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ABSTRACT: The C-terminus of the intracellular retinal rod outer segment disk protein peripherin-2 binds
to membranes, adopts a helical conformation, and promotes membrane fusion, which suggests an analogy
to the structure and function of viral envelope fusion proteins. Nuclear magnetic resonance (NMR) data
and fluorescence data show that a 63-residue polypeptide comprising the C-terminus of bovine peripherin-2
(R284-G346) binds to the membrane mimetic, dodecylphosphocholine micelles. High-resolution NMR
studies reveal that although this C-terminal fragment is unstructured in solution, the same fragment adopts
helical structure when bound to the micelles. The C-terminus may be a member of the class of intrinsically
unstructured protein domains. Using methods developed for the G-protein coupled receptor rhodopsin, a
model for the structure of the transmembrane domain of peripherin-2 was constructed. Previously published
data showed that both peripherin-2 and viral fusion proteins are transmembrane proteins that promote
membrane fusion and have a fusion peptide sequence within the protein that independently promotes
membrane fusion. Furthermore, the fusion-active sequence of peripherin-2 exhibits a sequence motif that
matches the viral fusion peptide of influenza hemagglutinin (HA). These observations collectively suggest
that the mechanism of intracellular membrane fusion induced by peripherin-2 and the mechanism of
enveloped viral fusion may have features in common.

Biological membrane fusion is central to fundamental
cellular processes, including intracellular vesicle transport,
entry of enveloped viruses into cells, endocytosis, exocytosis,
and fertilization as well as the development and physiology
of multicellular organisms. In these processes, two mem-
branes fuse to become one, or one membrane reverses the
process and becomes two.

Intracellular vesicle transport requires a protein complex
including solubleN-ethylmaleimide-sensitive factor attach-
ment protein receptors (SNAREs1) that play a central role
in membrane targeting, attachment, and fusion (1, 2). At
a minimum, this membrane fusion process requires a
v-SNARE and a corresponding t-SNARE in the opposing
membrane. Whether the SNAREs are sufficient to promote
lipid bilayer mixing in the final phase of membrane fusion
or whether another factor is required is a matter of intense
and un-resolved discussions (3).

Fusion of viral membranes with host cell membranes
allows the penetration of the host cell cytoplasm by the viral
nucleocapsid. Membrane fusion, required for enveloped viral
entry into host cells, utilizes a fusion protein in the viral
envelope to mediate the final steps of membrane fusion. Viral
fusion proteins in the viral envelope support membrane
fusion with the target membrane (4, 5), and these viral fusion
proteins are sufficient to induce membrane fusion when
purified and reconstituted (6, 7). For many viral fusion
proteins, a segment of the protein has been identified as the
fusion peptide. When this sequence is synthesized as a
peptide, it independently promotes membrane fusion (8).
Although viral fusion is mediated by a receptor on the host
cell, actual membrane fusion requires a single viral fusion
protein. No intracellular functional counterpart to the viral
fusion protein has previously been identified.

Membrane fusion supports outer segment renewal in the
vertebrate retinal rod photoreceptor cells. Membrane fusion
between select disk membranes of the outer segment and
the opposing plasma membrane initiates packet formation
and shedding of old disks at the apical tip of the outer
segment (9, 10). Peripherin-2, a member of the tetraspanin
family of integral membrane proteins, is an intracellular
protein of the rod outer segment (ROS) disk that has been
shownin Vitro to be responsible for fusion between the disk
membrane and the plasma membrane of the ROS (11, 12).
The tetraspanin family contains another member, CD9, that
plays a role in sperm-egg fusion (13).
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A model for the transmembrane domain of peripherin-2
was developed in this report. The structure of the C-terminus
of the protein was defined from high-resolution nuclear
magnetic resonance (NMR) data. The behavior of the
C-terminus, in conjunction with data previously reported for
peripherin-2, reveals a remarkable correlation between pe-
ripherin-2 and viral fusion proteins, suggesting that periph-
erin-2 is one of the first intracellular membrane fusion
proteins to be described that may function in a manner similar
to that of viral fusion proteins. Both peripherin-2 and viral
fusion proteins are transmembrane proteins, both promote
membrane fusion, and both have a fusion peptide sequence
within the protein. Fusion peptides from both proteins
independently promote membrane fusion. Fusion peptides
from peripherin-2 and viral fusion proteins bind to membrane
mimetics and become helical. Collectively, these observations
suggest that the mechanism of intracellular membrane fusion
induced by peripherin-2 and the mechanism of enveloped
viral fusion may have features in common.

MATERIALS AND METHODS

Materials. Dodecylphosphocholine (DPC) was obtained
from Avanti Polar Lipids (Alabaster, AL).15NH4Cl was
obtained from Sigma (St. Louis, MO).

Expression and Purification of GST-Peripherin-2.The
glutathioneS-transferase (GST) fusion protein encoding the
63 C-terminal amino acids (PerCter) of bovine peripherin-2
(sequence) 284RYLHTALEGMANPEDPECESEGWLLE-
K S V P E T W K A F L E S V K K L G K G N Q V E A E -
GEDAGQAPAAG346) was produced. The generation of this
construct and the expression and purification of this fusion
protein have been described previously (14). Briefly, E. coli
BL21 (DE3) cells transformed with the GST-PerCter con-
struct in a pGEX-2T vector (14, 15) were grown in M9 media
supplemented with15N-labeled 15NH4Cl (1 g/L; 20 mM)
containing 50 mg/mL ampicillin. Cells were harvested 2 h
after induction with 0.1 mM of isopropyl-â-D-thiogalacto-
pyranoside (IPTG), spun down, resuspended, and sonicated
in cold PBS at pH 7.3, 8 mM DTT, 0.1% Triton X-100, and
0.2 mM AEBSF. Cellular debris was removed by centrifuga-
tion, and the supernatant was loaded onto two stacked
Amersham 5 mL GST affinity columns (Amersham) for
FPLC. The supernatant was loaded at a flow rate of
2 mL/min at 0.3 pSA. The purified GST-PerCter was cleaved
with 400 U of thrombin (10 U of thrombin per mg of protein)
and concentrated for use in NMR studies. Specificity was
monitored by Western blots (Figure 1A) and purification by
silver stained SDS-PAGE (Figure 1B). For NMR studies,
we routinely harvested 5-7 mg of pure15N-labeled PerCter
from 10 L ofE. coli. The polypeptide was concentrated using
a centricon (Millipore) 3,000 MW cutoff filter and dialyzed
against 20 mM NaPO4 at pH 6.5, 50 mM NaCl, 100µM
DTT, 10 µM EDTA, 0.2 mM AEBSF, and 0.001% NaN3.
Residual Triton X-100 was removed with Bio-Beads SM2
from Bio-Rad (Hercules, CA) to yield the pure product.
The final concentration of PerCter was determined by
measuring the absorbance at 280 nm using a molar extinction
coefficient (derived empirically as described (16)) of
12,780 M-1 cm -1.

Fluorescence Experiments.Steady-state fluorescence uti-
lized an L-format Perkin-Elmer (Wellesley, MA) LS 50B

luminescence spectrometer. For all measurements, a 10 mm
path length Spectrosil quartz cuvette from Starna Cells, Inc.
(Atascadero, CA) was used. Spectra of 10µM PerCter in
20 mM NaPO4 at pH 7.4, 50 mM NaCl, and 100µM DTT,
with and without 293 mM DPC, were recorded. DPC has a
critical micelle concentration of 1 mM (17, 18). Samples
were excited at a wavelength of 295 nm, and emission spectra
were recorded from 310-450 nm. The excitation and
emission band passes were 3 and 5 nm, respectively. All
spectra were corrected for background from the buffer.
Spectra were smoothed using the moving average al-
gorithm provided with Perkin-Elmer’s FLWinLab software
(over 5 points).

Modeling Methods.A Kyte-Doolittle plot (19) was
developed from the primary sequence of bovine peripherin-2
to identify the sequences most likely to form transmembrane
segments. Four hydrophobic regions of the sequence (Figure
2A) were identified as putative transmembrane regions. The
boundaries of the four transmembrane regions of this
tetraspanin were then defined. A search for clusters of
charged residues often found at the hydrophobic/hydrophilic
interface of membranes and the location of tryptophans often
found at the same interface (20) helped define those

FIGURE 1: Purification of15N-labeled bovine PerCter. The GST-
peripherin-2 polypeptide was expressed and isolated fromE. coli
as described in Materials and Methods. The resultant polypeptide
was bound to glutathione beads, washed, and cleaved with thrombin.
The purified PerCter was separated from the thrombin and GST
by dialysis (Centricon, 30 kDa MW cutoff) as described in detail
in Materials and Methods. (A) Three polypeptide fractions of GST-
PerCter starting material, GST-PerCter wash, and the purified
PerCter were isolated, separated by SDS-PAGE, and the proteins
transferred to nitrocellulose and immunoblotted with anti-periph-
erin-2 mAb 2B6. Lane 1, purified peripherin-2 C-terminus; lane 2,
GST-peripherin-2 C-terminus isolated fromE. coli; lane 3, unbound
GST-peripherin-2 C-terminus recovered after the wash step. (B)
Silver stain of purified peripherin-2 C-terminus.
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boundaries for peripherin-2. Four idealized helices were built
in silico (Sybyl software, Tripos, St. Louis) to represent these
transmembrane segments TM1, TM2, TM3, and TM4
(Table 1). To organize these helices into a bundle, the method
of Baldwin was used (21) as follows. BLAST searches
identified conserved residues, and polar residues were
located. Helical wheel analysis of TM1, TM2, and TM4
revealed that the conserved and polar residues were located

on one face of the helix, dominating that face from one end
to the other and demarking a surface relatively uniform in
width throughout. For TM3, a 3D representation of the
sequence as a helix showed that the conserved and polar
residues defined a surface that was contiguous but was not
uniform in width from one end to the other of the helix.
The helical faces containing conserved and polar residues
were then oriented toward each other, according to Baldwin’s
rules, that is, that conserved and polar residues in a
transmembrane helical bundle were most likely to be found
in contact with residues from other helices in the transmem-
brane bundle and least likely to be found in contact with the
membrane-lipid matrix.

Nuclear Magnetic Resonance.All NMR studies utilized
a Varian 600 MHz instrument equipped with a Cold Probe
and were performed at 25°C. The sequence-specific assign-
ment of the PerCter was carried out using standard methods
to establish scalar, through-bond connectivity in proteins. The
NMR samples used in the studies contained either 1 mM
15N-PerCter or 1 mM 15N-PerCter in the presence of
293 mM DPC (>100:1 DPC/PerCter mole ratio) in 20 mM
NaPO4 at pH 6.5, 50 mM NaCl, 100µM DTT, 10 µM
EDTA, 0.2 mM AEBSF, 0.001% NaN3, and 10% D2O. All
data were processed using NMRPipe (22) and analyzed using
Sparky v3.110 software (http://www.cgl.ucsf.edu/home/
sparky/).

For the analysis of the15N-PerCter in solution without
DPC, a combination of 2D1H-15N HSQC,1H-1H NOESY
(τ ) 150 and 300 ms),1H-1H TOCSY (τ ) 30, 45, and
60 ms), with 3D1H-15N HSQC-TOCSY (τ ) 45 and 75 ms)
and1H-15N HSQC-NOESY (τ ) 100 and 400 ms) data were
utilized. 1H-15N HSQC data were acquired with 2048 points
in the 1H dimension, 128 points in the15N dimension, and
averaged over 16 transients.1H-1H NOESY and 1H-1H
NOESY data were acquired with 2048 points in the first1H
dimension and 256 points in the second1H dimension, and
averaged over 32 transients.1H-15N HSQC-NOESY and1H-
15N HSQC-TOCSY spectra were acquired with 2048, 32,
and 32 points in the1H dimension, second1H dimension,
and15N dimension, respectively, while being averaged over
32 transients.

For the assignment of the15N-PerCter in solution in the
presence of DPC, 2D1H-15N HSQC, along with 3D1H-15N
HSQC-TOCSY (τ ) 45 and 75 ms) and1H-15N HSQC-
NOESY (τ ) 100 and 400 ms) data were collected.1H-15N
HSQC data were acquired with 2048 points in the1H
dimension and 128 points in the15N dimension, and averaged
over 16 transients.1H-15N HSQC-NOESY and1H-15N
HSQC-TOCSY spectra were acquired with 2048, 32, and
32 points in the1H dimension, second1H dimension, and
15N dimension, respectively, while being averaged over 32
transients.

The transverse relaxation (T2) analysis was performed as
described (23) with a slight modification. Briefly, 15N
relaxation data were recorded utilizing experiments from the
Varian BioPack. A series of1H-15N HSQC spectra of 1 mM

FIGURE 2: Modeling the peripherin-2 transmembrane domains. (A)
Kyte-Doolittle plot for bovine peripherin-2, using a window
function of 19 (http://occawwlonline.pearsoned.com/bookbind/
pubbooks/bc_mcampbell_genomics_1/medialib/activities/kd/kyte-
dolittle.htm). (B) Helical wheels for TM1, TM2, TM3, and TM4
were constructed for the sequences shown in Table 1 and derived
from peripherin-2 as described in the text. Conserved residues are
colored red and polar residues are circled. The dominant clustering
of these conserved, and the polar residues on one helical face can
be readily seen. (C) Helical wheel for the structured region of the
PerCter with polar residues circled, showing amphipathic character.

Table 1: Sequences of Transmembrane Domains of Peripherin-2

TM1 KRVKLAQGLWLMNWFSVLAGIIIFGLGLFLKIE
TM2 MNNSESHFVPNSLIGVGVLSCVFNSLAGK
TM3 AKWKPWLKPYLAVCVLFNVVLFLVALCCFLLRGSLEST
TM4 RAALLSYYSNLMNTTFAVTLLVWLFE
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15N-labeled PerCter with 293 mM DPC (>100:1 DPC/
PerCter mole ratio) in the respective buffer were recorded
at 25°C with relaxation delays of 10, 30, 50, 70, 90, 110,
190, and 250 ms. Data were collected in an interleaved
manner with alternating long-short relaxation periods to
minimize fluctuations in peak intensity because of instrument
instability. The1H-15N HSQC spectra were acquired with
2048 points in the1H dimension, 200 points in the15N
dimension, and averaged over 16 transients. From the
respective spectra, the peak height of each distinct and
identifiable amino acid resonance was obtained.T2 values
were derived from curving fitting to a one-phase exponential
decay using Prism 3.0a software from GraphPad Software
Inc. (San Diego, CA).

RESULTS

Peripherin-2 is linked to the process of disk renewal
through its role in promoting membrane fusion between disks
and the plasma membrane. A 63-residue fragment from the
carboxyl terminus of peripherin-2 or PerCter promotes
membrane destabilization and model membrane fusion
(24-26), indicating that the C-terminus carries the membrane
fusion function. Both C-terminal gain- and loss-of-fusion
function mutants have been characterized (27). The structure
of PerCter in the presence of membranes is required to
mechanistically understand the role peripherin-2 plays in
membrane fusion. The structure of the C-terminus is
unknown; one hypothesis stimulated by the analogy with
viral fusion proteins is that this fusion peptide becomes
helical in the presence of membranes, as do many viral fusion
peptides. The following experiments test this hypothesis.

NMR provides a means to define structure on a molecular
scale. Therefore, an expression system for the bovine
peripherin-2 C-terminus was developed (Materials and
Methods). This 63-residue polypeptide fragment was ex-
pressed in minimal media with15N-labeled NH4Cl as the
sole nitrogen source and subsequently purified. As a control,
an NMR structure investigation was initiated on PerCter in
solution. Analytical ultracentrifugation demonstrated that this
fragment of peripherin-2 was a monomer in solution (28),
making it suitable for NMR studies.15N-labeling enabled
multidimensional NMR studies. A1H-15N HSQC of PerCter
in solution appears in Figure 3A. The lack of dispersion in
the1H-15N HSQC suggested that the PerCter was intrinsically
unstructured in solution. This was investigated further with
a set of multidimensional experiments. From these experi-
ments, only a partial sequence-specific assignment was
possible, and the chemical shifts were consistent with random
coil chemical shifts. Analysis of the NOESY data revealed
almost no long-range (nonadjacent) NOEs (data not shown).
The NMR data, therefore, supported the conclusion that this
fragment of peripherin-2 was intrinsically unstructured in the
absence of membranes.

Previous analyses of fusogenic peptides from viral fusion
proteins have found that fusion peptides adopted helical
structures in the presence of membrane mimetics (29-31).
Because optical and NMR studies in the presence of
membrane vesicles, even with small vesicles, are plagued
with experimental problems due to vesicle size, detergent
micelles are used as a membrane mimetic because of their
much smaller size. Detergent micelles provide an architecture

similar to that of membranes except for the short radius of
curvature of the structure. The latter is a distinct advantage
for NMR experiments because peptides bound to phospho-
lipid vesicles cannot be readily studied by high-resolution
NMR because of the long rotational correlation times (τc)
of the vesicle. However, caution is appropriate because of
the physical differences that the highly curved surface may
impart to the system.

Initial studies were designed to determine if PerCter bound
to detergent micelles as a membrane mimetic. DPC was
chosen for the detergent because it was suitable for both the
optical and the NMR experiments. The PerCter contains two
tryptophan residues W306 and W316. The previously
reported fusion peptide region PP-5 (32) contains W316. To
investigate whether the PerCter is associated with the
membrane-mimetic DPC micelles at or near the PP-5 fusion
region, we examined the intrinsic tryptophan fluorescence
of the PerCter in the presence of DPC micelles. Upon the
introduction of DPC micelles (Figure 4), the spectrum of
the PerCter tryptophan fluorescence emission displays a
significant blue shift (average, 10.0 nm( 3.0 nm) and a
marked increase in fluorescence intensity (averageFDPC/F
) 2.65( 0.13). These results strongly suggested that at least
one of these two tryptophan residues was sequestered from
the polar solvent within the DPC micelle interface.

Because the fluorescence data suggested that the PerCter
bound to DPC micelles, an1H-15N HSQC-NOESY experi-
ment was performed on15N-labeled PerCter in the presence
of DPC micelles. The NOE data were examined for evidence
of NOEs between the PerCter and the micelles. Figure 3D
shows NOEs between the tryptophan side chains of PerCter
and methylenes from the dodecyl group of DPC, observed
at both mixing times (100 and 400 ms). In the absence of
DPC, these NOEs were not present (Figure 3B). These data
revealed a penetration of the micelle by the tryptophans of
PerCter and confirmed that this peripherin-2 C-terminal
fragment bound to this membrane mimetic. These two
independent experimental approaches established that PerCter
bound to the DPC micelles, consistent with previous studies
showing that a much smaller fusion peptide domain (residues
312-326) bound to membranes (33).

This system was studied further by NMR to determine
the structural effects on the peripherin-2 fragment binding
to the membrane mimetic. Multidimensional experiments
were utilized to obtain a sequence-specific assignment
(Materials and Methods). These chemical shifts are listed in
the Table in Supporting Information. For a very limited set
of resonances, a second set of peaks was observed, but the
intensities were too weak to analyze. An1H-15N HSQC of
this system appears in Figure 3C. A greater dispersion in
the peaks was noted compared to those of the peptide in the
absence of detergent micelles, consistent with an increase
in structure in this protein fragment in the presence of DPC
micelles.

A qualitative comparison of the1H-15N HSQC of the free
PerCter and the1H-15N HSQC of the PerCter in the presence
of DPC micelles revealed a pattern of chemical shift changes.
Figure 5A shows squares at the positions of residues for
which the1H-15N HSQC peak was significantly (>0.02 ppm)
shifted between the two experiments. In some cases, the
amino acid peak in the spectrum of the protein fragment
alone was not identifiable because of spectral overlap but
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became readily identifiable upon the addition of DPC. Such
residues were denoted as being significantly changed between
the two relative spectra. This analysis identifies a sequence
in the middle of the fragment that is influenced by the
presence of the DPC micelles.

Using the chemical shift index (CSI) for amino acid alpha
protons, calculated as a difference in ppm from reference
values (34), and the sequence specific chemical shift assign-
ments for PerCter in the presence of DPC micelles, the
propensity for secondary structure was analyzed and the
result presented in Figure 5A, underneath the chemical shift
changes induced by the DPC micelle. The pattern of negative
peaks (demonstrating upfield shifts in the CR proton
resonances relative to the random coil CSI values) was
consistent with the presence of the helix in the middle of

the peptide. This was the same region of the sequence in
which changes in chemical shifts were observed between
the1H-15N HSQC of the free peptide and the1H-15N HSQC
of the peptide bound to DPC micelles, which can, therefore,
be linked to the conformational change from intrinsically
unstructured to a partially structured state.

Further evidence for a helical conformation when bound
to DPC micelles was found in the NOESY data. Several
long-range NOEs were observed in the1H-15N HSQC-
NOESY spectrum of PerCter in the presence of DPC
micelles. These are also graphed in Figure 5A to compare
them with the CSI analysis and the changes in15N-HSQC
chemical shifts induced by the micelles. Many of these NOEs
are between residues three and four positions in sequence
distance. Such a pattern of NOEs is consistent with the

FIGURE 3: NMR spectra of15N-labeled PerCter. (A)1H-15N HSQC of 1 mM PerCter free in solution; (B)1H-15N HSQC-NOESY experiment
showing the W306 and W316 side chain NOEs of the free PerCter; (C)1H-15N HSQC of 1 mM PerCter with 293 mM DPC (>100:1
DPC/PerCter mole ratio); (D)1H-15N HSQC-NOESY experiment showing NOEs between W306 and W316 from the PerCter and the
methylenes of DPC.
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formation of helical structure in the presence of the DPC
micelles, consistent with the CSI analysis. Attempts were
made to fold the structure on the basis of these NOEs, but
while helix-like turns were observed as suggested by the
pattern of NOEs, the data were too sparse to adequately
define a stable structure.

The above experiments described a conformational change
of the C-terminal fragment of peripherin-2 when in the
presence of a membrane mimetic but do not define what
part of the C-terminus actually binds to the DPC micelle.
Therefore, peptide backbone relaxation data (T2) were
obtained as described in Materials and Methods to evaluate
the effect of the binding to the micelle on the dynamics of
the PerCter.T2 relaxation data are sensitive to the correlation
time. The complex of PerCter (7 kDa) with a DPC micelle
(19 kDa (35)) has a longerτc compared to that of the PerCter
alone. The longerτc will shortenT2. Therefore, the region
of the PerCter associated with the micelle will exhibit
reducedT2 values compared to those of regions of the PerCter
not associated with the micelle. (The latter have modes of
motion independent of micelle rotational diffusion, which
will partially average interactions that contribute toT2.) T2

data were obtained for many of the peaks in the15N-edited
HSQC and are reported in Figure 5B. TheT2 for W306 and
W316 were too short to measure in this experiment.T2 in
the region between 306 and 316 was, on average, substan-
tially shorter thanT2 in the flanking regions. The results
revealed a region between W306 and W316 in PerCter that
showed a considerable reduction inT2. This reduction inT2

was consistent with an increase inτc expected for PerCter
upon leaving solution and binding to a detergent micelle.

To put these structural data in the context of the whole
peripherin-2 molecule, a model was constructed for the
transmembrane helices of peripherin-2 using the same
approach originally reported by Baldwin for the G-protein
coupled receptor, rhodopsin (21). Putative transmembrane
segments were identified (as described in Materials and
Methods). Helical wheel analysis revealed that these seg-
ments, ifR-helical, clustered conserved residues and polar
residues on one face of each helix (Figure 2B). The
sequences of the putative transmembrane segments were used
to build R-helices in silico. To model the transmembrane
bundle for this protein, these helices were packed such that
the conserved/polar surfaces were in contact with other TMs
and not with the lipid matrix. In this bundle, three helices

could be readily oriented roughly perpendicular to the
membrane surface, successfully bringing all of the appropri-
ate surfaces in contact. However, because of the nonuniform
organization of the surface of TM3, TM3 required a tilt with
respect to the other three TMs to allow full contact of the
conserved/polar surface of TM3 with the corresponding
surfaces of the other TM in the bundle. This orientation of
TM3 gained support from data for another tetraspanin, human
CD81. A crystal structure of the large loop connecting TM3
with TM4 from human CD81 (36), which corresponds to
the intradiskal EC2 domain from peripherin-2 (37), contained
helices at the amino and carboxyl terminal of this fragment.
These helical segments likely represent a portion of TM3
and TM4 and thus describe the relative orientations of the
two transmembrane helices to which the loop was attached.
The orientation was consistent with the model developed
using Baldwin’s approach. Finally, the longitudinal transla-
tional orientation of the helices was organized such that the
tryptophans were located as much as possible in lateral planes
(roughly perpendicular to the long axis of the helical bundle).
Figure 6 shows the helical bundle as modeled. Attached to
the model of the helical bundle is the PerCter with the helical
segment identified from the experimental NMR data
(obtained in the presence of the membrane mimetic, DPC).

DISCUSSION

The structural data presented here of the PerCter free in
solution describe an intrinsically unstructured C-terminal
fragment of peripherin-2 (R284 to G346). Because this 63-
residue fragment represents the C-terminal domain, one can
conclude that the C-terminus of the native protein is
intrinsically unstructured in the absence of any interactions,
in agreement with the previous prediction (28). However,
peripherin-2 is an integral membrane protein with membrane
fusion activity. Therefore, the structural influence of mem-
brane surfaces in close proximity needs to be understood.

The data revealed that the PerCter bound to the membrane
mimetic, DPC micelles, and adopted a helical structure when
bound. The tryptophan fluorescence data and intermolecular
NOE data between W306 and W316 and the detergent
molecules showed that PerCter bound to the DPC micelles.
Residues E309-S322 showed CSI indicative of helix forma-
tion, and residues E304-G327 showed some long-range
NOEs consistent with helix formation. This conclusion was
consistent with previous circular dichroism data (26).

Relaxation data suggested which portion of the PerCter
was in contact with the DPC micelle. TheT2 experiments
demonstrated a substantial reduction inT2 between W306
and W316. The reduction inT2 was consistent with that
portion of PerCter binding to the surface of the DPC micelle
and adopting the overallτc of the micelle as the dominant
correlation time for transverse relaxation.

All, or nearly all, of the PerCter bound to the micelle.
The spectra of the PerCter in the presence of DPC micelles
were devoid of any peaks due to the free 63-mer. Therefore,
all or nearly all, of the PerCter was bound. This is reasonable
because the detergent was in excess of the PerCter. While
bound, the PerCter may adopt more than one conformation.
Multiple peaks were observed for each tryptophan side chain,
indicative of two environments and/or conformations while
bound.

FIGURE 4: Representative steady-state fluorescence spectra of
10 µM PerCter (___) and 10µM PerCter upon the addition of
293 mM DPC (---). The samples were excited at 295 nm.
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Collectively, these data suggest that the segment from
approximately W306 to W316 binds to membrane surfaces

and that the sequence from E309 to S322 tends to form a
helical structure when bound to the DPC micelle. As a helix,
this sequence is strongly amphipathic (Figure 2C), consistent
with its surface activity, and likely forms approximately four
helical turns. A model, based on the experimental data of
the interaction of the C-terminus of peripherin-2 with the
DPC micelle, suggests that the two tryptophans anchor the
PerCter to the surface by intercalating between the lipid
headgroups and occupying the interfacial region (between
the hydrophobic interior and the polar headgroups) favored
by tryptophans (20).

These observations link the C-terminus of peripherin-2
with other proteins that contain a portion of sequence that is
intrinsically unstructured. Intrinsically unstructured proteins
have attracted considerable interest recently, particularly
because such behavior allows the same portion of the protein
to interact with multiple, distinct partners and adopt specific
structures with each (38-40). The C-terminus of peripherin-2
is known to bind to multiple, distinct partners (41-44).

FIGURE 5: Results of NMR-based structural and dynamic analyses of the PerCter. The large arrow above the Figure denotes the region
between W306 and W316. (A) CSI for CR1H chemical shifts, calculated as a difference in ppm from reference random-coil values (34) and
plotted as a function of sequence for the PerCter in the presence of DPC micelles;∆HSQC, residues exhibiting significant (>0.02 ppm)
chemical shift changes in the1H-15N HSQC spectrum of the PerCter in the presence of DPC compared to the1H-15N HSQC spectrum of
the peptide alone; NOE, plot of long-range NOEs as described in the text with the bar connecting residues showing inter-residue NOEs. (B)
Sequential transverse relaxation rate (T2) of each assigned residue in the PerCter; (/) Residues for whichT2 was <0.05 s (exact values
undefined because of the time domain of the experiment). Additionally, a more slowly relaxing and unassigned component was observed
near S322.

FIGURE 6: Model of the peripherin-2 transmembrane domain
developed as described in the text with the C-terminal segment
derived from the NMR data in the presence of the membrane
mimetic DPC. The helical segment in the C-terminal portion derives
from the experimental data presented in this article. The trans-
membrane helical bundle is modeled as described in the text using
the procedure of Baldwin (21).
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Therefore, the intrinsically unstructured character that has
been observed in this study may be the foundation for the
mechanism by which peripherin-2 interacts with those
multiple, distinct partners.

The tendency of the C-terminus of peripherin-2 to adopt
a helical structure in the presence of membrane mimetics
recalls the behavior of viral fusion proteins. Fusion peptides
from viral fusion proteins also become helical when bound
to membranes or membrane mimetics, such as fusion
peptides from gp41 (29), influenza HA (30), and the EnvA
fusion protein of avian sarcoma leukosis virus (31). Impor-
tantly, the same portion of the C-terminus of peripherin-2
that binds to membrane mimetics and becomes helical also
promotes membrane fusion (12). In particular, a peptide
comprising residues V312 to L326 promotes membrane
fusion in the absence of the remainder of the protein. This
observation also recalls the behavior of viral fusion peptides
from viral fusion proteins.

Finally, there is an interesting sequence similarity between
the portion of the C-terminus of peripherin-2 responsible for
fusion and viral fusion peptides. In particular, a consensus
sequence for the viral fusion peptide from influenza
(N-terminal region of HA-2) can be derived from a com-
parison of the sequences from six influenza strains: phW-
phhhp, where p is a polar or charged residue, h is a
hydrophobic residue, and W is tryptophan (45, 46). The
sequence of peripherin-2 from 314 to 321 matches that
consensus sequence from influenza.

The functional analogy between an intracellular membrane
protein that promotes membrane fusion, peripherin-2, and
viral fusion proteins from enveloped viruses is worth noting.
Both types of proteins are integral membrane proteins. Both
types of proteins promote membrane fusion independent of
other protein factors. Both also require cofactors for the
optimization of fusion, likely through binding to a receptor.
Both kinds of proteins have a fusion peptide as part of their
sequence. The PerCter and viral fusion peptides promote
membrane fusion separate from the remainder of the protein.
These new data show that the fusion peptide of peripherin-
2, the PerCter, binds to membrane mimetics, as do viral
fusion peptides. Furthermore, upon binding to membrane
mimetics, the PerCter adopts a helical structure, as do many
viral fusion peptides. Therefore, although differences do exist
between peripherin-2 and viral fusion proteins (peripherin-2
is a tetraspanin and viral fusion proteins have only one
transmembrane segment), the similarities are striking and
extensive. These similarities suggest that some features of
the membrane fusion mechanism may be the same between
the intracellular membrane fusion promoted by peripherin-2
and viral membrane fusion promoted by viral fusion proteins.

SUPPORTING INFORMATION AVAILABLE

Chemical shift assignment table for PerCter. This material
is available free of charge via the Internet at http://
pubs.acs.org.
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