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Abstract

Peripherin/retinal degeneration slow (rds) is an integral membrane protein specifically localized to the light-sensing
organelle of the photoreceptor cell, the outer segment. Within the outer segment, peripherin is found at the edges of
photoreceptor discs, where it plays a critical role in disc morphogenesis and maintenance. Peripherin loss or mutations are
often associated with severe forms of visual impairments. Like all other resident outer segment proteins, peripherin is
synthesized in the photoreceptor cell body and subsequently transported to the outer segment. In an effort to further
examine peripherin’s delivery to outer segments, we undertook a careful examination of its targeting sequence. Using
a fluorescently labeled reporter expressed in the rods of transgenic tadpoles, we narrowed peripherin’s targeting sequence
to ten amino acids within its C-terminal tail. This small stretch of amino acid residues is both necessary and sufficient for
outer segment targeting. We also conducted alanine scanning of all residues within this sequence and found that only
a single residue, valine at position 332, is essential for outer segment targeting. This valine is conserved in all species and its
mutation is sufficient to completely abrogate the targeting of full-length peripherin in mouse rods.
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Introduction

Vision is initiated in the retina where light is captured by the

outer segment organelle of photoreceptor cells. The outer segment

is a modified primary cilium that contains large quantities of

proteins involved in visual signal transduction. Similar to all cilia,

the outer segment lacks the machinery required to synthesize

proteins and therefore relies on the import of proteins produced in

the cell body of photoreceptor cells. The importance of accurate

protein targeting to the outer segment is highlighted by

observations that defects in protein targeting result in retinal

degenerative diseases [1–3].

Membrane proteins destined for the outer segment are

synthesized in the endoplasmic reticulum, transported through

the Golgi, and then sorted at the trans-Golgi network into

transport vesicles specifically directed to the outer segment. The

fidelity of sorting is guided by targeting signals, which are short

stretches of amino acid residues encoding protein localization

information [4,5]. These targeting signals often reside within

a protein’s cytoplasmic domain and are deciphered by protein

sorting complexes present at the trans-Golgi. Only two targeting

signals responsible for directing membrane proteins to the outer

segment have been reported thus far. One signal is VXPX, which

is shared by rhodopsin, cone opsins, and the photoreceptor-

specific retinol dehydrogenase [6–9], as well as several other

proteins targeted to primary and sensory cilia in other cell types

[10–12]. In photoreceptors, this signal interacts with a small

GTPase Arf4, which defines rhodopsin packaging into transport

vesicles for outer segment delivery [13,14].

The second known targeting sequence resides within the C-

terminus of peripherin/retinal degeneration slow (also known as

rds or peripherin-2, hereafter referred to as peripherin) [15].

Peripherin is a member of the tetraspanin family with the

characteristic topology of four transmembrane domains, a large

extracellular/intradiscal loop, and relatively short cytoplasmic N

and C-termini. Peripherin localizes specifically to the rims of outer

segment disc membranes and plays a crucial role in outer segment

morphogenesis [16,17]. This role is particularly highlighted in rds

mice, in which the peripherin gene is severely truncated,

essentially making them a peripherin knockout [18]. These mice

completely lack photoreceptor outer segments and instead display

rudimentary stumps lacking disc structures [19,20]. Consistent

with mouse studies showing a requirement for peripherin in outer

segment morphogenesis, over 90 different mutations in human

peripherin have been associated with visual impairments (http://

www.retina-international.org/files/sci-news/rdsmut.htm).

Unlike rhodopsin, it is unclear how peripherin is delivered to the

outer segment. One of the first studies to examine this question

showed that peripherin accumulates in intracellular vesicles while

rhodopsin accumulates in the plasma membrane of photoreceptors
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in detached cat retinas [21]. Results obtained in dying photo-

receptors are difficult to interpret, but this finding may be viewed

as indirect evidence that under normal conditions peripherin and

rhodopsin utilize separate transport pathways. No mislocalized

peripherin was found in any mouse models in which rhodopsin is

knocked out or mislocalized [22,23], thus establishing that

peripherin can be delivered independently of rhodopsin. However,

this does not preclude peripherin from travelling in the same

vesicles as rhodopsin under normal conditions. Studies examining

photoreceptor targeting of C-terminal fragments of peripherin

fused to a GFP reporter construct revealed that an amino acid

stretch (residues 317–336) is necessary to target a reporter to

Xenopus rod outer segments [15]. Notably, this twenty amino acid

sequence overlaps with a functional domain of peripherin

implicated in membrane fusion [24–27].

The essential requirement for peripherin in outer segment

morphogenesis prompted us to further characterize its outer

segment targeting. Targeting signals are often 4–7 amino acids

long, with only 2–3 residues being critical to the specific targeting

of the protein [28,29]. Our goals were to narrow the previously

identified peripherin targeting sequence, determine whether the

targeting and the fusogenic domains were separable, and identify

its most critical residues. Here we show that the targeting sequence

is confined within ten amino acid residues, which do not overlap

with the reported fusogenic domain, and that only a single amino

acid within this region is irreplaceable – a highly conserved valine

at position 332.

Results and Discussion

Peripherin C-terminus Contains a Ten Amino Acid
Targeting Sequence
In an experimental approach modeled after Tam and colleagues

[7,15], we used a reporter construct consisting of YFP fused to the

Xenopus rhodopsin C-terminus lacking the VXPX targeting motif

(YFP-xRhoCTD5). This construct retains two palmitoylated

cysteine residues critical for membrane attachment, but lacks

specific outer segment targeting information. When expressed in

Xenopus under the rhodopsin promoter, the majority of the

reporter localizes to the outer segment, but a distinct portion

spills into the photoreceptor plasma membrane domain

(Figure 1A). This pattern is consistent with the expression of other

membrane proteins that lack specific targeting information [30]

and is most likely explained by the majority of the construct being

non-specifically packaged into rhodopsin carrier vesicles, which

are thought to comprise the majority of all transport vesicles in

frog photoreceptors. The rest of the construct is likely to be non-

specifically packaged into transport vesicles carrying membrane

proteins to other subcellular compartments. When the YFP-

xRhoCTD5 reporter is fused with a specific outer segment

targeting motif, such as the VXPX motif of rhodopsin [7] or the

C-terminal domain of peripherin [15], it is localized exclusively to

the outer segment. Therefore, specificity of outer segment

targeting in this approach is indicated by the lack of the construct’s

‘‘spillage’’ outside the outer segment [7,15,30].

Previous study of peripherin’s C-terminus found that deletions

affecting a twenty amino acid stretch (residues 317–336; we will

refer to Xenopus peripherin sequence as xPer) resulted in loss of

exclusive targeting to outer segments [15]. However, it was not

examined if this sequence alone was sufficient to target a reporter

to the outer segment. Therefore, we first investigated whether

peripherin’s reported targeting sequence is able to specifically

direct the YFP-xRhoCTD5 reporter to the outer segment and

found that it was (Figure 1B). We next asked whether all twenty

amino acids are required for targeting, particularly because the

first ten amino acids in this sequence overlap with peripherin’s

previously identified fusogenic region located within residues 311–

325 [24,27]. In order to test whether these two functional regions

overlap or are separate from one another, we generated constructs

in which the reporter was fused to either the first ten amino acids

or the last ten amino acids of the targeting region (Figure 1C, D).

Only the latter construct targeted exclusively to the outer segment

demonstrating that the peripherin targeting signal is wholly

contained within a ten amino acid residue stretch and that it is

distinct from peripherin’s fusogenic region.

Interestingly, the expression of the construct containing

a portion of peripherin’s fusogenic region caused outer segments

to appear distorted, which is particularly well-seen in rods

displaying strong fluorescent signal (Figure 1C). Our construct

(YFP-xRhoCTD5-xPer 317–326) encompasses a part of an amino

acid sequence promoting membrane fusion in vitro, including two

of the three residues most critical for this function, Glu321 and

Lys324 [24,31]. This may explain why expression of this construct

disrupts outer segment membranes. However, expression of

a longer C-terminal construct did not result in irregular outer

segment morphology (Figure 1A). One potential explanation for

this difference is that membrane fusion by peripherin is likely to be

a highly regulated process that occurs only during disc morpho-

genesis. Accordingly, this process would need to be prevented

during the rest of the lifetime of peripherin. It could be further

speculated that inhibitors of peripherin’s fusogenic activity can

interact with longer, but not shorter, transgenic constructs thereby

preventing disruption of outer segment membranes.

Peripherin Targeting is Dependent on a Critical Valine
Residue
In the next set of experiments we tested which residues from

peripherin’s 327–336 sequence are critical for outer segment

targeting. We generated three peripherin reporter constructs

containing overlapping 5-alanine substitutions of sequential amino

acids within this sequence and found that none of these constructs

were able to target exclusively to the outer segment (Figure 1E–G).

This suggested that multiple residues within peripherin’s targeting

sequence may be critical, which prompted us to mutagenize each

one individually (Figure 2). Surprisingly, we discovered that only

one residue, V332, was essential for proper reporter targeting

(Figure 2F). All other mutants were faithfully delivered to the outer

segment.

Examination of the corresponding sequence in peripherins from

other species indicates that this valine is absolutely conserved in all

species (Figure 2J), consistent with our experimental evidence of its

functional importance. Notably, in a preceding experiment

(Figure 1E), one of the constructs had five amino acids replaced

with alanines upstream from an intact V332. This construct was

mistargeted, demonstrating that while the V332 residue is

essential, it is not a sole determinant for peripherin targeting.

Peripherin Targeting Sequence can Redirect Subcellular
Localization of Other Proteins
An alternative approach to characterize the sufficiency of

peripherin’s targeting sequence for outer segment protein delivery

is to test whether it could redirect intracellular trafficking of

a protein reporter otherwise targeted to another subcellular

compartment. For this purpose, we selected the Htr1a serotonin

receptor because it was previously shown to be excluded from cilia

in other cell types [32]. On the other hand, when fused to the

rhodopsin C-terminus (including the VXPX signal) this receptor
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was shown to be delivered to rod outer segments of transgenic

Xenopus [33].

We first demonstrated that the YFP-fused Htr1a construct was

completely excluded from rod outer segments of transgenic

Xenopus, in agreement with observations in other ciliated cells

(Figure 3A). This construct distributed throughout the plasma

membrane of the inner segment and synaptic terminal and was

prominently present in the calycal processes, which are microvillar

extensions of the inner segment plasma membrane surrounding

the outer segment ([34] white arrowheads in Figures 3A and 3C).

We next expressed the Htr1a-YFP construct fused to peripherin’s

ten amino acid targeting sequence and found that it was localized

exclusively to the outer segment (Figure 3B). This result shows that

the peripherin targeting signal is sorted in such a way that it

overrides all other targeting information contained within Htr1a

and redirects it to the outer segment, just as the rhodopsin

Figure 1. The peripherin targeting signal is contained within a ten amino acid residue stretch. Panels show confocal images of transgenic
frog retinas expressing the reporter construct YFP-xRhoCTD5 (green) fused to the fragments of the peripherin C-terminus illustrated in cartoons
above the corresponding panels. Partial mislocalization of several constructs from rod outer segments is marked by white arrowheads. (A) The YFP-
xRhoCTD5 reporter. (B) The reporter fused to xPer 317–336. (C) The reporter fused to xPer 317–327. (D) The reporter fused to xPer 327–336. (E–G) The
reporter fused to xPer 317–336 sequences containing polyalanine amino acid substitutions indicated below the panels. Abbreviations are: OS – outer
segment, IS – inner segment, N – nuclei, ST – synaptic termini. The nuclei (blue) are stained with Hoechst; scale bar: 5 mm. (H) A schematic of a frog
rod photoreceptor illustrating its principle compartments.
doi:10.1371/journal.pone.0054292.g001
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targeting sequence did [33]. We next demonstrated that Htr1a re-

targeting was completely abrogated when the critical valine

residue within peripherin’s targeting sequence was substituted for

an alanine (Figure 3C). This result confirms the critical role of

V332 and conclusively demonstrates that the absence of spillage

seen with the original reporter fused to peripherin’s targeting

sequence was not a result of its very efficient degradation in the

inner segment.

Outer Segment Targeting of Full-length Peripherin is
Dependent on V332
Our next task was to demonstrate that V332 is critical for

targeting full-length peripherin. The challenge of these experi-

ments was the property of peripherin to form high order oligomers

[35–37]. Consequently, any exogenously expressed peripherin

mutant may oligomerize with endogenous peripherin, making it

difficult to distinguish whether its intracellular distribution is

determined by its own targeting information or information

contained within higher order oligomers. For example, C-

terminally truncated peripherin was targeted to outer segments

of transgenic Xenopus, presumably due to oligomerization with the

endogenous protein [22]. Therefore, we switched from frogs to

mice, taking advantage of the rdsmouse model lacking endogenous

peripherin. Photoreceptors of these mice do not form outer

segments [18], a phenotype restored upon transgenic peripherin

expression [38–41].

We expressed FLAG-tagged full-length wild type peripherin or

its V332A mutant in rods of rds mice under control of the

rhodopsin promoter. As shown in Figure 4A, the wild type

peripherin construct restored the formation of rod outer segments

in these mice and was localized nearly exclusively to this

compartment. However, the V332A mutant was aggregated

throughout expressing rods and did not promote outer segment

formation (Figure 4B). In the final, control experiment, we

expressed the V332A mutant in rods of wild type mice and found

that it localized to the outer segment (Figure 4C; as found in

a previous study with transgenic Xenopus [22]). This demonstrates

that the V332A mutation does not affect peripherin’s ability to

traffic to outer segments when oligomerization with endogenous

wild type peripherin is allowed.

Concluding Remarks
Our experiments demonstrate that a short C-terminal sequence

is sufficient for outer segment targeting of peripherin. This

sequence does not overlap with other known functional regions

of this protein and only one amino acid, V332, within this

sequence is indispensable for outer segment targeting. Peripherin’s

targeting sequence is unique and does not have notable homology

Figure 2. Alanine scanning mutagenesis of the peripherin targeting sequence identifies V332 as the only residue essential for
targeting. Panels A–I show confocal images of transgenic frog retinas expressing the YFP-xRhoCTD5-xPer317–336 (green) variations containing
single alanine substitutions of individual residues. (J) Multiple sequence alignment of peripherin targeting sequences from different species; residues
with over 90% identity are highlighted yellow and the 100% conserved valine is highlighted orange. Abbreviations are: OS – outer segment, IS – inner
segment, N – nuclei, ST – synaptic termini. Nuclei (blue) are stained with Hoechst. Scale bar 5 mm.
doi:10.1371/journal.pone.0054292.g002
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with other proteins residing in the outer segment, although it is

hard to overlook that both peripherin and rhodopsin contain

a valine residue critical for their targeting. The difference is that

rhodopsin targeting also relies on a second indispensable residue,

a proline within the VXPX sequence. The significance of both

proteins containing a critical valine is currently unclear and awaits

further studies of accessory proteins sorting peripherin into post-

Golgi transport vesicles headed to the outer segment. The same

studies would ultimately reveal whether the unique targeting

sequence of peripherin directs it into a distinct outer segment

trafficking pathway, or if it merely directs peripherin into

a common trafficking pathway with rhodopsin.

Genetic studies have not yet identified mutations within the

targeting region of human peripherin to be associated with retinitis

pigmentosa or similar retinal degenerations. However, our data in

Figure 4C suggest that, unlike mutations affecting peripherin

Figure 3. The peripherin targeting sequence redirects the subcellular targeting of the Htr1a serotonin receptor. Panels show confocal
images of transgenic frog retinas expressing YFP-fused Htr1a constructs (green) schematically illustrated above each panel. (A) Htr1a-YFP; fluorescent
signal observed in calycal processes is marked by white arrows. (B) Htr1a-YFP containing the Per327–336 sequence fused at the C-terminus. (C) Same
construct as in (B), but bearing the V332A mutation. Abbreviations are: OS – outer segment, IS – inner segment, N – nuclei, ST – synaptic termini.
Nuclei (blue) are stained with Hoechst. Scale bar: 5 mm.
doi:10.1371/journal.pone.0054292.g003

Figure 4. The V332A mutation abrogates peripherin’s outer segment targeting in rods of the rds mouse. (A) Wild type FLAG-tagged
mouse peripherin (mPer) was electroporated into rods of the rds mouse and stained with anti-FLAG antibodies (green). (B) V332A FLAG-tagged
peripherin electroporated into rods of the rds mouse; construct mislocalization to the inner segment and synaptic terminal is highlighted by white
arrowheads. (C) V332A FLAG-tagged peripherin electroporated into the rods of wild type mice. The electroporated constructs are illustrated
schematically above the corresponding panels with the position of the FLAG tag depicted in red. Note that the outer segment shapes in (A) and (C)
are different due to ongoing photoreceptor degeneration in the rdsmouse (A). Abbreviations are: OS – outer segment, IS – inner segment, N – nuclei,
ST – synaptic termini. Nuclei (blue) are stained with Hoechst. Scale bar: 10 mm.
doi:10.1371/journal.pone.0054292.g004
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oligomerization, mutations affecting peripherin targeting would

need to be homozygous in order to cause a disease phenotype,

which would make most potential carriers non-phenotypic. On the

other hand, individuals heterozygous for mutations causing

peripherin truncations at positions 290 and 331(upstream from

or in the middle of the targeting sequence) suffer from a condition

called pattern dystrophy [42]. This condition is characterized by

the deposition of abnormal pigment in the retinal pigment

epithelium and may be associated with blurred vision and

distortion of straight lines upon ophthalmic examination. There-

fore, the complete pathobiological picture of mutations affecting

peripherin targeting may be subtle and require a more detailed

analysis in the future.

Materials and Methods

Animals
Frogs and mice were handled following the protocols (registry

number A212-12-08 and A057-10-03, respectively) approved by

the Institutional Animal Care and Use Committees of Duke

University. Adult Xenopus laevis frogs were purchased from Nasco.

Wild type CD1 mice were obtained from Charles River; rds mice

were obtained from Jackson Laboratories. Frogs and mice were

housed under a 12/12 hour diurnal cycle. Prior to egg laying,

female adult frogs were housed in a multi-tank flow-through

system under standard environmental conditions. Newly hatched

tadpoles were maintained in large Petri dishes at a density of one

animal per two ml.

DNA Constructs
DNA constructs were generated using standard PCR-based

subcloning methods. To generate all Xenopus YFP fusion constructs

and their point mutants, overhang extension PCR primers were

used (primer sequences available upon request). The FLAG tag

was appended to full length mouse peripherin’s N-terminus by

introducing the sequence into the forward primer. To make the

V332A point mutation in mouse peripherin, we utilized the

QuikChange II XL kit (Stratagene). All forward and reverse

primers were designed to introduce 59-AgeI and 39-NotI sites

respectively. PCR products were subcloned into either the

XOP5.5 vector [43] for Xenopus transgenesis or pRho2.2 [44] for

in vivo electroportation. DNA templates were obtained as follows:

IMAGE clones corresponding to Xenopus peripherin (xRDS38),

Xenopus rhodopsin, and mouse peripherin were purchased from

American Type Culture Collection; YFP was cloned from pDV-

NTAP-NYFP obtained from the The Dicty Stock Center; HTR1A

was obtained from a mouse brain cDNA library (Stratagene). All

constructs were confirmed by direct sequencing.

Production of Transgenic Tadpoles
Transgenic Xenopus tadpoles were generated using the restriction

enzyme-mediated integration method [45,46] with modifications

described in our previous studies [30,47]. In brief, linearized

plasmid DNA containing the transgene was mixed with Xenopus

sperm nuclei in the presence of the restriction enzyme XhoI to

promote integration. Transgenic sperm nuclei were then injected

into Xenopus oocytes, and the resulting embryos were allowed to

develop until stage 45–54 when tadpoles were sacrificed by

immersion in 0.2% tricaine. A minimum of four positive

transgenic animals were analyzed for each DNA construct.

In vivo Electroporation of Mouse Retinas
Retinal transfection of neonatal mice was performed as

described by Matsuda and Cepko [44]. Following anesthetization

of neonatal mice on ice, the eyelid and sclera were punctured at

the periphery of the eye using a 30 gauge needle. A blunt-end 32

gauge needle was advanced through the puncture wound until

reaching the subretinal space, and 0.3–0.5 ml of concentrated

plasmid DNA (4 mg/ml of the construct of interest and 2 mg/ml
DsRed) was deposited. A tweezer-type electrode (BTX) was placed

over the mouse’s head with the positive electrode overlying the

injected eye. Five 100–110 V pulses of 50 ms duration were

applied using an ECM830 square pulse generator (BTX).

Neonates were returned to their mother and allowed to develop

until postnatal day 21 when mice were sacrificed by CO2

inhalation followed by decapitation. A minimum of three

positively expressing mice retinas were analyzed for each DNA

construct.

Immunofluorescence
Posterior eyecups from mouse eyes were obtained by microdis-

section, fixed in 4% paraformaldehyde for 1 hour, rinsed three

times in PBS, and embedded in 4.0% agarose (Invitrogen). A

vibratome (Leica VT1200S) was used to collect 100 mm cross-

sections through the central retina. Sections were collected in 24-

well plates, blocked in 5% goat serum in the presence of 0.5%

Triton X-100, incubated overnight with monoclonal mouse anti-

FLAG M2 (Sigma-Aldrich) diluted in blocker, and stained with

goat anti-mouse Alexa Fluor 488 secondary antibody (Invitrogen)

and 10 mg/ml Hoechst 33342 (Invitrogen) to label nuclei. To

examine the eyes of transgenic tadpoles, the entire animal was

fixed in 4% paraformaldehyde, cryoprotected in 30% sucrose, and

frozen in 100% tissue-freezing medium. 12 mm cross-sections

through the eye were collected directly onto glass slides and

stained with 2 mg/ml Hoechst to label the nuclei.

All samples were mounted with Fluoromount (Electron

Microscopy Sciences) under glass coverslips and visualized using

a Nikon Eclipse 90i microscope and a C1 confocal scanner

controlled by EZ-C1 v 3.10 software (Nikon). Manipulation of

images was limited to adjusting the brightness level, image size,

and cropping using either EZ-C1 v 3.10 Viewer or Photoshop

(Adobe).
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