapted ROS and cross-linkable by limited reaction is likely to be
within the error of the analysis.
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time at lower reagent concentration. At the lowest concen-
tration of glutaraldehyde used (0.1 mM) and reaction
times extending to several days, it was possible to increase
the observed values for p to ~1.2. The data clearly begin to
deviate from the random model as  increases beyond 0.7.
In particular, the amount of dimer is less than expected,
and falls between the values predicted for the random and
planar tetramer models. It is important to note that,
although there is deviation from the random model, the
data do not fit tetrameric models in two significant
respects. There is no enrichment of the cross-linked
tetramer as expected on the basis of both tetrameric
models (see Fig. 3), and there is accumulation of pentamer
(Fig. 2) and hexamer (data not plotted) as predicted for
collisional cross-linking but not for tetrameric models.

Kinetics of Glutaraldehyde Cross-linking

The progress of cross-linking for the reaction of ROS with
0.1 mM glutaraldehyde was investigated for up to 36 h.
These conditions were chosen because they generated
values of u that spanned the entire range of data in Fig. 2.
The progress of cross-linking at 0.1 mM glutaraldehyde is
shown in Fig. 4, which indicates that cross-linking is
roughly linear with time, i.e., appears to be zero order, for
about 5 h. At longer times and values of u > 0.5, the
cross-linking reaction begins to slow and eventually satu-
rates. This presumably occurs when all available reactive
sites on rhodopsin molecules have reacted with glutaralde-
hyde. One can conclude that the experimental data on
rhodopsin cross-linking are predicted very well by the
simple random model in the range where the apparent
cross-linking rate is zero-order and the Poisson approxima-
tion applies, i.e., for u < 0.5.

Cross-linking of Radioactively Labeled
Rhodopsin

Cross-linking of '“C-NEM labeled rhodopsin was used to
verify the quantitative analysis of the oligomeric distribu-
tions and determine the fraction of the total protein that
contributed to the analysis. ROS membranes that had been
reacted with '“C-NEM to quantitatively label available
sulfhydryl groups on rhodopsin were treated with 0.1 mM
glutaraldehyde as in the experiments presented in Fig. 4
and analyzed on SDS-polyacrylamide slab gels. The
observed peaks correspond to monomeric opsin or #-mers
with n = 2-4. (Larger oligomers were not resolved because
of slice thickness.) Some highly cross-linked opsin was
found at the top of the gel. Oligomeric distributions and
corresponding u values were calculated from the radioac-
tivity in each protein peak and distributions plotted as a
function of u (not shown) were in agreement with the
results derived from analysis of Coomassie-blue staining
(Fig. 2). The agreement between the two methods indi-
cates that Coomassie-blue staining was proportional to the

289




amount of opsin in a given gel regardless of whether the
protein was monomeric or cross-linked.

Interpretations of the oligomeric distribution are mean-
ingful only if a significant fraction of the total protein is
measured. The proportion of the total protein (cpm)
remaining at the top of the gel was determined at several
reaction times. The values are plotted in Fig. 4, which also
shows the progress of cross-linking in terms of u. In the
range where the cross-linking rate appears zero order,
more than 75% of the protein enters the gel and hence
contributes to the analysis of oligomer distribution. Thus in
the range where the random model applies, the cross-
linking patterns reported here represent the behavior of the
majority of rhodopsin molecules.

Glutaraldehyde Cross-linking of Aldolase

The results of rhodopsin cross-linking in ROS membranes
were compared with the cross-linking pattern for a known
oligomeric protein reacted under similar conditions. Aldo-
lase was chosen because it is a tetramer containing sub-
units (40,000 daltons) comparable in size to rhodopsin.
Structural information from x-ray crystallography reveals
that the tetramer possesses D2 symmetry (16). Prelimi-
nary cross-linking results using diimidates (15) were also
consistent with an oligomeric structure having D2 symme-
try.
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FIGURE 4 Progress of glutaraldehyde cross-linking of isolated ROS
membranes. Suspensions of ROS membranes (+'*C-NEM label) at 50
ug rhodopsin/ml were cross-linked by incubation with 0.1 mM glutaral-
dehyde at 4°C. Samples were taken from the suspension at various times,
ROS were solubilized and analyzed for oligomeric distribution as
described in Experimental Procedures. For unlabeled ROS, u (@) deter-
mined from densitometry at 550 is plotted vs. time. For “C-NEM labeled
ROS, the fraction of total cpm in the top 1 mm slice of the gel (A) is
plotted vs. reaction time.
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Aldolase was cross-linked with 1 and 5 mM glutaralde-
hyde for times ranging from 2 to 200 min. A difference
between aldolase and rhodopsin cross-linking was readily
apparent from inspection of gels, in that dimer and
tetramer predominated over monomer for aldolase even at
relatively short reaction times. The data from glutaralde-
hyde cross-linking of aldolase are plotted in Fig. 5 and
compared to the model prediction for a planar tetramer’®
with D2 symmetry (solid lines are from Fig. 3 C). Cross-
linking with glutaraldehyde for the times indicated led to
almost complete depletion of monomer with the concomi-
tant appearance of three higher molecular-weight bands
having apparent molecular weights corresponding to dim-
er, trimer and tetramer, respectively. In agreement with
the model, dimer and tetramer predominated strongly over
monomer and trimer at higher degrees of cross-linking.
Most of the aldolase time points yield values of u > 1. It is
evident from these results that the cross-linking of aldolase
proceeds more rapidly than that of membrane-bound
rhodopsin; monomer is virtually depleted in 2 h for aldolase
whereas for ROS, 50% of the rhodopsin remains mono-
meric even after 24 h of reaction at the same concentration
of glutaraldehyde. Thus rhodopsin’s cross-linking was dis-
tinguished from that of an oligomer model by (a) having a
slower overall rate and (b) displaying a pattern different
from oligomeric models in that there was no preferential
accumulation of oligomeric species reflecting a particular
oligomeric structure under any of the conditions investi-
gated.

Cross-linking of Rhodopsin with Other
Bifunctional Reagents

Interpretation of cross-linking results is complicated by the
fact that it is possible to obtain negative results, i.e., no
formation of covalent oligomers, even with proteins known
to be oligomeric (15, 17). Thus it is possible that rhodopsin
oligomers might exist, but intra-oligomeric cross-linking
would be prevented because reactive groups are not suffi-
ciently close or are sterically hindered. Although this is
unlikely to be the case for glutaraldehyde (see Discussion),
two other bifunctional reagents with different properties
have been employed to evaluate this possibility in the case
of rhodopsin. Data on the oligomeric distribution of ROS
reacted with the more lipid-soluble amino group reagent
diisocyanatohexane (18) are shown in Fig. 6. The data are
in reasonable agreement with the random model and again
show no preferential accumulation of dimer, trimer or
tetramer. For the cross-linking of intact retinas with cupric
o-phenanthroline (see Fig. 1 C) the presence of some
nonspecific oligomers, presumably resulting from air oxi-
dation, prevents a rigorous interpretation of cross-linking

Although aldolase is most likely tetrahedral (16), its cross-linking would
be equivalent to that of a planar molecule if one pair of contacts were
unreactive.
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FIGURE 5 Oligomeric distribution of glutaraldehyde cross-linked aldo-
lase. Aldolase was cross-linked in the presence of 1 mM and 5 mM
glutaraldehyde at 0°C. Samples containing 150 ug protein were with-
drawn at times ranging from 2 to 200 min. Oligomeric distributions were
determined from densitometric traces of solubilized samples run on 7.5%
SDS-polyacrylamide gels. Distributions are plotted as mass fraction of
n-mersvs.u.n=-1,@;2 A;3, 0;4, X
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FIGURE 6 Oligomeric distributions of ROS membranes cross-linked
with diisocyanatohexane. ROS suspensions at 50 ug rhodopsin/ml were
treated with 0.01% diisocyantohexane at room temperature. Samples
containing 100-200 ug were withdrawn at times ranging from 5 to 80
min. Distributions were determined from densitometric traces of samples
run on 7.5% SDS-polyacrylamide gels. Mass fraction of n-mers was
plottedvs. u.n = 1,®; 2, A;3,B; 4, X; 5, 0.
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patterns. Nevertheless, it can be noted that distributions of
oligomeric species produced by this reagent (data not
shown) fit the random model very well for u values up to
1.2. For higher levels of cross-linking at least, the relative
contribution from air oxidation is not likely to be signifi-
cant. In summary, the overall patterns of cross-linking
obtained with three different reagents are similar and
consistent with predictions of a model for random cross-
linking of rhodopsin monomers.

DISCUSSION

Monsan et al. (9) have shown that at alkaline pH, glutaral-
dehyde forms variable length polymers in which aldehyde
groups are conjugated with ethylenic double bonds. These
molecules form the acid stable linkages responsible for the
observed covalent cross-linking of proteins by glutaralde-
hyde. In the predominant species of the cross-linking
reagent (trimer), the reactive aldehyde groups are sepa-
rated by one double and five single carbon-carbon bonds.
However, greater separations will occur in larger polymers.
Because of the widely variable distance between its func-
tional groups, glutaraldehyde should be an optimal reagent
for random cross-linking of amino groups in proteins.

An oligomeric distribution characteristic of monomeric
rhodopsin was observed after cross-linking with two other
bifunctional cross-linking reagents as well as with glutaral-
dehyde. At neutral pH, diisocyanatohexane cross-links
proteins by reaction with amino groups (18). However, the
fact that it is not water soluble, suggests that this reagent
might have access to and react with a different set of amino
groups than glutaraldehyde. Results obtained with amino
specific reagents were compared with those for a sulfhydryl
reagent. Cupric ion complexed with o-phenanthroline cat-
alyzes the oxidation of protein sulfhydryl groups (17). This
reagent led to significant enhancement of rhodopsin
oligomers in retinal membranes relative to untreated con-
trols.

Given the failure to observe rhodopsin cross-linking
characteristic of a stable oligomeric protein with three
diverse reagents, it seems unlikely that this negative result
could have arisen as an artifact attributable to the lack of
reactive groups with appropriate proximity and orienta-
tion. The experiments on aldolase demonstrate, by con-
trast, that the distribution of oligomers predicted for a
planar tetramer is observed when aldolase is cross-linked
by glutaraldehyde under conditions that approximate as
closely as possible those used for studying rhodopsin in
membranes. The ratio of glutaraldehyde to protein (~130-
fold molar excess) was the same in both series. Rhodopsin
cross-linking at 0.1 mM glutaraldehyde was observed for
times as long as 40 h (Fig. 2) compared to the approxi-
mately 3 h that are required to deplete aldolase monomers
using 1 mM glutaraldehyde (Fig. 5). To the extent that
oligomeric rhodopsin in membranes would present a con-
figuration similar to a planar tetramer in solution, its
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cross-linking in these experiments would be expected to
proceed at a comparable rate and produce, as for aldolase,
a distribution of covalent oligomers enriched in species
reflecting the structure of the stable oligomers.

Kinetic Considerations of Rhodopsin
Cross-linking

Two lines of evidence indicate that the cross-linking occur-
ring in ROS reflects random collisions between molecules
rather than specific intra-oligomeric reactions. The first
involves reaction rates. Glutaraldehyde has been shown to
react almost exclusively with lysine residues of proteins
(17, 19, 20). Quiocho and Richards (20) measured the
progress of lysine modification in crystals of carboxypepti-
dase during glutaraldehyde cross-linking. They found that
cross-linking proceeds at a rate roughly comparable to
lysine modification. Hence to a first approximation the
rate of chemical reaction appears to be rate limiting for
cross-linking in a protein crystal. Using the cross-linking of
protein crystals as an experimental model for glutaralde-
hyde cross-linking of oligomeric proteins, and taking the
pH difference between the two experiments into consider-
ation, a second-order rate constant of ~50 x 10 M~' min~!
is predicted for the formation of monovalent glutaralde-
hyde/lysine adducts for the aldolase experiments carried
out at pH 8.5. The rate of cross-link formation is expected
to be similar.

The observed rate constant for initial cross-link forma-
tion per aldolase monomer at 1 mM glutaraldehyde was
20 x 10 M~' min~'. Thus, the cross-linking of aldolase is
kinetically consistent with cross-linking behavior expected
on the basis of observations on carboxypeptidase. For ROS
membranes, initial rate of cross-link formation is linear in
glutaraldehyde concentration up to ~5 mM and the sec-
ond-order rate constant for initial cross-link formation
between rhodopsin molecules is 2.6 M~' min~!, i.., an
order of magnitude slower than that observed for aldolase.
The comparison of rates, although consistent with expecta-
tion for intra-oligomeric vs. collisional cross-linking, is
affected by the number of lysines that participate in
cross-linking between the respective monomers of aldolase
and rhodopsin.

Direct experimental evidence that the initial rhodopsin
cross-linking observed is a result of collisions between
diffusing molecules comes from the parallel observations of
transient dichroism and cross-linking of retinas (5). These
show that the earliest detectable covalent cross-linking is
accompanied by an increase in the size of diffusing species.
Taken together, the results indicate that cross-linking of
rhodopsin is slower than would be expected if stable
oligomers existed in the membrane and that the slower rate
is most likely accounted for because diffusion mediated
cross-linking is slower than intra-oligomeric cross-linking.

A problem that has to be considered is whether the rate
difference between the observed cross-linking of rhodopsin
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and the predicted lysine-modification rate is partially
accounted for by a reduction in the effective glutaralde-
hyde concentration because of reaction with membrane
phospholipids, especially PE. The progress of rhodopsin
cross-linking observed in these experiments tends to sup-
port the conclusion that the presence of membrane does not
significantly change the effective glutaraldehyde concen-
tration. The cross-linking of rhodopsin in ROS membranes
was observed to saturate after ~20 h at 0.1 mM glutaralde-
hyde (Fig. 4). This behavior can be accounted for because
cross-linking involves reaction between partially modified
rhodopsin molecules. The concentration of modified lysines
capable of cross-linking will increase with time while the
concentration of acceptor sites (available unmodified
lysines) decreases in parallel. Using the rate constant for
lysine modification discussed above, the shape of the rate
vs. time curve for such a process can be determined
independently from the absolute value of the rate. For the
expected pseudo-first-order modification rate (5 x 107?
min~' at 0.1 mM glutaraldehyde), the rate of cross-linking
would increase rapidly to a plateau. Decay from the
plateau would be half complete at 6.7 h and reactive lysines
would be saturated at 21 h. The observed progress of
cross-linking for ROS membranes corresponds reasonably
well with the simulated rate behavior. From data in Fig. 4,
the phase with apparently constant rate was estimated to
last ~5 h and saturation occurred at 20 h. These results
support the argument that modification of lysine residues
on membrane-bound rhodopsin is proceeding at a rate
comparable to that predicted from carboxypeptidase
results and observed for aldolase. Thus, there is no reason
to suspect that the effective concentration of glutaralde-
hyde is markedly different for the experiments with the
membrane-bound protein vs. the soluble protein. Apart
from possible effects of PE on rate, the similarity in size
and distribution of cross-linked oligomers observed with
both sulfhydryl and amino group reagents indicates that
cross-linking of PE is not significantly perturbing the
pattern of cross-linking.

CONCLUSIONS

The current study has shown that the cross-linking behav-
ior of native rhodopsin investigated with a variety of
bifunctional reagents is most consistent with a quantitative
model predicting the distribution of oligomeric species
produced by random cross-linking between monomers
diffusing in the disk membrane. Further evidence for
monomeric rhodopsin was provided by demonstrating that
glutaraldehyde cross-linking of ROS disk membranes
results in both a rate and a pattern for rhodopsin cross-
linking that can be distinguished from a reasonable experi-
mental model for a transmembrane oligomeric protein. In
addition to ruling out planar oligomers of the usual kind,
the results reported here also argue against large circular
oligomers (“donuts™), such that the rhodopsin aggregates
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would be equivalent to an infinitely long filament. As
demonstrated by Knight (7), this configuration would
result in a distribution of oligomers very close to that of the
random model used here. However, the cross-linking
should proceed at a rate characteristic of oligomers and the
range of conditions used should have produced larger
values of u, as seen when actin filaments were cross-linked
(7). Fatt (21) has postulated the existence of oligomers
(n = 12) that might have properties in common with both
of the oligomeric alternatives discussed above. The results
reported here argue against the existence of these large
rhodopsin aggregates in dark-adapted photoreceptor mem-
branes.

In native membranes virtually all observations of rho-
dopsin’s size, shape, and mobility (1, 22) are compatible
with a monomeric structure although these studies did not
specifically address the issue of oligomeric state. Most
reported evidence for oligomeric rhodopsin (with the
exception of freeze-fracture electron microscopy) has been
derived from detergent-solubilized rhodopsin (4, 23) or
rhodopsin that has been purified using detergent or organic
solvents (24, 25). It therefore appears that in environments
other than the native membrane, rhodopsin may be stabi-
lized by protein/protein interactions that are not charac-
teristic of its native dark-adapted state.

The form of rhodopsin that regulates the Ca** flux into
the ROS cytoplasm is most likely a monomer. This follows
from the fact that rhodopsin is monomeric in the dark-
adapted state and that single R* molecules are not incorpo-
rated into oligomers stable over the time course of the
Ca** response (5). The question remains open whether or
not formation of stable oligomers of photoexcited rhodop-
sin is involved in other light-regulated functions in ROS,
for example, the activation of phosphodiesterase. This
question is amenable to study by cross-linking methods
similar to those reported here.
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