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Peripherin-2/rds is required for biogenesis of vertebrate pho-
toreceptor outer segment organelles. Its localization at the high-
curvature rim domains of outer segment disk membranes sug-
gests that it may act to shape these structures; however, the
molecular function of this protein is not yet resolved. Here, we
apply biochemical, biophysical, and imaging techniques to elu-
cidate the role(s) played by the protein’s intrinsically disordered
C-terminal domain and an incipient amphipathic �-helix con-
tained within it. We investigated a deletion mutant lacking only
this �-helix in stable cell lines and Xenopus laevis photorecep-
tors. We also studied a soluble form of the full-length �7-kDa
cytoplasmic C terminus in cultured cells and purified from Esch-
erichia coli. The �-helical motif was not required for protein
biosynthesis, tetrameric subunit assembly, tetramer polymeri-
zation, localization at disk rims, interaction with GARP2, or the
generation of membrane curvature. Interestingly, however, loss
of the helical motif up-regulated membrane curvature genera-
tion in cellulo, introducing the possibility that it may regulate
this activity in photoreceptors. Furthermore, the incipient �-
helix (within the purified soluble C terminus) partitioned into
membranes only when its acidic residues were neutralized by
protonation. This suggests that within the context of full-length
peripherin-2/rds, partitioning would most likely occur at a
bilayer interfacial region, potentially adjacent to the protein’s
transmembrane domains. In sum, this study significantly
strengthens the evidence that peripherin-2/rds functions
directly to shape the high-curvature rim domains of the outer
segment disk and suggests that the protein’s C terminus may
modulate membrane curvature-generating activity present in
other protein domains.

The cellular basis for vertebrate vision rests upon many hun-
dreds of precisely sculpted and stacked membranous disks that
absorb visible light and scaffold a G-protein-mediated photo-

transduction cascade. The regularity and precision with which
these membranes are organized have fascinated cell biologists
for more than half a century, and their importance for photo-
receptor electrophysiological function has been recognized for
several decades (1, 2). In both rod and cone photoreceptors,
stacked membranous disks constitute the outer segment (OS)2

organelles of these cells. Maintaining this complex architecture
represents a constant challenge for retinal photoreceptors,
because a significant amount of disk membrane in each OS is
renewed on a daily basis (3). The disruption of OS membrane
structure or renewal by environmental and/or genetic causes
compromises photoreceptor function and can lead to progres-
sive and debilitating retinal diseases (4, 5). An improved knowl-
edge of normal OS structure is needed to advance understand-
ing of how perturbations trigger pathogenic processes.

The molecular basis for the formation and maintenance of
photoreceptor OS membrane architecture has begun to come
into focus but is not yet well resolved (4, 6). Advancing under-
standing in this area will require a molecular level knowledge of
how individual OS disk structures are generated and main-
tained. Disks are defined by high-curvature rim domains at
their peripheries, which are structurally and biochemically dis-
tinct (7–9). Both rod and cone disks require rim domains;
mature rod disks are distinct intracellular compartments that
are fully bounded by rim, whereas most (perhaps all) cone disks
retain at least some measure of edge domain and therefore
maintain continuity with the OS plasma membrane (10, 11).
The mechanisms that create/maintain the high-curvature rim
domains are of key importance, because membrane structures
with diameters of this scale (�26 nm) require shaping by active
mechanisms and specialized proteins (12). The question of how
disk rims are shaped is not yet answered; however, several
reports indicate that peripherin-2/rds (P/rds), an integral mem-
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brane protein and member of the tetraspanin superfamily, can
act to generate membrane curvature (13, 14). A potential role
for P/rds in curvature generation was suggested when the pro-
tein was originally localized to disk rims (15); however, direct
evidence for this hypothesis had been lacking until recently.

P/rds is essential for the elaboration of photoreceptor OS
organelles (16). Although generally believed to function as a
structural element, its mechanism of action is not yet well
resolved (6, 17). The role of its cytoplasmic C terminus is par-
ticularly puzzling, in part because this �7-kDa intrinsically dis-
ordered domain has virtually no measurable secondary or ter-
tiary structure in aqueous solution (18). The P/rds C terminus is
nonetheless critical for physiological function, as demonstrated
by the variety of pathogenic mutations that affect it (supple-
mental Fig. 1). Intrinsically disordered domains can acquire
structure as a function of target binding (19), and membrane
mimetics can induce secondary structure in the P/rds C termi-
nus (18, 20, 21); however, it is not known whether this domain
is membrane-associated in photoreceptors.

Three possibilities have been suggested with respect to the
molecular activities of this domain. First, it is documented to
participate in the targeting of P/rds to the OS in vivo (22–24).
Importantly, the region essential for targeting may overlap with
that which gains structure in the presence of membrane mimet-
ics. Second, the C-terminal domain can promote membrane-
membrane fusion in vitro, and this activity was suggested to
support OS membrane structure (20, 21). Third, one recent
study shows that the P/rds C terminus can generate membrane
curvature in vitro, and it suggests that this activity may contrib-
ute to the formation and/or stability of OS disk rims (14). Given
the plasticity inherent in intrinsically disordered protein
regions, it is conceivable that this domain participates in several
activities.

Here, we demonstrate that bona fide phospholipid mem-
branes can induce an amphipathic helix (AH) in the P/rds
C-terminal domain in vitro and that this motif is distinct from
determinants for protein biosynthesis, trafficking, and interac-
tion with GARP2. We further demonstrate that the incipient
C-terminal AH is not required for P/rds membrane curvature
generation but instead acts to suppress this activity.

Results

P/rds�AH is properly synthesized in stably transformed HEK
AD293 cells

A variety of P/rds structure/function analyses have focused
on disease-linked mutations in the conserved extracellular-2
region of the protein; however, less attention has been focused
on the protein’s intrinsically disordered cytoplasmic C termi-
nus, which nevertheless plays a critical role for human vision
(25). Here, we generated a novel deletion mutant, P/rds�AH,
that eliminates only the residues encoding the proposed C-ter-
minal helical motif (amino acids 310 –325; illustrated in Fig. 1)
to investigate its mechanistic significance.

HEK AD293 (and COS-1) cells have proven to be valuable
expression systems for the analysis of P/rds (14); however, pre-
vious studies only used transiently transfected cells, which can
show large cell-to-cell variability in protein expression. For this

investigation, we also created and utilized stably expressing
clonal cell lines to control for potential variability of protein
expression. Stable lines were generated for the P/rds�AH
mutant and for a WT P/rds control (described under “Experi-
mental procedures”). We first assayed whether loss of the
inducible C-terminal AH would impede protein biosynthesis.
Fig. 2 shows a Western blotting analysis using the anti-P/rds
monoclonal antibody MabC6 to compare P/rds variants stably
expressed in HEK AD293 cell lines with native P/rds from
bovine rod OS membranes. MabC6 binds an epitope at the
protein’s extreme C terminus and is therefore specific for fully
translated P/rds (18, 26); importantly, this epitope remains
intact in the P/rds�AH mutant. Expression of the P/rds�AH
mutant was robust, and the protein showed a somewhat
increased mobility relative to WT P/rds (Fig. 2A), consistent
with its reduced molecular mass (�2 kDa). The P/rds�AH
mutant was detected as several closely spaced bands, a result
also commonly observed for WT P/rds. Each recombinant pro-
tein migrated more slowly than P/rds extracted from bovine
rod OSs, consistent with the more extensive (and heterogene-
ous) glycosylation commonly associated with heterologously
expressed P/rds (24, 27).

In the absence of added reducing agent, the P/rds�AH
mutant was present in both monomeric and dimeric forms,
akin to WT P/rds and P/rds from bovine rod OSs (Fig. 2B). The
dimer/monomer ratios were similar in all three samples (�1:1).
These results demonstrate that the deletion of the inducible
C-terminal AH had no significant effect on the disulfide-
mediated dimerization of P/rds that occurs during tetramer
polymerization.

Because native P/rds is characterized by an N-linked carbo-
hydrate modification that can affect its function (28), we tested
the effects of glycosidases on the stably expressed recombinant
proteins (Fig. 2C). In response to PNGase F, a mobility increase

Figure 1. P/rds is a disk rim-localized integral membrane protein with an
intrinsically disordered cytoplasmic C terminus of uncertain function. A,
vertebrate rod photoreceptor OS includes a stack of internalized membra-
nous disks that are discontinuous from and enclosed by a plasma membrane.
B, edges of internalized OS disks are characterized by small diameter “rims,”
where the membranes are bent into hairpin-like high-curvature shapes. C,
immunogold localization of P/rds to disk rims in a LR-White section of bovine
retina. D, in vitro studies show that the P/rds C terminus is intrinsically disor-
dered, but membrane mimetics can induce helical structure in its central
region (18, 20, 21). The model presented here hypothesizes that a similar
conformational change can be induced in situ. E, linear representations
(drawn to scale) of the P/rds protein variants investigated in this study; they
include WT P/rds, P/rds�AH (missing amino acids 310 –325), and CTER, a sol-
uble version of the cytoplasmic C terminus. Disordered regions are indicated
in pink.
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was observed for the P/rds�AH mutant protein, as well as for
the WT P/rds protein. This finding indicates that each protein
is covalently modified by the addition of an N-linked carbohy-
drate moiety. Mobility increases were also observed for each
protein in response to endoglycosidase H (Endo H), although
slight differences were noted in the banding patterns. Although
all carbohydrate on the WT protein was Endo H-sensitive, a
fraction (�30%) of the P/rds�AH protein appeared to be unaf-
fected by Endo H treatment. Because Endo H resistance reflects
glycan processing (and therefore protein processing by the
trans-Golgi), this result suggests that deletion of the inducible
C-terminal AH may alter secretory processing of the N-linked
carbohydrate moiety. Altogether, these findings demonstrate
that loss of the proposed C-terminal AH does not impair P/rds
biosynthesis or its ability to be post-translationally modified in
a manner largely similar to WT. The data also suggest that a
fraction of the mutant protein may undergo differential post-
translational processing.

Hydrodynamic analysis of P/rds�AH subunit assembly and
covalent polymerization

Previous investigations have demonstrated that P/rds in
native ROS membranes is characterized by several steps of self-
assembly. To examine whether the inducible C-terminal AH
can also contribute to protein subunit assembly and/or disul-
fide-mediated tetramer polymerization, we conducted a hydro-
dynamic analysis using a sedimentation velocity approach
developed previously (26). Non-denaturing detergent lysates

were extracted from HEK AD293 cells stably expressing
P/rds�AH or WT P/rds under reducing conditions, which were
then layered onto sucrose gradients and centrifuged overnight.
Fig. 3A shows representative data from reducing Western blot-
ting analyses of the fractionated gradients run under reducing
conditions and immunoblotted with anti-P/rds MabC6. The
sedimentation profile for P/rds�AH (Fig. 3A, upper right) was
essentially identical to that of WT P/rds (Fig. 3A, lower right).
Each protein was observed as a single major species, with sedi-
mentation coefficients (s20, w) of 5.0 � 02 (mean � S.D., n � 4)
for the P/rds�AH mutant and 5.3 (mean, n � 2), for the WT; in
each case these values reflect a tetrameric protein (29). No pro-
tein was found in the pellet fraction (Fig. 3A, lane P) for either
variant. These observations demonstrate that P/rds�AH sub-
unit assembly is unaffected by loss of its C-terminal inducible
AH and that the information required to specify a tetrameric
stoichiometry lies outside of this region.

Figure 2. Deletion of the P/rds C-terminal AH does not impair protein
biosynthesis or disulfide-mediated dimerization. A and B, stably express-
ing HEK AD293 cells were treated with N-ethylmaleimide to block free thiols,
and Triton X-100 extracts were subjected to non-reducing (A) and reducing
(B) 10% SDS-PAGE followed by Western blotting analysis with anti-P/rds
monoclonal antibody MabC6. An extract from bovine rod OSs was analyzed in
parallel for comparison. These data indicate that deletion of the C-terminal
AH does not affect disulfide-mediated P/rds dimerization. C, post-transla-
tional carbohydrate modifications were analyzed using PNGase F (F) and
Endo H (H) glycosidases, which cleave glycoprotein oligosaccharides. The for-
mer removes almost all types of N-linked glycosylation, but resistance to the
latter is a signature of Golgi processing. WT P/rds expressed in cultured cells
shows greater heterogeneity in glycosylation than does the native protein
from rod OS membranes (27).

Figure 3. Deletion of the P/rds C-terminal AH does not impair tetrameric
subunit assembly or disulfide-mediated tetramer polymerization. A, sta-
bly expressing HEK AD293 cells were treated with N-ethylmaleimide to block
free thiols, and Triton X-100 extracts were centrifuged under reducing condi-
tions in 5–20% (w/w) sucrose gradients. Fractionated gradients and particu-
late fractions (P) were assayed for P/rds by reducing SDS-PAGE and Western
blotting analysis with MabC6. Blots were scanned and quantitated to gener-
ate the plots shown. P/rds�AH sediments as a single major peak, with a
mobility essentially identical to that of WT P/rds and characteristic of a tetra-
meric stoichiometry (31). B, similar analyses were performed, except that cen-
trifugations and SDS-PAGE for Western blotting analysis were performed under
non-reducing conditions. In this case, P/rds�AH, like WT P/rds, sediments as mul-
tiple species, a characteristic of tetrameric complexes that have been integrated
into polymeric chains by disulfide bonds. Both monomeric (M) and disulfide-
linked dimeric (D) species are present in the non-reduced samples.
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When sedimentations were instead performed under non-
reducing conditions, using HEK AD293 lysates extracted under
disulfide-preserving conditions, P/rds�AH and WT P/rds each
sedimented as multiple species. Fig. 3B shows the sedimenta-
tion profiles revealed by Western blotting analyses conducted
under non-reducing conditions. In addition to a tetrameric
form, each variant also showed the incorporation of tetramers
into more massive forms, including significant accumulations
in the pellet fraction. These larger species include octamers and
higher order polymers of P/rds, formed by intermolecular
disulfide bonds that link tetramers together (30). Because the
sedimentation profiles of unreduced P/rds�AH and WT P/rds
were essentially identical, it can be concluded that the C-termi-
nal AH is not essential for the polymerization of P/rds tetram-
ers into higher-order forms via intermolecular disulfide bonds.
Altogether, the findings presented in Fig. 3 demonstrate that
loss of the inducible C-terminal AH does not impair any of the
known assembly processes responsible for generating normal
P/rds quaternary protein structure in cultured cells. Because
numerous studies demonstrate that COS-1 and HEK 293 cells
are excellent model systems for P/rds subunit assembly in ver-
tebrate photoreceptors (26, 31–35), it is likely that the P/rds
quaternary structure likewise does not rely on the C-terminal
inducible AH in vertebrate photoreceptors.

Trafficking of P/rds�AH to rod photoreceptor OSs

A previous study has highlighted the importance of P/rds
tetramerization for routing the protein to its site of function in
the OS organelle (36). Because subunit assembly and polymer-
ization of the P/rds�AH mutant appeared normal, it was of
interest to investigate its trafficking and localization in verte-
brate photoreceptors. The P/rds C terminus has previously
been implicated in the routing of P/rds to OSs (22, 23).

To test the importance of the AH region for P/rds targeting,
we chose transgenic Xenopus laevis photoreceptors, a preferred
system for this purpose, due to the large diameters of their OSs
(37). To allow for the unique identification of the mutant pro-
tein in the context of the endogenous frog P/rds, a P/rds�AH
minigene was constructed, based on the bovine P/rds sequence.
A previous study has demonstrated that the WT bovine P/rds
ortholog is properly expressed and localized in this system (38).
Transgenesis was conducted by injecting IseI-digested DNA
into fertilized X. laevis eggs, and ocular cryosections from pos-
itive Fo and F1 tadpoles were analyzed using immunohisto-
chemistry (IHC) and laser-scanning confocal microscopy
(LSCM). Fig. 4A (upper panel) presents a double-labeling
experiment, using anti-bovine P/rds polyclonal antibody Pab-
BCT in conjunction with wheat germ agglutinin (WGA), a
marker of photoreceptor OSs. The transgenic mutant protein
(Fig. 4A, red) was present only in OSs, in a pattern consistent
with labeling of disk rims. Similar results were obtained when
double-labeling of the P/rds�AH mutant was performed with
additional markers, including the Na�K�-ATPase (Fig. 4A,
middle panel), which labels inner segment plasma membranes,
and endogenous frog P/rds (Fig. 4A, lower panel), which resides
solely in OS disk rim membranes. In each case, the P/rds�AH
mutant localized solely to photoreceptor OSs in patterns
expected for disk rim localization. Closer inspection of the

mutant protein distribution revealed a high degree of overlap
with endogenous frog P/rds. Fig. 4B shows representative fields
from two different Fo animals; each illustrates similar labeling
patterns for transgenic mutant and endogenous WT proteins.
Distributions that include OS periphery labeling and longitudi-
nal striations are characteristic of disk rim localized proteins,
and they reflect the numerous incisures (infoldings) present in
frog rod OS disks. Cross-sectional images (Fig. 4B) and movies
(supplemental Figs. 2– 4) from reconstructed Z-stack 3D vol-
umes show a clear coincidence of labeling for the P/rds�AH
mutant and WT proteins at the incisures. In sum, these data
suggest that the P/rds�AH mutant was normally targeted and
localized, so we considered the mechanism by which this
occurred.

Because oligomerization is an integral feature of P/rds bio-
synthesis, it is possible that the P/rds�AH mutant protein was
incorporated into endogenous WT P/rds-containing oligo-
mers, which could then direct trafficking of the mutant protein.
Such an effect could mask potential trafficking defects within
the mutant protein. We therefore performed immunoprecipi-
tation experiments to examine this possibility. Anti-frog P/rds
monoclonal antibody Mab1G9 was used to immunoprecipitate
endogenous frog P/rds from lysates of transgenic P/rds�AH
X. laevis eyes, to test whether the (bovine) transgenic mutant
protein would co-precipitate. Fig. 4C (upper panel) shows a
direct comparison of lysed (L), unbound (U), and eluted (E)
fractions, probed with Mab1G9, to assay the efficiency of the
immunoprecipitation reaction. More than 62% of the endoge-
nous frog WT P/rds immunoprecipitated under these condi-
tions, as determined by digital densitometry. When these sam-
ples were instead probed with PabBCT (Fig. 4C, lower panel),
which specifically detects the P/rds�AH mutant, the majority
of the transgenic protein remained in the unbound fraction;
only 17% co-precipitated with the endogenous WT P/rds.
Because the bulk of P/rds�AH was not associated with endog-
enous P/rds, and all of the mutant protein trafficked and local-
ized normally, it can be concluded that the C-terminal AH was
not necessary for normal OS trafficking and localization to disk
rim membranes.

P/rds C terminus can interact with GARP2 and does not require
the AH motif to do so

P/rds is known to associate with several glutamic acid-rich
proteins (GARPs); however, the molecular determinants in
P/rds that mediate this interaction have not yet been identified
(39). We used transient transfection of HEK AD293 cells in
conjunction with immunocytochemistry to examine whether
P/rds can interact with GARP2, the most prevalent GARP in
photoreceptor OSs (40). Fig. 5A shows that GARP2 expressed
in HEK AD293 cells exhibited a diffuse staining pattern, indic-
ative of a cytoplasmic distribution. However, when co-ex-
pressed with WT P/rds in the same cell, GARP2 was recruited
to the punctate distribution that is characteristic of P/rds, and
its localization overlapped with that of the P/rds-containing
puncta (Fig. 5B). This recruitment is consistent with the previ-
ously observed association between GARP2 and P/rds in bovine
rod OSs (39) and indicates that other photoreceptor-specific
proteins are not required for their interaction. To examine the
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possibility that the P/rds C terminus participates in this associ-
ation, GARP2 was co-expressed with a (�7-kDa) soluble ver-
sion of the P/rds C-terminal domain (His6-CTER). In co-ex-
pressing cells, GARP2 and His6-CTER each showed diffuse and
partially overlapping cytoplasmic distributions, results consis-
tent with an interaction (Fig. 5C). To examine the importance
of the inducible AH, we co-expressed GARP2 with the
P/rds�AH mutant protein. Similar to WT P/rds, the AH dele-
tion mutant effectively recruited GARP2 from a diffuse cyto-
plasmic distribution to a punctate localization (Fig. 5D). Taken
together, the immunocytochemical analyses confirmed a pre-
viously reported interaction between GARP2 and P/rds, found
that no other photoreceptor-specific proteins were required,
and demonstrated that the region encoding the inducible C-
terminal AH was not required for this interaction.

To further explore the possibility that GARP2 can interact
with the P/rds C terminus in HEK AD293 cells, protein levels of
co-expressing cells were assessed by Western blotting analysis.
Fig. 5E compares the expression of His6-CTER in HEK AD293
cells in the absence and presence of GARP2 and shows that the
concentration of the P/rds C terminus is dramatically increased
when GARP2 is co-expressed. Reciprocal stabilization of

GARP2 by WT P/rds and by the P/rds�AH mutant was also
observed (Fig. 5F); however, the magnitude of the effect was less
dramatic. Taken together, these results add weight to the
immunocytochemical findings and suggest that the P/rds cyto-
plasmic C terminus can participate in P/rds interaction with
GARP2.

Bona fide phospholipid membranes induce C-terminal AH
folding and partitioning

Because we found that the proposed AH region was not
essential for several aspects of P/rds structure and function, we
thought it prudent to re-examine the proposal that this motif
can interact with and partition into phospholipid membranes.
Although several studies have shown that membrane mimetics
can induce a portion of the C terminus to adopt an AH struc-
ture (18, 20, 21), technical challenges have prevented an assess-
ment of whether bona fide phospholipid membranes can
induce a similar conformational change that includes mem-
brane partitioning.

We first used the MPEx prediction web tool (41) to model the
thermodynamics of CTER AH partitioning from a disordered
state (in aqueous solution) into a helical form embedded in a

Figure 4. P/rds�AH is efficiently trafficked to rod photoreceptor OS disk rims in transgenic X. laevis. A, confocal images (single optical sections) of
transgenic X. laevis photoreceptors analyzed by IHC. Ocular cryosections were double-labeled for the P/rds�AH mutant (red) and the OS marker protein WGA
(cyan, upper panels), or the P/rds�AH mutant (red) and the inner segment marker protein Na�,K�-ATPase (cyan, middle panels), or the P/rds�AH mutant (red)
and endogenous WT P/rds (cyan, lower panels). In each case, nuclei were counterstained with Hoechst 33342 (white). OS and inner segment boundaries are
indicated with asterisks (*, middle panels). In every case, P/rds�AH localization was restricted to OSs. B, detailed views of IHC double labeling of P/rds�AH
mutant (red) and endogenous WT P/rds (cyan) in transgenic photoreceptors; upper and lower panels show representative data from different cells expressing
the transgenic protein. Longitudinal views (above) show each protein present at OS disk edges and incisures. Cross-sectional views (below) derived from
reconstructed volumes (taken at dotted lines) show overlapping distribution patterns in incisures (arrowheads). C, Mab1G9 immunoprecipitation of endoge-
nous frog P/rds from retinal lysates derived from transgenic (Tg-P/rds�AH) and non-transgenic (Tg-neg) X. laevis. The lysed (L), unbound (U), and eluted (E)
fractions were assayed to measure the efficiency of the pulldown reaction for the endogenous WT P/rds (Mab1G9; upper panel) and to determine whether the
transgenic P/rds�AH co-precipitated (PabBCT; lower panel). Although nearly all endogenous WT P/rds was immunoprecipitated (IP) (upper panel), the great
majority of the mutant remained in the unbound fraction (lower panel) and was therefore trafficked to the OS in an independent manner. Asterisk (*; upper
panel) indicates antibody light chain eluted from the Mab1G9-Sepharose beads used for immunoprecipitation. IB, immunoblot.
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membrane interface. Only weak partitioning was predicted at a
neutral pH when the two glutamic acid residues present (Glu-
314 and Glu-321) would be charged (�G � �2.2 kcal/mol). In
contrast, when these charges were neutralized (i.e. by low pH,
salt-bridge formation, or pKa perturbation) (42– 44), partition-
ing into the membrane phase was substantially favored (�G �
�6.3 kcal/mol). Therefore, an initial analysis of CTER intrinsic
tryptophan fluorescence (ITF) was conducted at a low pH (4.5).
In the absence of membranes, CTER tryptophan fluorescence
peaked at 355 nm, a value typical for a solvent-exposed residue
(Fig. 6A, bottom-most curve). Addition of anionic large unila-
mellar vesicles (LUVs) with a phospholipid composition resem-
bling that of rod OSs (“OS-like LUVs”; described in “Experi-
mental procedures”) caused a blue shift in the peak maxima and
an increase in fluorescence intensity (Fig. 6A). A plot of the
relativefluorescenceintensityshowsaclearandsaturatingdepen-
dence upon lipid concentration (Fig. 6B, red symbols) that is

well fit (Fig. 6B, red line) by a simple partitioning model
(described under “Experimental procedures”), which indicates
a free energy of transfer (�G) from the aqueous phase to the
membrane of �8.2 kcal/mol. Likewise, titration of CTER with
uncharged neutral OS-like LUVs (no phosphatidylserine)
also resulted in tryptophan partitioning of somewhat lesser
favorability, displaying a �G of �7.6 kcal/mol (Fig. 6B, blue
symbols). Finally, CTER partitioning into anionic 2-oleoyl-1-
palmitoyl-sn-glycero-3-glycerol (POPG)/2-oleoyl-1-palmitoyl-
sn-glycero-3-phosphocholine (POPC) LUVs, a standard refer-
ence system used for peptide-membrane interaction studies
(described under “Experimental procedures”), was strongly
favored (Fig. 6B, black symbols) and gave a �G of �8.4 kcal/mol.
Altogether, these findings provide the first direct evidence that
CTER interaction with bona fide membranes includes trypto-
phan partitioning into the bilayer hydrophobic core.

Because MPEX predictions suggested a significant pH effect
on partitioning, we next performed pH titrations of CTER ITF,
using OS-like LUVs (Fig. 6C, red symbols), and POPG/POPC
LUVs (Fig. 6C, black symbols). The titration data demonstrate
CTER tryptophan partitioning into each membrane composi-
tion was pH-dependent and could be fit by a simple two-state
function. In each case, adjusting solutions to more acidic pH
resulted in blue-shifted ITF peak maxima, which reflected tryp-
tophan partitioning out of the aqueous phase and into the
membrane. Fitting these data with previously described titra-
tion equations (44) (Fig. 6C, solid lines) yielded apparent pKa
values and cooperativity coefficients of 6.5 � 0.3 (n � 1.0 � 0.6)
for the OS-like LUVs and 5.8 � 0.1 (n � 1.4 � 0.1) for the
POPG/POPC LUVs.

We next applied far UV-CD spectroscopy, which reports on
protein secondary structure content, to assess whether phos-
pholipid membranes can affect CTER structure. Fig. 6D dem-
onstrates that at pH 4.5 in the presence of POPG/POPG LUVs,
CTER displays prominent negative ellipticity bands at 208 and
222 nm (green line); these bands indicate significant �-helical
content. When shifted to neutral pH (8.0), the polypeptide
instead gave a strong negative ellipticity band at �200 nm (Fig.
6D, red line), revealing a loss of helical and an increase in ran-
dom coil content. A similar spectrum was generated by CTER
at pH 4.5 in the absence of LUVs (Fig. 6D, black line). These
results confirm the ITF findings above (that CTER tryptophan
partitioning in vitro is pH-dependent), and they support the
hypothesis that biological membranes can induce the central
portion of the intrinsically disordered CTER domain to form an
AH in a coupled partitioning-folding reaction. Moreover, these
data indicate that when the remainder of the P/rds protein is
absent, the interaction of CTER with membranes is favored by
acidic pH.

Localization of heterologously expressed P/rds�AH in stably
transformed HEK AD293 cells

Because the inducible AH was not required for normal pro-
tein biosynthesis, interaction with GARP2, or for OS localiza-
tion in photoreceptors, we further investigated its role in stably
transformed cultured cells. Previous studies have shown that
WT P/rds expressed in transiently transfected HEK AD293
cells is mainly localized in small puncta (often present in an

Figure 5. P/rds interaction with GARP2 does not require the AH motif.
Immunocytochemical localization of GARP2 and P/rds variants in transiently
transfected HEK AD293 cells. In each case, cell nuclei are stained blue, GARP2
reactivity appears in green, P/rds reactivity appears in red, and co-localized
proteins appear yellow. A, characteristic diffuse cytoplasmic localization of
GARP2 in singly transfected HEK AD293 cells. B, redistribution of GARP2 to small
puncta occurs upon co-expression with WT P/rds. C, diffuse localization is
retained upon co-expression with a soluble form of the P/rds C terminus, and
significant co-localization is present. D, GARP2 is effectively recruited into puncta
by P/rds�AH. E, Western blotting analysis of 6xhCTER, a soluble form of the P/rds
C terminus, demonstrates robust stabilization by GARP2 co-expression in HEK
AD293 cells. F, Western blotting analysis of GARP2 demonstrates moderate sta-
bilization by co-expression of full-length WT P/rds or P/rds�AH.
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irregular perinuclear density), and relatively little protein is
detected at the plasma membrane (14). To assess the impact
that deletion of the C-terminal AH had on P/rds distribution in
HEK AD293 cell lines, we performed double-labeling immuno-
cytochemical analyses, using a series of membranous organelle
markers in conjunction with LSCM. Fig. 7A shows co-localiza-
tion of the WT P/rds protein with markers for the endoplasmic
reticulum (ER; KDEL), the ER-Golgi intermediate complex
(ERGIC; p58), the Golgi (giantin), and the endosomal recycling
compartment (ERC; Rab11). The vast majority of the stably
expressed WT protein was distributed in distinct intracellular
puncta, a result similar to that previously reported for tran-
siently transfected WT P/rds in HEK AD293 cells (14). Puncta
distributions in different cells varied, whereas some were rela-
tively broad (Fig. 7A, panels a and g), most showed perinuclear
clustering (Fig. 7A, panels d and j). In no instance did the P/rds-
containing puncta significantly co-localize with any of the
organelle markers (Fig. 7A, panels c, f, i, and l); this outcome is
very similar to that previously observed for P/rds expressed in
transiently transfected HEK AD293 cells (14). Interestingly,
labeling of the P/rds�AH mutant was noticeably different from
WT; significantly fewer small puncta were generated, and large,
often oblate, inclusions were typically present in these cells (Fig.

7B, panels a, d, g, and j). Like the WT, the mutant protein was
largely localized in intracellular structures, rather than at the
plasma membrane. Double labeling showed that these struc-
tures were largely distinct from the intracellular membranous
organelles surveyed, including the nucleus, ER, ERGIC, Golgi,
and ERC (see supplemental Figs. 5– 8 for 3D volumes). We did,
however, note that the borders of the P/rds�AH inclusions
sometimes showed the presence of significant anti-KDEL reac-
tivity. Altogether, these results demonstrate that loss of the
P/rds C-terminal AH results in the accumulation of P/rds in
discrete membranous inclusions. Because WT P/rds in small
puncta was reported to induce tubulovesicular networks of
small-diameter membranes in cultured cells (14), we used
transmission electron microscopy (TEM) to examine the ultra-
structure of the larger inclusions induced by P/rds�AH expres-
sion. TEM visualization is a well established assay for mem-
brane curvature in cultured cells (45).

P/rds does not require its C-terminal AH to effectively generate
membrane curvature

Fig. 8A illustrates a typical inclusion found in an HEK AD293
cell line stably expressing the P/rds�AH mutant (arrowheads).
This structure displays a circular or oblate shape, with dimen-

Figure 6. Bona fide phospholipid membranes induce partitioning-folding of an AH in the intrinsically disordered P/rds C terminus. A, intrinsic trypto-
phan fluorescence spectrum of CTER in the absence (light green/yellow line) or presence of charged OS-like LUVs at pH 4.5 (various colors). Lipid concentrations
correspond to those indicated by the red titration curve in B. Increases in membrane concentration cause blue-shifts and increased fluorescence intensities,
consistent with the decrease in polarity of tryptophan environment upon membrane insertion. B, change of fluorescence intensity is plotted as a function of
lipid concentration for OS-like LUVs (red circles), uncharged OS-like LUVs (blue circles), and POPG/POPC LUVs (black circles). Each titration generates ITF signal
changes that are well fit by simple binding equations (described under “Results”; solid lines). The results demonstrate that the free energy of transfer of CTER
into OS-like LUVs (�G � �8.2 kcal/mol) is somewhat more favorable than of uncharged OS-like LUVs (�G � �7.6 kcal/mol); results for POPG/POPC LUVs (�G �
�8.4 kcal/mol) are shown for comparison with a previously documented reference composition used for peptide-membrane partitioning studies. C, parti-
tioning of the CTER AH into membranes is pH-dependent. The change of peak fluorescence intensity is plotted as a function of pH for OS-like LUVs (red circles)
and POPG/POPC LUVs (black circles). The data are fit (solid lines) to a titration equation (44) using the following parameters: pKa � 6.5 � 0.3 (n � 1.0 � 0.6);
pKa � 5.8 � 0.1 (n � 1.4 � 0.1) for the OS-like and POPG/POPC LUVs, respectively. D, circular dichroism spectra of CTER in the presence of 1 mM POPG/POPC
LUVs at pH 8.0 (red line) and pH 4.5 (green line), or absence of LUVs at pH 8.0 (black line). The induction of two negative ellipticity bands centered at 222 and 208
nm by LUVs at low pH indicate a conformational change from random coil to �-helix.
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sions (�2.5 �m diameter) that are comparable with the inclu-
sions observed by LSCM (cf. Fig. 7B, panel j). Inclusions were
present in 20 –50% of all cells examined by TEM, a proportion
comparable with that observed by LSCM (roughly 50 –75%),
given that TEM thin sections sample a relatively small fraction
of a given cell. No such inclusions were observed in a negative
control line stably expressing Rom-1 (n � 20). A higher magni-
fication view (Fig. 8B) reveals that the inclusion was densely
packed with membranes. We previously described the appear-
ance of “a tubulovesicular network of membranes” induced by
WT P/rds, to describe a seemingly interconnected system of
membranous tubules and vesicles (14). Our new results dem-
onstrate that the P/rds�AH mutant (like WT P/rds) can gener-
ate small-diameter tubules; however, the mutant-induced
structures were far more regular and extensive and can there-
fore be confidently interpreted as a network of intercon-
nected tubules (of more extended lengths and relatively con-
stant-diameters), often joined by three-way junctions (Fig.
8B, arrowheads). Higher magnification views (Fig. 8C)
allowed close examination of individual tubules in both lon-

gitudinal and end-on (arrow) orientations and revealed their
trilaminar membrane structure. Morphometric analysis
(Fig. 8D) found an average tubule diameter of 25.1 � 3.7 nm
(mean � S.D., n � 299), a value comparable with that of
photoreceptor OS disk rims (�20 –26 nm, dependent on
species and investigator).

Remarkably, we found that some tubules imaged at higher
magnifications displayed regular and distinct striations along
their longitudinal axes (Fig. 8E). Striations possessed a period-
icity of roughly 5.5 nm in the high-curvature tubules we ana-
lyzed (five repeats per 27-nm tubule). Because striations were
relatively common, but were not present in every tubule, it
seems likely that only the subset of tubules that were both
aligned with the plane of the section, and were lying largely
within it, displayed these features. This interpretation was con-
firmed by the appearance of tubules sectioned in transverse
orientations (Fig. 8E, inset). In these cases, a pattern of �12
units was observed in tubules of similar dimensions. Interest-
ingly, the diameter of P/rds-Rom-1 tetramers isolated from rod
OS membranes was estimated at �6 nm (13), suggesting that

Figure 7. P/rds�AH forms inclusions that appear largely distinct from secretory pathway organelles in cultured cells. LSCM analysis of HEK AD293 cells
stably expressing either WT P/rds (A) or mutant P/rds�AH (B) were double-labeled for indirect immunofluorescence with reagents directed against P/rds (red)
and a marker (green) for ER (KDEL), ERGIC (p58), Golgi (giantin), or ERC (Rab11) organelles. Nuclei are counterstained with Hoechst 33342 (blue). Single optical
sections from representative cells with moderate protein expression levels are shown. The majority of each protein was distributed in discrete puncta (WT) or
large inclusions (P/rds�AH), which were distinct from the membranous organelles surveyed. No significant co-localization was observed between WT P/rds or
P/rds�AH and any of the membranous compartments. Co-localization was quantified by Pearson’s correlation coefficient (PCC) using the Nikon Elements
software. For WT P/rds, the PCCs were as follows: KDEL, 0.61; p58, 0.47; giantin, 0.35; Rab11, 0.53. For mutant P/rds�AH, the PCCs were as follows: KDEL, 0.65;
p58, 0.44; giantin, 0.40; Rab11, 0.42. 3D volume views reconstructed from Z-section stacks (including double labelings against KDEL and giantin) are provided
as supplemental Figs. 5– 8. Scale bar, 10 �m.
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the striations documented here represent regularly arrayed
P/rds-containing tetramers.

To further understand the relationship between P/rds�AH
expression and tubulovesicular membrane induction, we per-
formed immunogold labeling to localize the mutant protein at
the ultrastructural level. Labeling with anti-P/rds monoclonal
antibody Mab2B6 generated highly specific patterns of immu-
nogold labeling in a subset (�25%) of cells, a fraction compara-
ble with the frequency of tubulovesicular membrane inclusions
observed by TEM and by IHC. Moreover, labeling distributions
within individual cells were confined to circular or oblate pro-
files with dimensions comparable with the tubulovesicular
membrane inclusions (Fig. 8F). Essentially, all immunogold

labeling could be inhibited by pre-incubation of the primary
antibody with a 16-amino acid synthetic peptide corresponding
to the Mab2B6 epitope. Although the mild fixation conditions
required to preserve antigenicity somewhat reduced ultrastruc-
tural preservation, tubulovesicular membrane features were
retained and were discernible at higher magnifications. Close
inspection of the data revealed many instances of P/rds�AH
reactivity associated with the high-curvature tubules (Fig. 8G).
Taken together, the conventional and immunogold TEM anal-
yses indicate that deletion of the AH from the P/rds C terminus
does not prevent this protein from generating high-curvature
membranes in cellulo.

Given that P/rds could generate membrane curvature in the
absence of its C-terminal AH, we were motivated to compare
P/rds�AH activity to that of the WT protein. Fig. 9A illustrates
typical inclusions produced by each protein. The tubulove-
sicular membrane inclusions in P/rds�AH-expressing cells
appeared to be more frequent, larger, and more highly orga-
nized than those previously documented in the WT P/rds-ex-
pressing cells (14), so we suspected that the deletion mutant
possessed enhanced activity. Three noteworthy differences
were apparent. First, the frequency of inclusions was far greater
in P/rds�AH (20 –50%) versus WT P/rds (�3%)-expressing
cells. Second, the extent of the inclusions (measured as area)
generated by P/rds�AH was at least 100-fold greater (�1 �m2/
cell) than WT P/rds (�0.01 �m2/cell). Third, the membranes
comprising the inclusions of P/rds�AH-expressing cells were
more organized and uniform than those of WT-expressing
cells. Whereas P/rds�AH expression routinely generated quite
long high-curvature tubules of relatively consistent diameters,
such structures were almost never observed in WT P/rds-ex-
pressing cells. Altogether, these findings suggested that the
deletion mutant possessed enhanced membrane curvature-
generating activity.

Because the P/rds�AH cell lines analyzed contained �2-fold
greater levels of P/rds protein than did the WT P/rds lines, we
considered the possibility that this difference contributed to the
differences in membrane curvature generation. Despite signif-
icant efforts, it was not possible to obtain stable lines with more
closely matched protein content, so we employed a co-expres-
sion approach to compare the activities of P/rds�AH and WT
P/rds. We reasoned that if WT P/rds activity was comparable to
(or greater than) that of P/rds�AH, then co-expression of WT
P/rds would maintain (or enhance) P/rds�AH curvature gen-
eration. In contrast, however, if WT P/rds activity was reduced
relative to that of P/rds�AH, then its co-expression would
inhibit P/rds�AH activity. Fig. 9, B and C, shows the results of
transiently transfecting stably expressing P/rds�AH cells with
WT P/rds (right panels) or expression vector alone (left panels).
Remarkably, co-expression of WT P/rds in the P/rds�AH sta-
ble line significantly reduced the frequency, extent, and organi-
zation of tubulovesicular inclusions in the P/rds�AH-express-
ing cells, relative to transfection with empty expression vector.
Co-expression of WT P/rds raised total P/rds content by �1.5-
fold and reduced inclusion frequency (proportion of cells dis-
playing at least one tubulovesicular inclusion) from 35 � 13%
(mean � S.D., n � 3) to 17 � 12% (mean � S.D., n � 3). It
reduced inclusion extent (area covered per cell) from 2.8 � 1.4

Figure 8. P/rds�AH displays robust membrane curvature-generating
activity. A, transmission electron micrograph of a post-stained HEK AD293
cell stably expressing P/rds�AH shows a large inclusion (arrowheads), pos-
sessing dimensions similar to those documented by immunocytochemistry
(Fig. 7B). B, higher magnification view of the inclusion, illustrating the dense
network of tubulovesicular membranes within it; several three-way junctions
are evident (arrowheads). C, higher magnification view from the same inclu-
sion illustrates the trilaminar structure of the membranes, a high-curvature
tubule sectioned in a transverse orientation (arrow), and several junctions. D,
histogram illustrating diameters of tubules generated by P/rds�AH expres-
sion. E, tubules imaged at higher magnifications display regular substructure.
Two tubules (�26-27- nm diameters) showing striations along their longitu-
dinal axes with a repeat of roughly 5.5 nm (small arrows). Inset, a transverse
section shows a similar periodicity. F, transmission electron micrograph of a
HEK AD293 cell stably expressing P/rds�AH, labeled with anti-P/rds mono-
clonal antibody Mab2B6 and anti-mouse-IgG nanogold followed by silver
enhancement. The large inclusion (dotted perimeter) shows robust labeling. G,
higher magnification views of immunogold inclusion labeling showing the
presence of P/rds�AH in the tubulovesicular membranes. The reduced ultra-
structural preservation (i.e. versus C) is typical for immunogold labeling exper-
iments, because milder fixation conditions are needed to retain antigenicity.
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Figure 9. AH deletion enhances the extent and organization of high-curvature membrane tubules. A, transmission electron micrographs of tubulove-
sicular networks in HEK AD293 cells stably expressing P/rds�AH (left) or WT P/rds (right). Scale bars, 200 nm. B, transmission electron micrographs of HEK AD293
cells stably expressing P/rds�AH that were transfected with empty vector (left) or WT P/rds (right). Reduced extent and organization of tubulovesicular
networks were seen when WT P/rds was co-expressed. Scale bars, 500 nm. C, higher magnification views from fields selected from the images presented in B
above. Cells stably expressing P/rds�AH were transfected with empty vector (left) or WT P/rds (right). Scale bars, 200 nm.
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�m/cell (mean � S.D., n � 3) to 1.0 � 0.4 �m/cell (mean �
S.D., n � 3). A reduction in tubulovesicular inclusion organiza-
tion was apparent by visual inspection; tubules were of lower
curvature (larger diameter) and more variable in shape (Fig. 9C;
right versus left panel). Taken together, our findings indicate
that the membrane curvature-generating activity of the
P/rds�AH deletion mutant is enhanced relative to that of WT
P/rds.

Discussion

Several animal models and a wealth of human molecular
genetic data demonstrate the fundamental importance of P/rds
for rod and cone photoreceptor function and viability (16, 17,
25). P/rds-associated retinal degenerations are characterized by
extensive heterogeneity; however, the molecular basis for this
diversity is not well understood, and this limits the ability of
clinicians to counsel patients and manage disease. An improved
understanding of protein function is required to resolve the
molecular logic underlying P/rds genotype-phenotype relation-
ships. This report investigates the significance of the protein’s
cytoplasmic C terminus, a structurally plastic and functionally
essential domain, for which multiple activities have been pro-
posed. We demonstrate that an inducible AH in the P/rds
C-terminal domain is not required for membrane curvature
generation in cellulo and that deletion of this feature up-regu-
lates this activity. These findings suggest the possibility that the
P/rds C-terminal domain may likewise act to regulate P/rds
function in vertebrate photoreceptors.

This study was motivated in part by our recent report that
full-length P/rds can generate membrane curvature in cellulo
and that a soluble version of the P/rds cytoplasmic C terminus
can generate membrane curvature in vitro (14). We proposed
that membrane curvature generation by P/rds provides a
molecular basis for rationalizing the energetically unfavorable
small diameters of OS disk rim membranes. Although the
induction of membrane curvature by proteins is not yet
well understood generally, AH partitioning into membranes
(“wedging”) has emerged as a commonly proposed mechanism
(46). Because membrane mimetics can induce an AH within the
P/rds C-terminal domain (18, 20, 21), and a synthetic peptide
corresponding to this region induces membrane curvature in
vitro (14), we hypothesized that this motif might promote
membrane curvature generation by full-length P/rds.

Targeted deletion of the residues encoding the P/rds C-ter-
minal AH did not prevent expression, post-translational mod-
ification, tetrameric subunit assembly, or disulfide-mediated
polymerization of the mutant protein. These observations are
consistent with the intrinsically disordered nature of the C ter-
minus (18) and with previous observations that insertion and
missense mutations in this domain do not significantly affect
these properties (47, 48). Loss of the C-terminal AH did slightly
affect protein glycosylation. Whereas WT P/rds was fully Endo
H-sensitive, a minor and variable fraction of the P/rds�AH
mutant was Endo H-resistant. This suggests that a subpopula-
tion of the mutant protein was processed by the trans-Golgi,
where the enzyme that confers Endo H resistance (�-mannosi-
dase II) resides. This result is consistent with the previous

observations that full or partial removal of the inducible AH can
result in acquisition of Endo H-resistant carbohydrate (24).

We found little evidence that targeting or localization in
transgenic photoreceptors was affected by the P/rds�AH
mutation. This was a somewhat surprising outcome, because
previous investigations have documented that OS targeting and
rim localization signals are present in the P/rds C terminus.
Efficient OS targeting of GFP fusion proteins in transgenic
X. laevis photoreceptors requires only a short sequence (10
amino acids) located downstream of the inducible AH (23);
however, OS targeting that includes enrichment at disk rims
requires additional upstream sequence (22). In this investiga-
tion, the vast majority of P/rds�AH-expressing photoreceptors
correctly trafficked and targeted the mutant protein to OS disk
rims. We did encounter rare examples of protein mislocaliza-
tion to inner segments, but these constituted a minor fraction
of the expressing cells (�5%). Because immunoprecipitation
evidence showed that the bulk of the mutant protein trafficked
independently of endogenous P/rds, our results indicate that
the region encoding the AH is largely autonomous, both from
the previously identified OS trafficking signal located down-
stream and from a yet-to-be defined upstream rim localization
signal (22, 23). This conclusion is consistent with a previous
report that found no effect of missense mutations within the
AH on P/rds targeting in Xenopus rods (47).

Results reported here demonstrate that P/rds can associate
with GARP2 and does not require its AH-encoding region, or
other photoreceptor-specific proteins, to do so. Given that our
data implicate the P/rds C terminus in this association, they
suggest a model in which one or more of the intrinsically disor-
dered regions flanking the membrane-inducible AH bind(s) to
GARP2 (and potentially other GARPs). Although the molecular
roles of P/rds-GARP interactions are not fully understood, cur-
rent information suggests that they are important for the sta-
bility of OS membrane architecture (38, 39, 49, 50). Interest-
ingly, GARPs, like the P/rds C terminus, are largely intrinsically
disordered (51), and studies are needed to determine whether
P/rds-GARP2 association includes mutually induced folding.

Previous investigations have used membrane mimetics to
suggest that a C-terminal �-helix can partition into membranes
(18, 20, 21, 52); however, direct evidence that bona fide mem-
branes can induce such a structure is lacking, because the large
dimensions of kinetically stable membrane vesicles interfere
with many biophysical approaches. We have addressed this
knowledge gap by performing ITF and CD studies under con-
ditions that eliminate the light-scattering artifacts produced by
LUVs (53, 54), and we found that bona fide phospholipid mem-
branes can indeed promote folding/partitioning of a C-termi-
nal AH. Interestingly, significant partitioning of the isolated
polypeptide in vitro was only observed in a pH range (�6.0)
below that (7.4) documented for the OS cytoplasm (55). This is
consistent with theoretical MPEx predictions that protonation
of the two glutamic acid residues present in the induced helical
motif can affect partitioning. The pKa values of such residues
are environment-sensitive and predicted to be affected both by
the lipid bilayer surface and by proteins embedded within it
(42– 44). Therefore, the current results suggest that if AH par-
titioning occurs within the context of full-length P/rds in vivo, it
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likely does so at a lipid bilayer interfacial region, potentially
involving the protein’s transmembrane domains.

To test the idea that the AH motif may promote membrane
curvature generation, we examined how its loss affected the
membranes in which it was localized, in stably expressing cul-
tured cells. Like WT P/rds, P/rds�AH was largely localized to
intracellular membranes that were contained within discrete
inclusions. In contrast to WT P/rds, which was localized in
numerous small puncta, the mutant was concentrated in one
(or a few) very large inclusion(s) per cell. Immunocytochemical
analyses showed that these structures were largely distinct from
intracellular membranous organelles. Interestingly, however,
these inclusions contained a distinctive network of high-curva-
ture interconnected tubules reminiscent of the tubular ER (56),
and we therefore think it likely that the inclusions were ER-de-
rived. The lack of significant anti-KDEL labeling of these inclu-
sions was potentially due to the small diameters of their tubules,
because tubule constriction is well documented to exclude
luminal proteins (45, 57). Consistent with this interpretation,
we also found low but significant levels of reticulon 4a, an ER
tubule-shaping protein (58), associated with P/rds�AH-con-
taining inclusions (supplemental Fig. 9).

The tubulovesicular inclusions produced by P/rds�AH were
unexpectedly more frequent, larger, and more highly organized
than those generated by WT P/rds. Individual tubules shaped
by mutant expression possessed average diameters of �25 nm,
a value significantly smaller than the �50-nm diameters of nor-
mal tubular ER (56), and also smaller than the �35-nm diame-
ters produced by WT P/rds (14). We therefore conclude that
the C-terminal AH motif is not essential for membrane curva-
ture generation by P/rds in cultured cells. This finding argues
against our previous model that AH partitioning (wedging)
drives P/rds generation of membrane curvature. It also coun-
ters the popular hypothesis that wedging is a mechanistically
necessary aspect of membrane bending. Our finding is consis-
tent with several recent reports, which find little or no contri-
bution of AH wedging for endophilin (a prototypical curvature-
generating protein) membrane-bending activity (59, 60). We
previously demonstrated that the isolated P/rds C-terminal
domain (and a peptide mimetic of the inducible amphipathic
helix contained within it) can each generate membrane curva-
ture in vitro (14). The current finding that this motif is not
required for membrane curvature generation may therefore
reflect the unique lipid composition of OS disks, an in vivo
function for curvature sensing (versus curvature generation), or
a non-physiological activity. Additional studies would be
required to differentiate between these possibilities. In any
event, the current results demonstrate that significant curva-
ture-generating activity must reside in other regions of the pro-
tein, which likely include the transmembrane domains. In this
regard, the tubule substructure we document here is consistent
with a 3D model of P/rds that estimates an �6-nm diameter for
the transmembrane domains of the tetrameric protein (13).
Our observations suggest that linear arrays of tetramers may
pack closely together to shape the high-curvature tubules (and
potentially photoreceptor disk rims).

Interestingly, P/rds-associated high-curvature tubules are
present in the rod photoreceptors of rhodopsin knock-out

mice. These cells cannot elaborate OSs, and instead generate
rudiments filled with P/rds-containing membranes with tubu-
lar and vesicular profiles (61). A recent 3D TEM-tomography
study has resolved these structures as high-curvature tubules
derived from the ciliary plasma membrane.3 Thus, the machin-
ery responsible for OS disk morphogenesis appears limited to
producing high-curvature P/rds-enriched tubules when inade-
quate rhodopsin is available to synthesize normal disks.

The striking tubulovesicular structures generated by P/
rds�AH are significant for several reasons. First, the robust
activity displayed by this mutant adds weight to the currently
limited evidence that P/rds functions directly as a membrane-
shaping protein. Second, the fact that AH loss promoted mem-
brane curvature introduces the possibility that this motif (and
therefore the C-terminal domain) may play a regulatory role for
P/rds function. Finally, the establishment of a robust and repro-
ducible assay for P/rds function, which is amenable to genetic
manipulation, means that the long-pursued goal of establishing
rational genotype-phenotype correlations for the many patho-
genic defects in this protein may finally be in sight.

Altogether, this report advances knowledge and understand-
ing of P/rds structure and function. It implicates the P/rds C
terminus as a participant in interaction with GARPs, and it
demonstrates that the central portion of this domain can parti-
tion into phospholipid membranes as an AH and can specifi-
cally participate in (but is not required for) membrane curva-
ture generation. Combined with previous studies, the current
findings suggest that pathogenic mutations affecting the C
terminus of human P/rds can act through one or more of
several mechanisms (including altering GARP2 binding, dys-
regulating curvature-generating activity, and/or impairing
protein targeting) and set the stage for use of engineered
animal models to gain more detailed understanding of
related human retinopathies.

Experimental procedures

Recombinant protein production

All DNA constructs were sequence-verified prior to use. Pre-
viously generated constructs (47), which contain the full-length
coding regions of bovine WT P/rds (pcPERS) and WT Rom-1
(pcROMS), subcloned into the pcDNA3 mammalian expres-
sion vector (Invitrogen) were used for stable transformation of
HEK AD293 cells. From pcPERS, we derived a construct encod-
ing mutant P/rds, pcPdAH. A combination of polymerase chain
reaction (PCR) amplification and Gibson assembly was used to
delete the nucleotides encoding amino acid residues 310 –325
(KSVPETWKAFLESVKK). The new construct encodes a pro-
tein, P/rds�AH, that lacks only the inducible C-terminal AH.
The coding sequence of P/rds�AH was also subcloned into a
vector for expression in X. laevis rod photoreceptors to create
the pXPdAH-CG construct. This plasmid utilized a pHGCR-
lox backbone (a kind gift of Dr. Daniel Buchholz), which
includes flanking I-SceI sites and tandem HS4 insulator
sequences. The two existing cassettes in pHGCR-lox (HSP-
GFP and CMV-dsRED) were replaced with the following: 1) a

3 S. Volland and D. S. Williams (UCLA), personal communication.
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0.8-kb Xenopus rod opsin promoter fragment driving P/
rds�AH expression in rod photoreceptors, and 2) a crystalline
promoter fragment driving expression of GFP in the lens.
Standard techniques were used to subclone these fragments;
the upstream cassette was derived from pOLM2 (22) and
pcPdAH (described above), and the downstream cassette was
derived from pDPCrtTA-TREG (62), a kind gift of Dr. Daniel
Buchholz.

Expression and purification of CTER (from GST-CTER) in
E. coli have been described previously (18). To generate a His6-
CTER pcDNA3 construct for expression in mammalian cells,
cassette mutagenesis with synthetic oligonucleotides (forward,
5	-agcttgccgccaccatgggccatcaccatcaccatcacg-3	; reverse, 5	-gat-
ccgtgatggtgatggtgatggcccatggtggcggca-3	) was used to add six
histidines to the CTER N terminus. A pcDNA3-based expres-
sion vector for bovine GARP2 expression in mammalian
cells was constructed by subcloning the GARP2 coding
region from the previously generated pcGGa plasmid (38).
Expression of His6-CTER and GARP2 proteins in HEK
AD293 cells by transient transfection using FuGENE 6
(Roche Applied Science) was performed essentially as rec-
ommended by the manufacturer.

Generation and transient transfection of stable cell lines

HEK AD293 cells (a subline of HEK 293 with enhanced adhe-
sive properties; Stratagene, Inc.) were previously validated for
full-length P/rds expression using transient transfection
(48). Cells were transfected with purified and linearized
pcDNA3-based plasmids, using XtremeGENE 9 according to
the manufacturer’s protocol (Roche Applied Science). Con-
structs encoding bovine orthologs of WT P/rds, P/rds�AH, and
Rom-1 were utilized. Cells were maintained in DMEM contain-
ing 10% FBS and penicillin and streptomycin for 3 days, at
which time geneticin (G418) was added (1 mg/ml). After 2–3
weeks, isolated colonies were collected and individually subcul-
tured in selective media. Subcultured cells expressing the pro-
tein of interest (as assayed by immunocytochemistry) were
subjected to a second round of cloning by limiting dilution,
and protein expression was confirmed by Western blotting.
Selected clones were expanded, frozen, and stored in liquid
nitrogen. Continued subculture of stably expressing lines was
conducted in the presence of 0.7 mg/ml geneticin in DMEM
supplemented with 10% FBS. Experiments were performed
on cells subjected to fewer than 20 passages. Transient trans-
fections of stably transformed HEK AD293 cells with
X-tremeGENE 9 reagent were performed according to the
manufacturer’s specifications and essentially as described
previously (47).

Protein expression and immunoprecipitation analysis in
transgenic X. laevis

Transgenic X. laevis were generated at the National Xenopus
Resource (Woods Hole, MA), using an I-SceI meganuclease
method, essentially as described (63). Plasmid pXPdAH-CG
was digested with I-SceI and injected into fertilized eggs, and
viable embryos were reared at 18 °C on a 12:12 light cycle. At
5–7 days post-fertilization (dpf) and again at 10 –12 dpf, tad-
poles were screened for ocular lens GFP fluorescence using a

Nikon Optiphot-2 microscope equipped with an epifluores-
cence illuminator and GFP filter set. Transgenic tadpoles (and
non-transgenic controls) were sacrificed at 14 –16 dpf for anal-
ysis by Tricaine overdose and pithing. Eyes were enucleated and
either snap-frozen for use in biochemical analyses or were cryo-
protected with 20% sucrose and frozen in Optimal Cutting
Temperature (OCT) compound for immunohistochemical
analyses. All samples were stored at �80 °C until use.

For immunoprecipitation experiments, the eyes from eight
tadpoles were used to immunoprecipitate endogenous P/rds,
followed by immunoblotting to determine whether the trans-
genic bovine P/rds would co-immunoprecipitate. Immunopre-
cipitation analyses were conducted using anti-xP/rds Mab 1G9
covalently coupled to Sepharose beads at 5 mg of purified
IgG/ml of beads (CNBr-activated Sepharose 4B, GE Health-
care). Proteins from 16 tadpole eyes (eight tadpoles) were solu-
bilized on ice (30 min) with gentle vortexing in Buffer L, con-
taining 50 mM Tris-HCl (pH 7.5), 1% Triton X-100, and 1

protease inhibitor mixture with 1 mM EDTA (Roche Applied
Science). The solution was diluted 7-fold with PBS and then
centrifuged at 30,000 rpm for 30 min at 4 °C. The clarified
extract was then incubated with immunoaffinity matrix (60 �l
of beads) for 1 h with gentle agitation at room temperature.
After collection of the unbound fraction, beads were washed
with 12 volumes of 0.1% Triton X-100 in PBS, and bound pro-
teins were eluted in Laemmli sample buffer by heating (95 °C)
for 10 min. Fractions were analyzed by Western blotting using
the procedures detailed above and the following primary anti-
bodies: anti-frog P/rds and anti-bovine P/rds PabBCT. Digital
densitometry was conducted using the LiCor Odyssey software.

Immunohistochemistry and immunocytochemistry

IHC analyses were performed on ocular cryosections (12
�m) from transgenic positive tadpoles, essentially as described
(38). For immunocytochemical analyses, HEK AD293 (Strat-
agene) cells were plated in 2-well chamber slides (Lab-Tek) and
processed for immunocytofluorescence analysis essentially as
described (Ritter et al. (38)) using anti-P/rds MabC6 (Goldberg
et al. (48)) or PabBCT (Goldberg et al., (70)) in combination
with the following antibodies as indicated: anti-KDEL antibody
(Abcam), anti-p58 (kind gift of Dr. Jaakko Saraste), anti-giantin
(Abcam), anti-Rab11 (BD Biosciences), and anti-pan-GARP
(rabbit sera raised against an N-terminal synthetic peptide cou-
pled to BSA; MLGWVQRVLPQPPGTPQKTK).

Laser scanning confocal microscopy

Subsaturated image Z-stacks were acquired with a Nikon C1
laser-scanning confocal microscope using a 
60 oil objective
(1.4 N.A.), 30-�m confocal aperture, 70-nm pixel, and 0.2-�m
step sizes. No adjustments (other than cropping and annota-
tion) were made to the images. Images presented are single
optical sections taken from the midpoint of a given Z-stack,
unless otherwise noted. Full Z-stack volume views are provided
as supplemental data. Co-localization was quantified by
Pearson’s correlation coefficient using the Nikon Elements
software.
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Analysis of CTER-membrane interactions by ITF and circular
dichroism spectroscopy

CTER protein was generated as described above and was
analyzed in the presence and absence of large (100 nm) unila-
mellar phospholipid liposomes. LUVs of three differing com-
positions were used for the studies. The first two compositions
utilize known rod OS phospholipid headgroup distributions
and cholesterol content (64, 65); we created anionic and
uncharged variants. The third is a previously used composition
used for equilibrium measurements of peptide and protein
partitioning into membranes (66, 67). OS-like liposomes
contained 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC),
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), 1,2-
dioleoyl-sn-glycero-3-phosphoserine (DOPS), and cholesterol
in a 5:4:1:1 molar ratio. Uncharged (neutral) OS-like liposomes
contained DOPC, DOPE, and cholesterol in a 6:4:1 molar ratio.
OS-like liposomes (both charged and uncharged) were gener-
ated by hydration of dried lipid films in 10 mM sodium citrate
buffer, 100 mM KCl (pH 8.0), followed by manual extrusion (68)
through defined pore size polycarbonate membranes (What-
man). 1-Palmitoyl-2-oleoyl-3-phosphatidylcholine (POPC)/
1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1	-racemic-
glycerol) (sodium salt) (POPG) liposomes were prepared at 1:3
molar ratio. Lipid stocks were mixed and then dried under a
high vacuum for �12 h. The dried lipid mixtures were hydrated
in 10 mM citric buffer, 100 mM KCl (pH 8.0), and 100 nm LUVs
were extruded as described (69). All lipids were obtained from
Avanti Polar Lipids, Inc., and were stored at �80 °C in chloro-
form under a nitrogen atmosphere.

Steady-state fluorescence spectroscopy was performed using
a SPEX Flurolog FL 3-22 steady-state fluorescence spectrome-
ter (Jobin Yvon, Edison, NJ) equipped with double grating exci-
tation and emission monochromators. The measurements
were made at 25 °C in 2 
 10-mm cuvettes, oriented perpen-
dicular to the excitation beam. For tryptophan fluorescence
measurements, excitation wavelengths were 280 nm and emis-
sion spectra were recorded between 290 and 500 nm, using
excitation and emission spectral slits of 2 mm and 4 nm, respec-
tively. CTER (2 �M) was mixed with LUV in 10 mM sodium
citrate buffer (pH 8.0), and gradual acidification was achieved
by addition of small amounts of 2.5 M acetic buffer. All spectra
were recorded after 15 min of incubation to ensure the equilib-
rium of the sample. Correction for the background and fitting
of all spectra to calculate the position of maximum emission
was done as described previously (53).

Circular dichroism (CD) measurements were performed on
peptides at 5 �M using an upgraded Jasco-720 spectropolarim-
eter (Japan Spectroscopic Co., Tokyo, Japan) at 25 °C, con-
trolled by a Peltier unit. Normally 80 –100 scans were recorded
to increase the signal-to-noise ratio at 190 –260 nm using a
1-mm optical path. CTER was prepared in 10 mM sodium cit-
rate buffer, 100 mM KCl (pH 8.0), and LUVs were added to a
final phospholipid concentration of 1 mM. Samples were
allowed to equilibrate with mixing for 15 min before spectra
were collected. Adjustments of pH were achieved by addition of
2.5 M acetic acid buffer. Spectra were corrected for background
scattering by subtracting LUV-only spectra.

HEK AD293 cell ultrastructure and immunogold protein
localization

HEK AD293 cells cultured in 100-mm dishes were processed
in 0.1 M Sorensen’s buffer (pH 7.4), at room temperature for
embedding in Polybed 812 (Electron Microscopy Sciences).
Cells were fixed for 1.5 h in 2.5% glutaraldehyde, osmicated for
15 min in 1% osmium tetroxide, and stained en bloc in 2% aque-
ous uranyl acetate for 10 min. Following EtOH dehydration,
cells were infiltrated serially with EtOH/Polybed 812 (3:1),
EtOH/Polybed 812 (1:1), EtOH/Polybed 812 (1:3), and pure
Polybed 812. Cells were then scraped from plates and pelleted
in Beem capsules by centrifugation, and the resin was polymer-
ized at 60 °C for 24 h. Thin sections were mounted on copper
grids and post-stained with uranyl acetate and lead citrate.

For post-embedding immunogold labeling in LR White resin
(Electron Microscopy Sciences), HEK AD293 cells cultured in
100-mm dishes were fixed 1.5 h in 4% paraformaldehyde, 0.5%
glutaraldehyde, in 0.1 M Sorensen’s buffer, (pH 7.4), at room
temperature. Following fixation, cells were incubated for 1 h in
1% tannic acid and stained en bloc 20 min in 2% aqueous uranyl
acetate. Cells were subjected to graded EtOH dehydration and
infiltrated with EtOH/LR White (1:1) and then pure LR White.
Cells were scraped from plates and pelleted in Beem capsules by
centrifugation, and the resin was polymerized at 50 °C for 48 h
or under UV illumination at 10 °C for 24 h. Thin sections were
mounted on Formvar/carbon-coated grids and were processed
with anti-P/rds Mab2B6 (a kind gift of Dr. Robert S. Molday) in
the presence (1000-fold molar excess) or absence of a peptide
corresponding to the antibody epitope. Secondary antibody
labeling was performed with a 1:50 dilution of goat anti-mouse
1.4-nm gold-conjugated IgG (Nanoprobes; Yaphank, NY),
which was enhanced with HQ Silver (Nanoprobes, Inc.). Sec-
tions were post-stained with 0.1% aqueous osmium tetroxide,
followed by uranyl acetate and lead citrate.

TEM imaging was performed using a FEI Morgagni instru-
ment at 80 kV, using a side-mount Hamamatsu Orca-HR digital
camera and AMT Image Capture Engine Version 601 software
and size-calibrated using a grating replica (Electron Micros-
copy Sciences). Brightness and contrast of some images were
adjusted to facilitate comparisons. Analyses of tubule diameter
in tubulovesicular membrane inclusions were performed using
the ImageJ software (National Institutes of Health) line tool.
Three cells possessing tubulovesicular network inclusions were
selected at random from a post-stained section. Tubule outer
diameters were measured with a line drawn perpendicular to
the tubule axis, at points where tubule diameters remained con-
stant for at least 50 nm. All distinct tubules within each selected
cell were counted (at least 50 –100 measurements/cell). Analy-
ses of tubulovesicular inclusion frequency (proportion of cells
having at least one inclusion) and extent (inclusion area) were
conducted by a blinded observer on 60 –90 randomly selected
cells from three independent transfections. The cytoplasm of
each cell was inspected at 22,000 – 44,000
 direct magnifica-
tion for the presence/absence of tubulovesicular inclusions,
using criteria of at least three clearly resolvable trifurcated cis-
ternae with small diameter (�40 nm) and uniform branches, in
close proximity to multiple (�5) small diameter (�40 nm)
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tubules possessing electron dense acini. Quantification of tubu-
lovesicular membrane inclusion areas was performed using the
ImageJ software (National Institutes of Health) polygon tool;
areas summed over the population assayed were normalized to
the number of cells in that population.
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