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ABSTRACT Ran-binding protein 2 (RanBP2) (type II) is
a retinal cyclophilin-related protein that binds Ran-GTPase.
Type I cyclophilin is a shorter, alternatively spliced isoform of
RanBP2. Recently, we showed that the Ran-binding domain 4
(RBD4) /cyclophilin (CY) supradomain of RanBP2 acts both
in vitro and in vivo as a specific chaperone for bovine red/green
opsin (R/G opsin). R/G opsin undergoes a stable modifica-
tion of its electrophoretic mobility upon binding to RanBP2.
This modification is likely due to cis—trans isomerization of one
or more proline residues in the opsin protein. Here, we show
that expression of human red opsin in Escherichia coli and
COS cells results in the production of still a third electro-
phoretic variant of this protein. This variant was converted to
the RBD4 binding-competent form of opsin through direct
interaction with RBD4/CY, both ir vivo and in vitro. We
suggest that these distinct opsin species may represent kinet-
ically or thermodynamically trapped prolyl conformers that
can be interconverted by concerted action of the RBD4 and CY
domains of RanBP2. We also show that the C-terminal half of
RBDM4 is the binding domain for bovine R/G opsin and that
coexpression of human red opsin with type I cyclophilin in vivo
enhances the production of functional visual pigment. These
observations imply that prolyl isomerization may have im-
portance beyond its role in protein folding, possibly as a
molecular switch modulated by cyclophilin for the loading of
opsin onto RanBP2 during visual pigment processing in cones.

Peptidyl-prolyl cis—trans isomerases (PPlases) catalyze the
cis—trans isomerization of prolyl-peptide bonds (1-6), a rate-
limiting step in protein folding (7-9). Some PPIases also may
possess chaperone activity by binding and inhibiting the for-
mation of misfolded protein aggregates (10-12). It remains
unclear if the PPIase and chaperone activities are independent
functions of these proteins (6, 13-15). There is emerging
evidence implicating PPIase proteins in modulation of channel
and receptor activities (14, 16-18), morphogenesis of HIV-1
virions (19), regulation of mitosis (15), and processing, trans-
port and/or maturation of transmembrane receptors (20-22).
PPIases are ubiquitous and abundant proteins, divided into
four unrelated subgroups: the cyclophilins (1-4, 23), the
FK506-binding proteins (1-4), the parvulins (5, 24, 25), and
the trigger factor (6, 26). Cyclophilins comprise a large class of
conserved proteins that bind the potent immunosuppressive
drug cyclosporine A (23, 27). Until recently, the only cyclo-
philin with a suggested function in vivo was the NinaA protein
of Drosophila. Mutations in the ninaA gene severely reduce the
levels of opsins only in a subclass of fly photoreceptors (21, 22,
28-30). In addition, the NinaA protein forms a stable complex
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in vivo with R1-6 opsin (31). NinaA thus plays a critical role
in opsin biogenesis. The molecular mechanisms underlying the
function and opsin subclass specificity of NinaA, however, are
not understood.

In an attempt to identify proteins in mammalian retina with
biological properties similar to those of NinaA, we isolated
splice variants of a new class of cyclophilin-related proteins,
types I and II (32, 33). These are expressed predominantly in
cones among photoreceptor cells (33). The type II isoform is
identical to Ran-binding protein 2 (RanBP2) (34, 35), a large
protein that contains tandem domains homologous to Ran-
binding protein 1 (RanBP1) (36) and binds Ran GTPase (37).
To investigate the role of RanBP2 in retinal function, we
recently analyzed the function of two adjacent domains of
RanBP2, Ran-binding domain 4 (RBD4), and the cyclophilin
domain (CY), in the presence of bovine retinal extracts (38).
We showed that the RBD4/CY supradomain forms a complex
with bovine red/green opsin (R/G opsin) but not with the
closely related blue-cone or rod opsins. The CY does not itself
bind R/G opsin but stabilizes, both in cis and trans, formation
of the R/G opsin-RBD4 complex. This chaperone function is
associated with a CY-mediated modification of R/G opsin,
reflected by a shift in the predominant electrophoretic mobil-
ity of opsin from 49.5 to 51 kDa. This modification is depen-
dent on the CY-PPlase activity, and thus may be due to
cis—trans isomerization of one or more proline residues within
opsin. Coexpression of human red opsin and RBD4/CY in
COS cells increased the production of functional visual pig-
ment, suggesting that the specific chaperone and “foldase”
activity of RanBD4/CY is important in the processing and
maturation of human red opsin. To further investigate the
effect of RBD4/CY and type I cyclophilin on R/G opsin, we
used a heterologous coexpression system to carry out extended
structure—function analysis on RBD4 and CY in bovine retinal
extracts.

MATERIALS AND METHODS

General Methods. SDS/10% polyacrylamide gels (1.5 mm
thick, 13 X 13 cm) were run on a Hoefer SE600 electrophoresis
apparatus. Blotting of SDS/polyacrylamide gels onto polyvi-
nylidene difluoride (Immobilon-P) membranes (Millipore)
was carried out on a Genie electrophoretic blotter (Idea
Scientific, Corvallis, OR). Crude bovine retinal extracts were
prepared by grinding 10 bovine retinas (Pel-Freez Biologicals)
to fine powder on dry ice followed by homogenization in a glass
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homogenizer with 30 ml of retinal homogenization buffer
{0.75% 3-[(3-cholamidopropyl)dimethylammonio]-2-hydroxy-
1-propanesulfonate]/20 mM Tris'HCI, pH 6.8/250 mM
NaCl/2 mM 2-mercaptoethanol/0.02% NaN3/5% (vol/vol)
glycerol and protease inhibitors}. Retinal homogenates were
centrifuged and precleared with 5 ml of swollen glutathione
S-agarose beads (Sigma) and 500 ug of glutathione S-
transferase (GST) (Sigma) for about 30—-60 min at 4°C. Protein
was quantitated by the Bio-Rad protein assay.

Preparation, Expression, and Purification of Recombinant
Proteins. GST-fused human red opsin construct was prepared
by subcloning in-frame the Ncol-HindlIll fragment of clone
hs7 (39) into the bacterial expression vector pGEX-KG (40),
followed by transformation into Escherichia coli strain XL1-
Blue (Stratagene). Expression of GST-fused human red opsin
was induced with isopropyl 1-thio-B-D-galactopyranoside (1
mM) for 3-4 h. Cells were pelleted, resuspended in retinal
homogenization buffer, and lysed twice in a French pressure
cell followed by precipitation of the cell debris. Affinity
purification of red opsin was carried out by loading the
bacterial lysate onto a column (Bio-Rad) with swollen gluta-
thione-S-agarose beads and incubating for 1 h at 4°C. The
eluate was discarded, and beads were incubated and washed
four times with 15 ml of washing buffer (50 mM Tris'HCI, pH
7.5/100 mM NaCl/2 mM CaCl,/2 mM MgCl,/0.2% Triton
X-100) followed by a washing step with thrombin cleavage
buffer at 25°C (50 mM Tris-HCI, pH 8.0/150 mM NaCl/2.5
mM CaCl,/0.1% 2-mercaptoethanol/0.2% Triton X-100). Hu-
man red opsin was cleaved from GST by incubating the agarose
beads with thrombin cleavage buffer and thrombin (Sigma).
All other GST-fused proteins (GST-RBD4/CY and fragments
thereof) were constructed and expressed exactly as previously
described (33, 38, 40). Proteins were concentrated and washed
two or three times using Centricon concentrators (Amicon)
(38). Expression of unfused human red opsin used for coex-
pression in E. coli with GST-RBD4/CY was carried out using
the bacterial expression vector pALTER-Ex2 (Promega) with
the start translation site of red opsin placed eight bases
downstream from the ribosome-binding site. pALTER-Ex2 is
an expression vector driven by the tac promoter containing a
tetracycline selective marker and pl5a origin of replication
compatible with ColE1 vectors such as pGEX-KG (40). The
human red opsin clone hs7 was isolated by digestion with Ncol,
partial filling-in of the Ncol-sticky end with the Klenow
fragment of DNA polymerase, dCTP, dATP, and dTTP
followed by EcoRI digestion. The pALTER-Ex2 vector was
digested with BamHI followed by partial filling of the BamHI-
sticky end with the Klenow fragment, dGTP, dATP, dTTP,
and EcoRI digestion. The resulting fragments were ligated,
mixed with GST-RBD4/CY plasmid, and coelectroporated
into the lagl9 host E. coli strain, NM522.

In Vitro and in Vivo Binding and Electrophoretic Mobility-
Shift Assays. Binding assays in bovine retinal extracts with
GST-fused proteins were carried out at 4°C and 26°C, exactly
as previously described (38). Electrophoretic mobility-shift
assays in vitro with human red opsin expressed and purified
from E. coli and COS cells were performed by mixing and
incubating at 4°C equimolar concentrations (2 uM) of human
red opsin and RBD4/CY, RBD4, or CY in incubation buffer
(50 mM Tris-HCI, pH 7.5/100 mM NaCl/2 mM CaCl,/2 mM
MgCl,/0.5% 3-[(3-cholamidopropyl)dimethylammonio]-2-
hydroxy-1-propanesulfonate) for 1 h. Reactions were stopped
with the addition of 1 vol of 2X SDS/PAGE sample buffer and
boiling of the samples for 3-5 min. For in vivo binding analysis
of GST-RBD4/CY to unfused human red opsin, NM522 cells
were coelectroporated with the respective constructs. Protein
expression was induced with isopropyl I-thio-B-D-galactopy-
ranoside (1 mM) for about 3 h, and the cells were pelleted and
resuspended in 8:3 retinal homogenization/incubation buffer,
lysed twice in a French pressure cell, followed by centrifugation
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of cell debris. The GST-RBD4/CY-red opsin complex was
purified by incubating the lysate supernatant with glutathione-
agarose beads (Sigma), precipitating and washing of the beads
three times with washing buffer followed by elution of the
GST-complex with 10 mM reduced glutathione (Sigma) in
washing buffer. Aliquots were boiled after the addition of
2x SDS/PAGE sample buffer. Western blot analysis of incu-
bation reactions was carried out with rabbit anti-human red
opsin (JH 492, 1:2500) (41) using a chemiluminescent substrate
(Kirkegaard & Perry Laboratories) as described (38).

Characterization of the Effects of Type I Cyclophilin on
Human Red Pigment Generation. For the expression of type
I cyclophilin with two different start sites (33), the correspond-
ing cDNAs were subcloned into EcoRI and NofI sites of the
expression vector pMT3. The transient expression of red opsin
with and without type I cyclophilin in COS-1 cells, pigment
generation with 11-cis-retinal, purification of red pigment, and
spectroscopic analysis of the purified pigment were according
to the procedures previously described (38).

RESULTS

In Vitro Binding Analysis of RBD4/CY to Red Opsin. To
dissect further the role of RBD4/CY in R/G opsin binding, we
made a series of RBD4/CY-fused constructs (Fig. 1), incu-
bated them in parallel with detergent-solubilized retinal ex-
tracts at 4°C and room temperature, and analyzed the copre-
cipitating substrates by Western blotting with an antibody
against red opsin (Fig. 2). Previously, we showed that deletion
of CY from the RBD4/CY supradomain led to a significant
reduction in the binding of opsin to RBD4 when binding
reactions were carried out at 4°C (38). In addition, removal of
the N-terminal half of RBD4 from RBD4/CY (equivalent to
type I cyclophilin) abolished the binding of opsin to RBD4.
The N-terminal half of RBD4 (N-RBD4) by itself, however,
did not bind R/G opsin. Interestingly, when we incubated the
C-terminal half of RBD4 (RBD4-C) without CY, we saw
significant binding of opsin at levels comparable to that
observed with the whole RBD4 domain (Fig. 2). In addition,
incubation of binding reactions in parallel at a higher temper-
ature led to a significant increase in the binding affinity of red
opsin to RBD4-C/CY (equivalent to type I cyclophilin) (Fig.
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F1G. 1. Schematic diagram of six bovine RBD4/CY recombinant
constructs used in this study. RBD4/CY contains the entire RBD4 and
CY with PPlase catalytic site. RBD4-C/CY contains the C-terminal
half of RBD4 and the whole CY. This construct represents type I
cyclophilin, assuming the second methionine is used for translation
initiation (33). CY contains only the cyclophilin domain. RBD4
contains the entire RBD4. N-RBD4 contains the N-terminal half of
RBD4. RBD4-C contains the C-terminal half of RBD4. The restriction
sites of the cognate cDNA used for the cloning of the RanBP2 domains
into the GST-expression vector, pGEX-KG, are shown below the
constructs. B, BamHI; Bst, BstXI; N, Ncol; S, Stul.
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FI1G. 2. The C-terminal half of RBD4 is the binding domain for
bovine R/G opsin. Western blot analysis of glutathione-S-agarose
coprecipitates from incubation reactions of bovine retinal extracts with
GST-RBD4/CY and subfragments thereof (Fig. 1) at 4°C (Left) and
26°C (Right) using an antibody against human red opsin (41). Removal
of the N-terminal half of RBD4 from RBD4/CY (RBD4-C/CY)
abolishes its binding to R/G opsin at 4°C. This binding could be
restored by further removal of CY from RBD4-C/CY (RBD4-C). The
increase of the incubation temperature from 4°C to 26°C made
RBD4-C/CY competent to bind R/G opsin without changing the
affinity of R/G opsin to any other constructs. CL, NT, BD, and DM
represent, respectively, the 34-kDa collapsed, traces of the 49.5-kDa
native, 51-kDa RBD4/CY-binding competent form, and traces of red
opsin dimers.

2 Right, lane 3) without changing the affinities of binding of
opsin to any of the other constructs tested. This interaction
appears to be specific, because we did not observe any nonspecific
binding of opsin to the N-terminal half of RBD4 and CY.

In Vivo Role of Type I Cyclophilin (RBD4-C/CY). The
RBD4-C/CY construct encodes a protein identical to type I
cyclophilin (33). Previously, we observed that coexpression of
RBD4 and CY led to an increase in the production of
functional pigment. To understand further the role of type I
cyclophilin (RBD4-C/CY) on red opsin, we investigated its
function in vivo. We singly expressed red opsin or coexpressed
it with type I cyclophilin or RBD4/CY in COS cells. Because
there is ambiguity about which of two AUG codons functions
as the type I cyclophilin translation-initiator, we assembled two
constructs for type I cyclophilin, one encoding a protein with
an additional 17 residues at the N terminus. Compared with
cells expressing red opsin alone, coexpression of red opsin with
RBD4/CY or with either form of type I cyclophilin led to
similar increases in the formation of functional visual pigment,
with little change in the production of opsin apoprotein (Fig. 3).

Interconversion of Red Opsin Isoforms in Vivo and in Vitro
Directly by RBD4/CY. Next, we studied the effect of red opsin
expression, singly or in combination with RBD4/CY, in E. coli
cells. To this end, we first subcloned the human red opsin
cDNA into pALTER-Ex2 vector (Promega). Transformation
of the unfused opsin expression construct into strains DH-5«
and lacl9 host, NM522, resulted in no clones or only nonre-
combinant clones, respectively. A possible explanation is cy-
totoxicity caused by leaky expression of unfused opsin. To
overcome this potential toxic effect, we either expressed red
opsin fused to GST in NM522 cells or coexpressed unfused
opsin with GST-RBD4/CY. Both approaches resulted in the
growth of viable recombinants. Affinity purification of the
fused red opsin, followed by proteolytic cleavage of opsin from
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F1G.3. UV-visible absorption spectra of red pigment expressed in
COS cells. Red opsin expressed with RBD4-C/CY (type I cyclophilin)
(solid line), with RBD4-CY (dotted line), and alone (broken line) was
reconstituted with 11-cis-retinal and purified as described in the text.
Coexpression of red opsin with type I cyclophilin [the second starting
methionine (33) was used as translational start site] increased pigment
generation similar to that as with RBD4-CY (Inser). Similar results
were obtained when the first starting methionine of type I cyclophilin
was used as a translational start site (data not shown). The spectra were
normalized to the same scale at 280 nm absorbance. The typical
absolute 280 values ranged from 0.07 to 0.8 for red opsin alone, from
0.6 to 0.8 for red opsin with type I cyclophilin, and from 0.5 to 0.7 for
red opsin with RBD4-CY.

GST, and Western blot analysis with an antibody against red
opsin, revealed the production of a major 65-kDa opsin
isoform (Fig. 44, lane 1). In contrast, cotransformation of
NM522 cells with GST-fused RBD4/CY and unfused opsin
constructs resulted in the expression of a 51-kDa RBD4/CY-
binding-competent form of red opsin (Fig. 44, lane 2).

The red opsin purified from E. coli was mainly the 65-kDa
isoform (Fig. 44, lane 1), whereas in bovine retinal extracts,
the predominant red opsin species was the 49.5-kDa isoform
(Fig. 4D) (38). The predicted molecular mass of human red
opsin is 47.1 kDa. Western blot analysis of COS cell extracts
expressing red opsin in the absence of RBD4/CY also revealed
strong expression of the 65-kDa isoform (Fig. 4C, lane 1) but
not of the 49.5-kDa isoform. We also observed a minor opsin
isoform of 34 kDa in retinal extracts and extracts of expressing
E. coli and COS cells. This isoform was not produced when we
purified unfused red opsin with GST-RBD4/CY from E. coli
coexpressing these proteins.

Finally, to confirm the previous results and establish that
this RBD4/CY-induced modification of red opsin was not
mediated by any additional eukaryotic cellular factors, we
investigated the effects in vitro of purified RBD4/CY and
fragments thereof on red opsin purified from both E. coli and
COS cells. Addition of RBD4/CY to red opsin in vitro led to
the production of a 51-kDa opsin isoform (Fig. 4 B and C). This
effect was less pronounced with opsin purified from COS cells
(Fig. 4C, lane 2). The RBD4/CY-induced modification of red
opsin was not influenced by the addition of detergent during
purification of opsin (Fig. 4B, lanes 4 and 5). The CY of
RBD4/CY alone was insufficient to induce this modification.

DISCUSSION

The results presented here establish that RBD4-C is the
binding domain for red opsin (Fig. 2). The N-RBD4 domain,
in concert with CY, significantly enhances the binding of opsin
to RBD4-C (Fig. 2). Thus, N-RBD4 and CY act as chaperones
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F1G. 4. In vivo and in vitro binding and electrophoretic mobility-shift assays of RBD4/CY, RBD4, and CY on red opsin. (4) Western blot of
red opsin expressed by itself or coexpressed with GST-RBD4/CY in E. coli using an antibody against red opsin. (B) Western blot of purified red
opsin from E. coli by itself and incubated with purified RBD4/CY, RBD4, and CY using an antibody against red opsin. Lanes 4 and 5 represent
incubations with opsin purified from E. coli in the absence of detergent. (C) Western blot of red opsin purified from COS cells by itself and incubated
with purified RBD4/CY. (D) Western blot of an aliquot of crude retinal extracts with an antibody against red opsin. A major 65-kDa opsin isoform
was produced when red opsin was expressed either in E. coli or in COS cells. This opsin isoform may be converted to the 51-kDa
RBD4/CY-binding-competent form by the concerted action of RBD4 and CY. The 65-kDa opsin isoform is a very minor species in retinal extracts,
while the RBD4/CY-binding-competent form of opsin (51 kDa) is undetectable. In contrast, the 49.5-kDa (native) isoform is the major opsin
isoform in retinal extracts. The 86-kDa and 34-kDa bands may represent SDS/PAGE-resistant opsin dimers and collapsed isoforms of red opsin,
respectively. High molecular weight SDS/PAGE-resistant aggregates of opsin were seen in retinal extracts (D) and with opsin expressed in COS
cells (C). All samples were run on the same SDS/polyacrylamide gel. CL, NT, BD, NN, and DM represent, respectively, the 34-kDa collapsed,

49.5-kDa native, 51-kDa RBD4/CY-binding-competent form, 65-kDa nonnative, and dimers of red opsin. R.E., bovine retinal extract.

for red opsin to likely facilitate the interaction between
RBD4-C and opsin. Removal of N-RBD4 from RBD4/CY
abolishes its binding to opsin at 4°C. This binding can be
significantly restored by the further removal of CY from
RBD4-C/CY. This suggests that removal of N-RBD4 from
RBD4/CY may alter the interaction of RBD4-C with CY. This
change in interaction between RBD4-C and CY may sterically
hinder the binding of RBD4-C to opsin in the RBD4-C/CY
construct. The steric hindrance by CY on RBD4-C binding to
opsin could be partially overcome by raising the incubation
temperature (Fig. 2 Right), possibly due to partial “melting” of
type I cyclophilin tertiary structure. In vivo, coexpression of
type I cyclophilin (RBD4-C/CY) with red opsin leads to an
increase in the production of functional visual pigment similar
to that observed with RBD4/CY. Thus, the temperature-
dependent binding and chaperone activity in vitro of RBD4-
C/CY to opsin is consistent with the increased production in
vivo of functional pigment at physiological temperature (Fig.
3). We also have shown previously that the PPIase activity of
CY is reduced by about 40% in the presence of N-RBDA4, likely
due to a more restricted access of the short peptidyl prolyl-
substrate to the active site of CY (33). Taken together, the data
suggest that binding and interconversion of opsin by
RBD4/CY may represent two coupled, but physically sepa-
rate, processes involving opsin binding to RBD4 and CY-
dependent modification of opsin.

It is possible that the chaperone activity of RBD4 extends
also to Ran-GTPase. For example, the RanBP1 protein ho-
mologous to RBD4 also binds Ran in a GTP-dependent
fashion (37). RanBP1 has been shown to stabilize the native
conformation of Ran-GTP without affecting its intrinsic hy-
drolysis activity, likely by preventing the partial denaturation
of Ran, and thus, the premature release of GTP from Ran (42).
This suggests that RBD4 also may have a chaperone activity on
Ran-bound nucleotide.

Attempted expression of unfused red opsin in E. coli cells
resulted in the isolation of no recombinants, suggesting a
possible cytotoxic effect of this protein. When plasmids en-
coding red opsin and RBD4/CY were used in a cotransfor-
mation experiment, cells expressing both proteins were readily
isolated. This shows that RBD4/CY can rescue the apparent
cytotoxic effect of unfused red opsin in E. coli, which supports
the proposed role of RBD4/CY as a foldase and chaperone for
red opsin. Expression of red opsin fused to GST by itself also
was tolerated by E. coli cells. Expression of red opsin alone as
a GST fusion, followed by cleavage of the GST fusion partner,
resulted in an opsin isoform with an apparent molecular mass
of 65 kDa. In contrast, coexpression of RBD4/CY with
unfused red opsin in E. coli (Fig. 44), or incubation of red
opsin with RBD4/CY purified from E. coli (Fig. 4B) or COS
cells (Fig. 4C) resulted in the production of a 51-kDa opsin
isoform that is competent to bind RBD4/CY. The 65- and
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51-kDa red opsin species were barely and not detectable in
bovine retinal extracts, respectively (Fig. 4D). The major opsin
isoform in retinal extracts is the 49.5-kDa form. Red opsin
purified from COS cells was a poorer substrate than the opsin
expressed in bacteria, possibly due to its extensive heteroge-
neous glycosylation as shown by the typical broader SDS/
PAGE bands (Fig. 4C). The striking sharpness of the 51-kDa
opsin band produced in the presence of RBD4/CY suggests
that only minor unglycosylated and/or core-glycosylated red
opsin produced in COS cells may be competent to be modified
by RBD4/CY. As in retinal extracts (38), this conversion in
vitro was enhanced by the presence of CY, but CY by itself did
not produce a stable 51-kDa opsin isoform (Fig. 4B). Thus, the
conversion of red opsin by RBD4/CY is a direct effect, with
no requirements for additional cellular factors. In addition, the
concerted action of RBD4 and CY is required to convert
possibly different opsin isoform(s) in retinal extracts (38) and
expressed in E. coli and COS cells to the 51-kDa form.

Still another isoform of human red opsin with an apparent
molecular mass of 34 kDa was observed in different prepara-
tions of opsin from E. coli, COS cells, and retinal extracts (Fig.
4). This 34-kDa isoform may represent a compact (collapsed)
conformer that excludes SDS detergent from its core. Copu-
rification of red opsin expressed in E. coli with GST-
RBD4/CY blocked the formation of this 34-kDa form. We
also have previously shown that the 51-kDa RBD4/CY bind-
ing-competent isoform of bovine R/G opsin has no tendency
to form a multimeric ladder on SDS/PAGE (e.g., compare Fig.
4 A and B with C and D) (38). We suggest that suppression of
the formation of both the 34-kDa isoform and the ladder-
pattern of red opsin self-aggregates, in addition to conversion
of opsin to the 51-kDa isoform, represent independent physical
conversions of opsin by RBD4/CY. We have proposed that
this modification represents CY-PPIase mediated isomeriza-
tion of one or more proline residues within the opsin molecule.
This interpretation is supported by the observation that point
mutations in the RBD4/CY PPlase catalytic-domain prevent
conversion of bovine R/G opsin to the 51-kDa isoform (38),
and that this shift requires CY (Fig. 4B) (38).

Both the 65-kDa and 49.5-kDa opsin isoforms may represent
stable kinetically or thermodynamically trapped isoforms of
opsin in slow conformational equilibrium with the 51-kDa
form. Fig. 5 depicts a possible mechanism for this conforma-
tional trapping. In brief, RBD4 specifically binds the 51-kDa
form of red opsin, possibly preventing its reisomerization to
the 49.5- or 65-kDa forms. According to this model, CY
influences the kinetics of this conversion by catalyzing cis—trans
isomerization of proline residues in red opsin, while the RBD4
domain shifts the equilibrium toward the 51-kDa form by
specifically binding to this isoform. We propose that addition
of SDS detergent to the RBD4/CY-opsin complex stabilizes
this 51-kDa isoform by denaturing the protein in this altered
conformation, preventing subsequent spontaneous prolyl
isomerization. The presence of two distinct electrophoretic
isoforms of red opsin that may be converted into a third
isoform suggests that at least two proline residues in red opsin
may be undergoing isomerization.

This model has implications beyond the processing of red
opsin in cone cells. Recently, the free monomeric CY-A-
binding loop domain of the N-terminal region of the HIV-1
capsid protein was shown to contain kinetically trapped prolyl
conformations (43). In this case, CY-A is proposed to modu-
late the state of the prolyl “molecular switch” that may play a
critical role during virion morphogenesis (43). It is possible
that a similar mechanism operates in the formation of the
RBD4/CY complex, where the concerted action of the CY/
PPIase-mediated prolyl modification of red opsin and binding
to RBD#4 is critical to load and “lock” the opsin cargo onto
RBDA4. This system may serve as a model to understand other
potential homologous molecular mechanisms and function of

Proc. Natl. Acad. Sci. USA 94 (1997)

p
<+
Opsin (trans) * SDS {

Opsin (cis)

Opsin (trans)

FiG.5. Schematic model of the interaction between the RBD4/CY
supradomain and opsin. In the absence of added RBD4/CY, the
majority of R/G opsin is in the cis-isomerized form. The prolyl-
foldase, CY, induces cis to trans isomerization of one or more
peptidyl-prolyl bonds in opsin, resulting in a form that is competent to
bind RBD4. CY also is required as a chaperone to stabilize the
interaction between opsin and RBD4. SDS stabilizes the trans form of
opsin, which has a low propensity for self-aggregation. The cellular role
of Ran-GTPase in opsin folding/processing is still unclear. It may be
involved in the nuclear export of opsin mRNA, and with RBD4, may
act as a CY-mediated coupling factor between transcription and
translation of opsin(s) (38).

other proteins. For example, Pinl (15) and its related proteins
(44-46) contain PPlase and contiguous WW domains. The
WW module of the Yes-associated protein (YAP) protein has
been shown to bind proline-rich substrates (47). It has been
suggested that the WW protein-binding module may confer
specificity to the adjacent PPIase catalytic domain (15). The
development of an accessible heterologous coexpression sys-
tem for RBD4/CY and opsin described in this report may pave
the way to understand the structural basis of the RBD4/CY-
mediated modification of opsin. This is also important because
many of the mutations that lead to retinal degeneration in a
variety of species involve poorly understood defects in opsin
biogenesis (29, 48-55). It is possible that some mutations
causing retinal degeneration may affect, directly or indirectly,
the interaction between opsin and RanBP2.
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