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ABSTRACT: A late stage in assembly of alphaviruses within infected cells is thought to be directed by
interactions between the nucleocapsid and the cytoplasmic domain of the E2 protein, a component of the
viral E1/E2 glycoprotein complex that is embedded in the plasma membrane. Recognition between the
nucleocapsid protein and the E2 protein was explored in solution using NMR spectroscopy, as well as in
binding assays using a model phospholipid membrane system that incorporated a variety of Sindbis virus
E2 cytoplasmic domain (cdE2) and capsid protein constructs. In these binding assays, synthetic cdE2
peptides were reconstituted into phospholipid vesicles to simulate the presentation of cdE2 on the inner
leaflet of the plasma membrane. Results from these binding assays showed a direct interaction between
a peptide containing the C-terminal 16 amino acids of the cdE2 sequence and a Sindbis virus capsid
protein construct containing amino acids-134. Additional experiments that probed the sequence
specificity of this cdE2-capsid interaction are also described. Further binding assays demonstrated an
interaction between the 264 capsid protein and artificial vesicles containing neutral or negatively
charged phospholipids, while capsid protein constructs with N-terminal truncations displayed either little
or no affinity for such vesicles. The membrane-binding property of the capsid protein suggests that the
membrane may play an active role in alphavirus assembly. The results are consistent with an assembly
process involving an initial membrane association, whereby an association with E2 glycoprotein further
enhances capsid binding to facilitate membrane envelopment of the nucleocapsid for budding. Collectively,
these experiments elucidate certain requirements for the binding of Sindbis virus capsid protein to the
cytoplasmic domain of the E2 glycoprotein, a critical event in the alphavirus maturation pathway.

Viral budding from the plasma membrane is a key efficiency include ionic strength condition§-7), plasma
maturation step for many enveloped viruses, including membrane cholesterol contei®+10), glycoprotein palmi-
rhabdoviruses, bunyaviruses, paramyxoviruses, retrovirusestoylation (L1—15), lateral proteir-protein interactions be-
and togavirusesl( 2). The alphaviruses, a genus within the tween the glycoproteins E2 and E16(-19), and proteir-
Togavirdae family that includes Sindbis virus (SINV), protein interactions between an assembled intracellular
Semliki Forest virus (SFV), and Ross River virus (RRV), nucleocapsid and the cytoplasmic domain of E2 (cdBEa)-(
are plus-stranded RNA viruses. Alphaviruses are spread by24).
mosquitoes and have a variety of mammalian hosts, including Both envelope glycoproteins and capsid protein are
man @, 4). Factors known to influence alphavirus budding required for alphavirus budding from the plasma membrane

(25). The capsid protein~430 kDa) binds viral RNA and
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391 423 Although the budding of alphaviruses has long been

SINV KARRECLTPYALAPNAVIPTSLALLCCVRSANA considered to be directed by sequespecific interactions
between cdE2 and capsid proteR8(25), a direct demon-

RRV.  T...K..o.... T.6..V.LT.G....APR... stration of a sequence-specific interaction between cdE2 and
SFV A..SK....... T.G.AV.WT.GI...APR.H. capsid protein remains elusive. In vivo studies were per-
EEEV GL.NL.T...K..... QV.IL...... IKPTR. formed with chimeric alphaviruses with either capsid protein

or cde2 from one alphavirus swapped with its counterpart
WEEV ....D........c.. TV..A..V...I.PT..

from another alphaviruss@—36). Some chimeras displayed
VEEV RS.VA..... R.T...R..FC..V...A.T.R. attenuated virus production, and their revertants showed
Ficure 1: cdE2 sequences from different alphaviruses. The amino adaptive amino acid changes in both cdE2 and capsid protein
acid numbering scheme for Sindbis virus is used. A “." indicates a that restored budding efficiency to nearly wild-type levels.

conserved residue at that position. Conserved cysteines are show : s :
in red, and the conserved Y400 and L402 within the cdE2 tyrosine Such observations Sques.t specific caiedpsid contacts.
motif are shown in blue. Abbreviations: SINV, Sindbis virus; RRv, ©On the other hand, other chimeras were generated from these

Ross River virus; SFV, Semliki Forest virus; EEEV, eastern equine €xperiments that replicated normally in the absence of amino
sréCEe\?h?/“etEez\ﬂng;] \Qﬁ'ifn\/e, eanzg%gglit?gl\Jlii?fs e_lr_lr(]:ephal_itis V_itrrl:_S; acid changes. For instance, a RRV chimera where the cdE2
: . -_Ihe region within gequence was replaced with the corresponding sequence from
itrr:ﬁrﬁéNs\t/ugyz/ issegﬁgggz.found to recognize the SINV capsid protein SINV was observed to bud with Wild-type_e_fficiencsa). _
This result demonstrates that cross-reactivity between dif-
conformational restriction favoring subsequent celedpsid ferent alphavirus cdE2 and capsid proteins can occur in vivo,
protein interactions. with some sequence variance in cdE2 or in the capsid protein
Studies to date have not provided a complete picture of being tolerated by the replicating virus. Moreover, in vitro
the capsid proteincdE2 interaction. Various reports have cross-reactivity of cdE2 with nucleocapsids from rubella virus
identified either the N-terminal or the C-terminal region of and with vesicular stomatitis virus (VSV) has also been
cdE2 as the critical determinant for binding nucleocapsids. reported 21), indicating that cdE2 can support interactions
In vitro binding assays using structural components from with capsid proteins from other virus families. The collective
SFV indicate that the C-terminal amino acids of cdE2 are evidence for interactions among structural proteins from
involved in capsid protein binding, since the full-length cdE2 different viruses, observed both among different alphavirus
domain but not the N-terminal region of cdE2 can support structural proteins and between structural proteins of al-
nucleocapsid binding2(l). phaviruses and other virus families, raises the possibility that
Conversely, synthetic peptides corresponding to the N- the determinants for capsigjlycoprotein recognition in
terminal region of SINV cdE2 [e.g., E2 397402 (LT- alphaviruses are not strongly sequence-based.
PYAL)] have been shown to inhibit viral release when added  In the current study, the capsid protein sequence require-
to infected cells §0). While the mechanism by which these ments for direct binding of SINV cdE2 were explored in
peptides effect inhibition of viral replication was never solution using NMR spectroscopy and more extensively
precisely determined, the peptides were hypothesized tousing binding assays where a variety of E2 cytoplasmic
traverse the plasma membrane and subsequently block viradomain constructs were reconstituted into phospholipid
release through direct competition with cdE2 for capsid vesicles. Synthetic cdE2 peptides were modified witlh C
protein binding within the cell cytoplasm. In addition, alkyl groups at cysteine positions prior to reconstitution into
mutagenesis studies showed that a “tyrosine motif” including liposomes to mimic the palmitoylation of cdE2 found in vivo
Y400 and L402 in the N-terminal region of cdE2 is important These studies probe the direct interaction between cdE2 and
for the recruitment of nucleocapsids to the inner leaflet of SCP at a membrane interface to investigate structural
an infected cell’s plasma membrane, as well as for the requirements for an initial event in assembly. This in vitro
efficient budding of infectious virus particles from the cell system does not incorporate higher order interactions and
(15, 22). The findings from these mutagenesis studies were thus cannot capture features present in later events of
interpreted as evidence that this tyrosine motif participates assembly. SCP constructs containing residues2bd (SCP
directly in capsid protein binding. The crystal structure of 19—264), 81-264 (SCP 81264), and 114264 (SCP 114
the C-terminal domain (residues 11264) of the Sindbis = 264) were tested for binding to the reconstituted cdE2
virus capsid protein (SCP) reveals the existence of a peptides to better define the regions in SCP and cdE2 that
hydrophobic pocket on the surface of the protein, and this might participate in cdE2capsid protein contacts. In addi-
pocket has been implicated as the binding site for the cdE2tion, the experiments demonstrate that SCP can bind to
tyrosine motif @2, 31, 32). The mutagenesis and crystal- neutral or negatively charged artificial vesicles in the absence
lographic data prompted a structural model for the cdE2 of reconstituted cdE2. This SCfnembrane interaction
tyrosine motif docked within this hydrophobic pocke?( appears analogous to the interaction of other viral matrix or
31-33). In particular, these modeling studies describe in capsid proteins with membranes in other enveloped RNA
detail the disposition of conserved cdE2 residues Y400 andVvirus systems37—43). On the basis of this observation, we
L402 within the SCP pocket. More recently, a fit of the introduce an alphavirus assembly model that features capsid
crystallographic structure of SCP into the 11 A resolution protein-membrane interactions as well as capsid protein
cryoEM map of Sindbis virus was reportea8] and finds cdE2 interactions in the viral assembly process.
SCP oriented with the hydrophobic pocket near the trans-
membrane region of density assigned to E2, consistent with MATERIALS AND METHODS
the above model. The structure of SCP residues1i® is Materials.E2/6 (NH;"-PYALAP-NH,), E2/12 (Ac-KAR-
unknown and thus cannot be fitted into the cryoEM density. RECLTPYAL-NH,), E2/33 (Ac-KARRECLTPYALAP-
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Ficure 2: Alkylation of synthetic cdE2 peptides with;£groups specifically at cysteine positions.

NAVIPTSLALLCCVRSANA-NH,), and scrambled E2/
16SCR (NH"-LSNVASPACCAILTRL-COQ) peptides were
synthesized at the Purdue University Peptide Synthesis
Facility, using either Fmoc (for E2/6, E2/12, and E2/16SCR)
or tBoc (for E2/33) chemistry, and were further purified using
reverse-phase chromatography on either 2o€ a Gg
column. E2/16 (NB"-IPTSLALLCCVRSANA-COQO") was

a gift from Dr. James Strauss (California Institute of
Technology). Hexyldecyldithiopyridine (DTP-C16) was pre-
pared as described elsewherl)( Trifluoroethanolamine
(TFE), L-o-phosphatidylcholine (PC)L-o-phosphatidyl-
ethanolamine (PE), sphingomyelin (SM)a-phosphatidyl-
L-serine (PS),-a-phosphatidylinositol (PI),-a-phosphatidic
acid (PA), cholesterol, Triton X-100, and electrophoresis
grade bovine serum albumin (BSA) were purchased from
Sigma Chemical Co. (St. Louis, MO). Formic acid (98
100%) and spectroscopic grade acetonitrile were obtai
from VWR Scientific, and 2,4,6-trinitrobenzenesulfonic aci
(TNBS) was purchased from Aldrich Chemical Co. The
constructs SCP 19264, 81-264, and 114264 and Ross
River virus capsid protein (RRCP) constructa70 were
expressed inEscherichia coliand purified as described
previously é5).

NMR Data Acquisition.One-dimensional*H titration
spectra of SCP 114264 with E2/6 were measured at 22
using a Varian VXR-500 spectrometer. The water signal was
suppressed with presaturation using the decoupler channel
An initial reference!H spectrum of 0.40 mM SCP 114
264 in 50 mM sodium phosphate buffer (90%4M10% HO,
pH 7.5), 50 mM NaCl, and 1 mM Naj\was collected, and
aliquots of E2/6 were added to the SCP sample to yield 0.5:1
and 1.6:1 molar ratios of E2/6:SCP 1264. A™H spectrum
of the E2/6:SCP 114264 mixture was collected following
each addition of E2/6. All spectra were obtained using 600
transients, a 60excitation pulse, atha 3 srecycle delay.
Data were Fourier transformed using an exponential line
broadening parameter of 0.7 Hz with the Varian VNMR

Synthesis and Purification of Alkylated E2 PeptidBise
cysteine-specific alkylation of synthetic SINV cdE2 peptides
was accomplished using a thioalkylating reagent (DTP-C16)
that was developed in this laboratory and described previ-
ously @4). In this procedure, ¢ groups were covalently
attached to cysteine residues within the cdE2 peptides via a
disulfide linkage (Figure 2). The resulting alkylated E2/12
(pal-E2/12), E2/16 [(pad)E2/16], and E2/16SCR [(patE2/
16SCR] peptides were purified using reverse-phase chro-
matography (G column) with a 5-95% water/acetonitrile
gradient developed over 30 min. The triply alkylated E2/33
[(pal)s-E2/33] peptide was similarly purified using reverse-
phase chromatography with water/acetonitrile gradients
containing 20% formic acid as outlined previousK4).
Successful synthesis and purification of the alkylated peptides
(Figure 2) were confirmed by fast atom bombardment mass

negSPectrometry (FABS) and by plasma-desorption mass spec-
d trometry (PDMS).

Preparation of Large Multilamellar Vesicles (MLV’s) and
Reconstitution of Alkylated E2 Peptidestocks of multi-
lamellar PC liposomes were prepared by dissolving egg PC
in chloroform and drying the lipid to a thin film in a round-
bottomed flask under a stream of nitrogen gas. After the
sample was placed under vacuum for at least 2 h, the lipid
was resuspended to 20 mg/mL in 10 mM sodium phosphate
(pH 7.2), 140 mM NacCl, and 0.02% Nalkbuffer A); several
cycles of freezethawing and vortexing resuspended all dried
lipid from the flask and yielded multilamellar vesicles. These
liposomes were centrifuged at 45pfr 5 min at 18-20
°C, and the supernatant containing smaller vesicles was
removed. The pellet was gently resuspended, and the sample
was centrifuged and resuspended twice more to isolate the
larger vesicles. The MLV’'s were resuspended in a final
volume of buffer A equal to that for dissolution at the initial
20 mg/mL. Lipid loss from resuspension was judged to be
minimal since there was no apparent change in the size of
the lipid pellet over the course of the preparatibletero-
geneous lipid (Het) vesicles, containing a 0.9:1 molar ratio

software package. Difference spectra were calculated usingof cholesterol:phospholipid and molar ratios of PC:PE:SM:

VNMR. E2/6 assignments were based upon random?ebil
chemical shifts for amino acidg§) and inspection of peak
splitting patterns.

PS:PI:PA of 6:5:4:3:1:1, were prepared in the same fashion.

Alkylated E2 peptides were reconstituted into PC MLV’s
by adding 1ug/uL pal-E2/12 dissolved in TFE or Ag/ulL
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(palx-E2/16, (pal)-E2/16SCR, or (pa$}E2/33 dissolved in liposomes lacking pal-E2/12. The ratio of the optical densities
95% TFE:5% 1:2:1 acetic acid:chloroform:ethanol (“ACE”) of the surface-accessible pal-E2/12 and total pal-E2/12
to the PC/chloroform solution prior to drying the lipid with  samples (ORuacdODwota) Showed that approximately 39%
nitrogen gas. ldentical amounts of TFE or TFE:ACE solution of pal-E2/12 is surface-accessible when reconstituted into
were added to PC/chloroform mixtures that were used to PC membranes as described above.

make PC vesicles that lacked alkylated E2 peptide. The molar

ratios of PC:E2 peptide that were used in binding assaysRESULTS

were 166-190:1, and the total amount of E2 peptide that NMR-Detected Binding Using E2/6 and SCP 1264,

was added to the lipid mixture was typically 15200 «g. S .
I , Binding of cdE2 to SCP was monitored by NMR spectros-
After addition of the alkylated peptide to the PC/chloroform copy using E2/6 (Figure 3a), a peptide containing Y400 and

solution, PC MLV’s were prepared as described above. — . I,
L . - L402 within the conserved cdE2 tyrosine motif (Figure 1),
Binding Assays in a Phospholipid Membrane/Eonment. and SCP 114264, a protein fragment containing the

PC MLV preparations (4 mg/mL PC, 0.4% BSA) with or . : .
without reconstituted E2 peptides were incubated with a hydr.ophqblc poc'ket previously hypothesized to be th.e'chZ
binding site. Regions of a 1B4 spectrum of E2/6 containing

particular SCP construct (SCP 1964, 81264, or 114- the - ande-proton signals from Y400 (7.15 and 6.85 ppm,

264) far 1 h atroom temperature in buffer A. Binding . :
; . . respectively), the methyl Hsignals from A401 and A403
experiments were performed using 000 ng of protein (1'?[0_1.4 pgr)n) and the);neth)gl%ignals from L402 (0.9

in reaction volumes of 100L. Control reactions containing 1.0 ppm) are shown in Figure 3e. Any association of E2/6
only SCP (no MLV's or E2 peptide), along with negative with SCP 114-264 would lead to line broadening and/or

control reactions containing PC vesicles with and without hemical shift ch f the E2/6 tide sianals. |
reconstituted E2 peptides (but no SCP), were also performed.C emical shitt changes ot the peptide signais. in
particular, such spectral changes are expected to occur for

Following centrifugation at 45@pfor 5 min at 18-20 °C, . . S
: : eaks from the Y400 and L402 side chains upon binding to
the resulting pellet and supernatant fractions were separated; hydrophobic pocket on SCP 12264,

and brought up to equal volumes. BSA was added to the i i
pellet fractions to match the BSA concentration in the Successive aliquots of E2/6 were added to 0.4 mM SCP
supernatant fractions. Equal volume aliquots of each fraction 114-264 as described in Materials and Methods. The
were then blotted to nitrocellulose using a dot blot manifold difference spectrum corresponding to subtraction of the free
(Bio-Rad). To assay for SCP content in the pellet and SCP 114-264 spectrum (Figure 3b) from the spectrum
supernatant fractions, the nitrocellulose blot was subsequentlymeasured from the E2/6 peptide in the presence of SCP 114
probed with a polyclonal anti-SCP antibody and then 264 (Figure 3c) is shown in Figure 3d. NMR data for two
developed using a chemiluminescent system (Amersham).t'trat'on points (0.5:1 and 1.6:1 molar ratios of E2/€f‘:SC.P
Binding assays using Het vesicles were performed in a 114-264) were collected, and the results from the "1.6:1
similar fashion. Dot blots were quantitated using a Bio-Rad fitration point” are shown. Neither chemical shift changes
GS-710 densitometer. nor line broadening of the peptide signals is observed in the
Detection of pal-E2/12 in PC Liposomeés.colorimetric presence of SCP 13464 (Figure 3d vs Figure 3e). The
assay that uses TNBS to detect protein amino groups wadack of such spectral changes shqws that E2/6 does not bind
employed to verify that pal-E2/12 partitions to PC mem- to SCP 114-264 under the conditions te;ted (0.4 mM SCP
branes when reconstituted into vesicles, as well as to estimatet14—264, 0.6 mM E2/6, 50 mM potassium phosphate, 50
the fraction of pal-E2/12 that partitions to the outer leaflet MM NaCl, 1 mM NaN, pH 7.5).
of the PC MLV’s @7, 48). The amount of pal-E2/12 on the Detection of SCPcdE2 and SCPMembrane Interactions
outer leaflet of the PC MLV’s was assessed by diluting in @ Phospholipid Membrane Eitonment. The lack of
aliquots of PC MLV’s containing pal-E2/12 to 0.6 mL with  binding of soluble E2/6 to SCP 13£64 motivated an
a solution of 150 mM NaCl, followed by addition of 0.2 expanded search for other cdE2 and SCP sequences that can
mL of 0.8 M NaHPQ, (pH 8.5). Twenty microliters of 1.5%  mediate capsid proteirglycoprotein interactions. In par-
TNBS was then added to the samples (termed “surface-ticular, amino acid sequences corresponding to the entire
accessible pal-E2/12” samples), which were incubated in the CdE2 sequence (E2/33), as well as the C-terminal 16 amino
dark for 30 min. After this incubation period, 0.4 mL of 1.2% acids (E2/16) and the N-terminal 12 amino acids (E2/12) of
Triton X-100 in 1.5 M HCI was added to quench the CdE2, were examined for binding to SCP +1264. Further-
reactions, and absorbances at 410 nm were measured withifinore, larger capsid protein constructs containing residues
1h. 19-264 and 81264 were also investigated for binding to
The total amount of pal-E2/12 present within the inner CdE2 peptides. The poor solubility of E2/16 and E2/33
lamellae of the PC vesicles, as well as on the outer leaflet, precluded an NMR analysis as was performed with E2/6 and
was assayed by diluting aliquots of PC MLV’s containing SCP 114-264. As such, the various capsid protein constructs
pal-E2/12 to 0.6 mL with 150 mM NaCl, followed by were tested for cdE2 binding in a lipid membrane system
addition of 0.2 mL of (thoroughly mixed) 1.6% Triton X-100 ~ containing cdE2 peptides that were reconstituted into phos-
in 0.8 M N&HPO, (pH 8.5). Twenty microliters of 1.5%  pholipid vesicles, as described below.
TNBS was added to these samples (termed “total pal-E2/ Binding assays with phospholipid vesicles were performed
12" samples), which were then incubated in the dark for 30 using synthetic cdE2 peptides that were alkylated at cysteine
min. After this incubation period, 0.4 mL of 0.4% Triton positions with Ge groups to mimic the palmitoylation
X-100in 1.5 M HCl was added to quench the reactions, and modification found at these sites in vivo (see Materials and
absorbances at 410 nm were measured within 1 h. SampleMethods and Figure 2). Following reconstitution of these
blanks consisted of identical preparations of aliquots of PC cdE2 peptides into MLV’s, SCP was incubated with the
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a) NH,-PYALAP-NH,

b) sCP114-264

NNt AN/

C)  SCP114-264 + E2/6

d) (SCP 114-264 + E2/6) - (SCP 114-264)

7

e) E2/6 Ala 401/Ala 403 HB Leu 402 H&
Tyr 400 H Tyr 400 He
74
72 71 7.0 6.9 6.8 ppm”/ 714 13 12 11 10 09 ppm

Ficure 3: E2/6 titration with SCP 114264. (a) The synthetic E2/6 peptide, with residues hypothesized to interact with SCR@4.4
(Y400 and L402) highlighted; (b) 1BH spectra of 0.4 mM SCP 11264 and (c) SCP 114264+ E2/6 (1.6:1 molar ratio of E2/6:SCP);

(d) a differencéH spectrum of (SCP 114264+ E2/6) — (SCP 114-264) to reveal only the E2/6 signals; (e) free E2/6 peptide. Assignments
of the tyrosine, alanine, and leucine signals are based upon randofHcclilemical shift values4g) and inspection of peak splitting
patterns.

cdE2-containing vesicles to test for binding. In parallel, the heterogeneous lipid composition of the Sindbis virus
incubation of SCP with PC liposomes lacking cdE2 peptides envelope 49); about 18% of the total lipid in these artificial
was performed to assess the extent of background bindingvesicles is negatively charged. After incubation of SCP 19
of SCP to the phospholipid membranes. Following centrifu- 264 with Het vesicles and subsequent centrifugation, SCP
gation, pellet and supernatant fractions of a reaction mixture 19—264 is found mostly in the pellet fractior-05% bound),
were analyzed for capsid protein content using a dot blot while incubation of SCP 19264 with PC vesicles results
assay as described in Materials and Methods. The presencé roughly 60% of SCP 19264 partitioning to the pellet
of increased amounts SCP in pellet fractions of reactions fraction (Figures 4a,b and 5a). A control experiment contain-
containing cdE2 peptides in vesicles, relative to that found ing SCP 19-264 but no phospholipid membranes shows that
in pellet fractions of reactions containing vesicles lacking SCP remains in the supernatant fraction when membranes
cdE2, indicates binding of SCP to reconstituted cdE2. Both are absent from the solution (Figure 4g). Additional experi-
cdE2-SCP interactions and SE#nembrane interactions ments using PC or Het membranes without capsid protein
were characterized. rule out the possibility of cross-reactivity of the anti-SCP
SCP-Membrane InteractionsSCP constructs 19264, antibody with phospholipid membranes (Figure 4h). In
81—-264, and 114264 were tested for binding to PC vesicles contrast, the shorter fragment SCP +244 incubated with
and to Het vesicles having a 0.9:1 molar ratio of cholesterol: either Het or PC vesicles is found only in supernatant
phospholipid with a phospholipid molar ratio of PC:PE:SM: fractions. These observations indicate that SCP28 has
PS:PI:PA of 6:5:4:3:1:1 (prepared as described in Materials stronger affinity for Het vesicles than for PC vesicles and
and Methods). The composition of these Het vesicles mimicsthat SCP 114264 does not display detectable affinity for
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Ficure 4: Dot blot results from binding assays in a phospholipid
membrane environment. B pellet fraction; S= supernatant g
fraction. (a—f) Binding of SCP 19-264 and SCP 114264 to (a) FisAns;pesay components
PC vesicles, (b) Het vesicles, (c) PC vesicles with reconstituted 100 1
(pal)s-E2/33, (d) PC vesicles with reconstituted (pdR/16, () 1 1-
PC vesicles with reconstituted pal-E2/12, and (f) PC vesicles with
reconstituted (paf)E2/16SCR. (g) Control reactions containing SCP
19-264 or SCP 114264 but no liposomes or reconstituted
peptides. (h) Control reactions containing either PC vesicles with
reconstituted (pad)E2/33 or Het vesicles but lacking capsid protein.
Results shown are representative of at least three independen
binding reactions. All reactions were performed in sodium phos-
phate buffer (10 mM sodium phosphate, 140 mM NaCl, 1 mM
NaNs, pH 7.2) using 1, 2, or 4 ngL capsid protein in a 10QL
reaction volume. The molar ratio of PC:reconstituted cdE2 peptide
is 160-190:1 in binding assays where alkylated cdE2 peptides were
used; assuming that approximately 40% of the total reconstituted
cdE2 peptide is surface-accessible (as for pal-E2/12), the estimatec
cdE2:SCP molar ratio in binding reactions is 26@D00:1.
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phospholipid (0% bound; Figures 4a,b and 5a). Similar
Binding assay components

experiments with SCP 81264 demonstrate that SCP-81

264 has significantly less affinity to either Het or PC FiGure 5: (a) Results from binding experiments with various
Sindbis virus cdE2 and SCP constructs. (b) Results from experi-

membranes than does SCP-1%4 (only 5-10% bound; yall ; .
Figure 5a), suggesting that the “membrane-association” ments that probe the specificity of the SIN cdER2CP interaction.
sequence lies primarily within the first 20 amino acids  Scp 19-264 and reconstituted (palE2/33. A similar
of SCP. increase of SCP 19264 in the pellet fraction is observed
SCP-cdE2 InteractionsThe alkylated cdE2 peptides pal- in experiments using PC liposomes with reconstituted gpal)
E2/12, (pal)-E2/16, and (pay)E2/33 were each reconstituted E2/16 (~83% bound; Figures 4d and 5a). As with (pal)
into PC vesicles. The sequence of the triply alkylated peptide E2/33, the increase in signal in the pellet fraction does not
(pal)s-E2/33 corresponds to the entire amino acid sequencearise from cross-reactivity of the anti-SCP antibody with
of the SINV cdE2 (Figures 1 and 2). The pal-E2/12 peptide reconstituted (pa})E2/16 (data not shown). The data thus
corresponds to the N-terminal 12 residues of cdE2 and indicate that the C-terminal 16 amino acids of cdE2 are
contains Y400 and L402, and the (pal§2/16 peptide  sufficient for binding SCP 19264. SCP 114264 is not
corresponds to the C-terminal 16 residues of cdE2 (Figure recovered in the pellet fraction from experiments using PC
2). Phospholipid vesicles containing reconstituted alkylated vesicles containing either (pallE2/16 or (pal}-E2/33 (Fig-
peptides were incubated with either SCP-284, 81-264, ures 4c,d and 5a), suggesting that the component that
or 114-264. Typical results from such experiments are promotes cdE2 binding must lie in the N-terminal region of
shown in Figure 4ee, and all results are summarized in  SCP. Finally, incorporation of E2/16 into PC membranes
Figure 5a. does not enhance SCP -8264 affinity for these vesicles
Binding assays using PC vesicles with reconstituted{pal) (Figure 5a), further delineating the cdE2 recognition element
E2/33 show a marked increase of SCP-284 in the pellet to lie within the first 20-80 amino acids of SCP.
fraction (~90% bound) compared to corresponding assays Binding assays to examine SCP interactions with the
with PC vesicles lacking (pabE2/33 (~60% bound; Figures  N-terminal region of cdE2 used pal-E2/12 mixed with PC
4a,c and 5a). Control experiments show that the increase inliposomes. These assays show no increase in the levels of
signal from the pellet fraction does not arise from cross- either SCP 19264 or 114-264 in the pellet fraction
reactivity of the anti-SCP antibody with reconstituted (pal)  (Figures 4e and 5a). The failure to detect increased amounts
E2/33 (Figure 4h). Therefore, the observed increase in SCPof capsid protein in the pellet fraction does not stem from
in the pellet fraction indicates a direct interaction between an inability of pal-E2/12 to partition to phospholipid
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Ficure 6: SCP sequence with the proposed membrane binding/cdE2 binding region shown relative to the SCP protease domain.

membranes, as the capacity of pal-E2/12 to bind to phos-in the alphavirus E2capsid protein interaction and may be
pholipid vesicles has been previously demonstrated by HPLCimportant in an early event of assembly. The direct binding
analysis 44). Moreover, the presence of reconstituted pal- measurements on purified fragments of SCP and cdE2
E2/12 in PC liposomes was also determined via absorbancereported here elucidate certain recognition elements between
measurements from a colorimetric assay that uses TRRBS ( SCP and cdE2. The NMR spectroscopy and liposome binding
14) to detect the--amino group of the lysine residue in pal- assays expand upon previous mutagenesis, structural, and
E2/12 (see Materials and Methods); the absorbance measuremodeling studies that examine capsid prote&dE2 associa-
ments from this assay further indicate that 39% of the total tion (15, 22, 31—33).
reconstituted pal-E2/12 partitions to the outer leaflet of the  Capsid-cdE2 AssociationOverall, the results support an
PC vesicles (data not shown). This assessment of surfacealphavirus assembly model in which the C-terminal region
accessible pal-E2/12 leads to an estimation of a molar ratioof cdE2 (E2 residues 468423) is important for recruiting
for pal-E2/12:SCP in binding reactions of approximately SCP through association with the N-terminal region of SCP
4000:1. Collectively, these results suggest that pal-E2/12 (residues 19-80; Figure 5a). Binding experiments show that
partitions to PC vesicles and is present on the membraneboth (pal}-E2/33 and (pah)E2/16 that are reconstituted into
surface in great excess of SCP, yet is insufficient to bind liposomes can enhance the binding of SCP-264 to
SCP 19-264. phospholipid membranes, indicating that an SCP recognition
Specificity of the cdE2Capsid InteractionThe specificity element lies within the last 16 residues of cdE2. This
of the SINV cdE2-capsid protein interaction was examined observation is in accord with earlier findingg1j. The
by assessing the binding of full-length RRCP-270 to association of SCP 11264 to membranes was not en-
(palx-E2/16 reconstituted in PC membranes. Under the assayhanced by any of the alkylated cdE2 peptides (Figures 4 and
conditions employed, RRCP-R270 exhibits somewhat less  5a), and membrane association of SCP-8&4 was not
affinity for PC membranes than does SCP-284 (Figure enhanced by (pahE2/16 (Figure 5a). These results suggest
5b). A significant increase in RRCP content in the pellet that a cdE2 recognition element lies within the N-terminal
fraction was observed in the presence of (p&EQ/16 (57% domain (residues 1980) of SCP (Figure 6).
RRCP bound), relative to parallel experiments where fpal)  |n addition, the observation that cdE2 peptides can enhance
E2/16 is not included in PC MLV’s (32% RRCP bound; the binding of SCP 19264 to liposomes demonstrates that
Figure 5b). This observed enhancement in binding is SCP can interact with membranes prior to formation of
analogous to that observed in experiments with SCP 19 nycleocapsid core particles. This result is consistent with
264 (Figure 5a). Such data indicate that RRCP (having 56% previous studies that find that SFV capsid protein mutants
sequence identity with SCP) can interact with E2/16 from are defective in forming cytosolic nucleocapsids but, none-
SINV, demonstrating cross-reactivity between the structural theless, support SFV budding from infected ce8, (51).
components of RRV and SINV in vitro. Taken together, these results and those reported here suggest
To further probe the sequence requirements of the edE2  that while assembled nucleocapsids are observed in the
capsid protein interaction, binding assays were performed cytoplasm of infected cells, the assembly of SCP into
using (pal}-E2/16SCR reconstituted in PC membranes. nucleocapsid core particles might not be a strict requirement
While this peptide has the same amino acid composition asfor SCP-cdE2 association. Furthermore, as nucleocapsid
(palx-E2/16, the amino acids are located at different positions attachment to internal cellular membranes within infected
in the sequence except for the two cysteines, whose positionsells has been previously observé@®)( the site of cdE2

were conserved in (patE2/16SCR (Figures 1 and 2). The  SCP complex formation may not be simply restricted to the
cysteine positions were retained to allow comparable anchor-plasma membrane.

ing of the alkylated peptides (paiE2/16 and (paB}E2/ Mutagenesis studies have demonstrated that Y400 and
16SCR to the PC membrane and similar presentation of thesq 402 are key cdE2 residues involved in the recruitment of
two peptides to the target capsid protein. nucleocapsids to the plasma membrane of infected cells,

Binding assays using PC vesicles with reconstituted4pal) presumably through direct protein contacts with nucleo-
E2/16SCR result in a significant increase of SCP-284  capsids {5, 22). On the basis of these mutagenesis data and
in the pellet fraction £-94% bound; Figures 4f and 5b). This  SCp-SCP interactions observed in the SCP crystal structure,
result indicates that (pabE2/16SCR recognizes SCP19  the conserved cdE2 residues Y400 and L402 have been
264 as readily as (patE2/16 (Figure 5a), an unexpected hynothesized to bind within a hydrophobic pocket on the
finding given the prevailing hypothesis that the catapsid surface of the SCP 11264 proteolytic domain22, 31—
protein interaction is sequence-specitt3(25). Additional 33). To examine this aspect of the alphavirus assembly
binding assays using SCP 11264 and (pal)E2/16SCR  model, cdE2 peptides containing the tyrosine motif were
ShOW tha.t th|S SCP construct iS Only deteCted in Supernatanttested for b|nd|ng to SCP constructs Containing the hydro_
fractions, indicating that SCP 13264 has no affinity for phobic pocket.

(pal)-E2/16SCR (Figure 4f). NMR chemical shift is exquisitely sensitive to environ-
ment, and so NMR spectroscopy was used to investigate the
DISCUSSION association of SCP 11264, which contains the hydropho-

The present study provides biochemical evidence that bic pocket, with E2/6, which contains Y400 and L402 (Figure

pinpoints the regions within cdE2 and SCP that participate 3a). The lack of spectral changes for E2/6 resonances in the
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presence of SCP 11264 (Figure 3) establishes that E2/6 the SCP pocket may involve the stabilization of collective
does not bind SCP 11£264. Furthermore, neither SCP 14  interactions of glycoproteins and SCP in the assembled
264 nor SCP 19264 shows higher affinity for phospholipid  virion. An initial SCP contact with the C-terminal region of
membranes in the presence of pal-E2/12, a peptide that alsacdE2 could trigger further rearrangement events that ulti-
contains Y400 and L402 (Figure 4e). Thus, the N-terminal mately dock the cdE2 tyrosine motif within the SCP
residues of cdE2 do not appear to be sufficient for binding hydrophobic pocket at a later assembly step. Conceivably,
SCP. These findings are consistent with previously reported protein—protein interactions between cdE2 and SCP residues
biochemical data that show that the first 13 amino acids of 114—264 may occur only in fully mature virions, not in
cdE2 are not sufficient for binding SFV nucleocapsids in intermediate stages of alphavirus budding, and hence would
vitro (21). The data from the present binding studies find not be detectable by the binding assays employed in this
no evidence that Y400 and L402 function in viral assembly study.
through an initial proteir-protein interaction with the SCP Specificity of the cdE2Capsid Interaction.The capsid
hydrophobic pocket, suggesting that these two critical proteins of RRV and SINV show 56% sequence identity,
residues must mediate viral assembly through some otherand cross-reactivity between alphavirus structural compo-
mechanism. In addition, the binding data do not support the nents 85) as well as between SFV cdE2 and nucleocapsids
previously reported hypothesis that peptides correspondingfrom other enveloped viruse21) has been previously
to the N-terminal region of cdE2 block viral release in demonstrated. We examined the ability of (p&p/16 to
infected cells via competitive inhibition of SCRJE2 enhance membrane association of RRCR70 and found
interactions 80). The binding data also fail to show that the that (pal}-E2/16 increased affinity by amounts similar to
SCP hydrophobic pocket is sufficient for establishing that observed with SCP 1264 (Figure 5b). The results
protein—protein contacts with other regions of cdE2, as from the present study suggest that both RRCP and SCP
neither (pal-E2/33 nor (pal-E2/16 enhances the binding can associate with the C-terminal region of SINV cdE2,
of SCP 114-264 to phospholipid membranes in vitro. consistent with the previously reported cross-reactinaty; (
Y400 and L402 are required for proper association of 35). Specificity of the cdE2 capsid interaction was further
nucleocapsids with the plasma membrane of infected cells,examined by using (pahE2/16SCR, a peptide construct
but the binding studies described here suggest that associatiomontaining a “scrambled” E2/16 sequence that preserved the
of this cdE2 tyrosine motif with the hydrophobic pocket of position of G36C417 Within the sequence. Results from these
isolated SCP cannot be an initial step for such nucleocapsidassays showed that (paB2/16SCR could recognize SCP
association. One possible explanation for the role of Y400 19—264 (Figure 4f), a finding that runs counter to the
and L402 in nucleocapsid recruitment may be that the cdE2 prevailing hypothesis that the cdE2apsid protein inter-
tyrosine motif functions by making critical lateral interactions action is sequence-specific. However, the SC&E2 inter-
with other transmembrane components within the trimeric action does not appear to be completely nonspecific, as SCP
spike complex (e.g., E1 or 6K) which would not be detected 19—264 fails to recognize the amino acid sequence contained
by the experiments reported here. Lateral interactions in pal-E2/12 (Figures 4e and 5a). Furthermore, results from
between spike protein components have been previouslythese assays show that the (p&p/16SCR construct cannot
shown to control the recruitment of nucleocapsids to the inner recognize SCP 114264 (Figure 4f), indicating that some
leaflet of the plasma membrang&g( 18, 19) as well as play  particular recognition element within SCP -1964 is re-
an important role in efficient viral buddindl¥, 19, 52). In quired for complex formation.
this vein, lateral interactions involving the tyrosine motif may = Taken together, the results suggest that the alphavirus
possibly influence nucleocapsid recruitment to the plasma capsid-cdE2 interaction is not strictly sequence-specific. The
membrane by modulating the presentation of the C-terminal absence of a clear, sequence-specific capsilE2 recogni-
region of cdE2 to the capsid protein, thus providing indirect tion event in these experiments is consistent with previously
control of cdE2-capsid protein binding. In support of such reported in vitro and in vivo data that demonstrate cross-
a hypothesis, construction of chimeric alphaviruses (9) reactivity of alphavirus structural componentl,(35). A
or of an E1 deletion mutantlg) where lateral interactions  possible explanation for these observations is that a stable
between spike proteins are disrupted shows a phenotypecapsid-cdE2 interaction may simply require a stretch of
identical to that produced by tyrosine motif mutatiods,( hydrophobic amino acids in cdE2, a modest criterion that
22), i.e., assembled nucleocapsids dissociated from internalcan be satisfied by many different amino acid sequences.
or plasma membranes of infected cells. Indeed, recentThe notion of a cdE2capsid interaction without strict
cryoelectron microscopy studies that show the close associasequence specificity directing alphavirus budding is not
tion of the E1 and E2 transmembrane domains, as well aswithout precedence, as a similar mechanism has been
contact between the E2 ectodomain and the E1 fusionpreviously proposed to drive VSV budding4). Finally,
domain, have brought a new appreciation for the role of another possible explanation for the above observations is
lateral EX-E2 interactions in alphavirus structur2g( 53). that SCP somehow recognizes the tandem palmitoyl moieties
Despite the lack of binding data to support the hypoth- present within both E2/16 and E2/16SCR, rather than a
esized interaction between the cdE2 tyrosine motif and the particular amino acid sequence within cdE2.
SCP hydrophobic pocket, the occurrence of this interaction Proteinr—Membrane Interaction8oth RRCP and SCP are
is not completely ruled out: the SCP hydrophobic pocket reported here to bind to PC liposomes and thus display an
could be the final lodging point of the cdE2 tyrosine motif inherent affinity for membranes. The liposome binding assays
in the mature virus as described in previous docking studiesshow that SCP 19264 has even higher affinity for Het
(28), but in such a case other factors must be required prior membranes, which have a lipid composition similar to that
to such an interaction. Association of the tyrosine motif in found in the plasma membrane of eukaryotic cells. Con-
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Ficure 7: Possible model for membrane-facilitated alphavirus assembly and budding. The capsid protein is first recruited to the membrane,
either as an isolated protein subunit (with a dissociation congigrdr in the context of a nucleocapsid (with a dissociation condtgit
After membrane attachment, capsid protein interactions with cdE2 take place with a dissociation d¢yistant

versely, the constructs SCP 8264 and SCP 114264 to the release of a mature virion from the cell surface. Active
display either slight or no affinity for membranes (Figures participation of the membrane bilayer in functional macro-
4a,b and 5a), indicating that the membrane-targeting se-molecular interactions is not a featured component of this
quence lies within SCP 1980 (Figure 6). The mechanism particular model for alphavirus budding.

for the increased affinity of SCP 1264 for Het membranes

likely has a significant electrostatic component, as the

N-terminal domain of the 19264 construct contains numer-

ous positively charged amino acids available to interact with

the negatively charged surface of the Het vesicles. The SCP.

81-264 and 114264 constructs have fewer basic residues

(Figure 6) and correspondingly have either little or no affinity

for the negatively charged vesicles. These observations ar
consistent with expected results for an electrostatic mecha-

nism of binding. In addition, hydrophobic interactions

between SCP and phospholipid membranes also must

contribute to binding since SCP 1264 shows intermediate
affinity for the electrically neutral surface of the PC vesicles
(Figures 4a and 5a).

e

Indeed, membrane association b

In light of the proteir-membrane interactions demon-
strated in the present study, we propose an extended model
for alphavirus assembly that incorporates S@Rembrane
mteractions as well as SCRAE2 interactions (Figure 7).
This model features initial SCP association with the mem-
brane, either as an isolated protein subunit (with a dissocia-
tion constantKy) or in the context of a fully assembled
nucleocapsid (with a dissociation constépt). We hypoth-
esize that isolated SCP subunits can potentially participate
in functionally important proteirmembrane interactions,

with formation of additional nucleocapsids from individual
SCP subunits and viral RNA occurring in a subsequent

yassembly step at the membrane surface. In addition, given

mechanisms other than electrostatic attraction has beerPr€Vious observations of nucleocapsids aligned along internal

demonstrated for capsid or matrix proteins in other viral
systems (e.g., the capsid protein of dengue vir@8) 40,
55).

The membrane-binding property of SCP is strongly
reminiscent of the interaction of capsid or matrix proteins
with membranes (observed both in vitro and in vivo in other
enveloped RNA viruses, such as influenza vir8& (39, 41),
VSV (37, 56, 57), and human immunodeficiency virus (HIV)
(42, 43, 58). The association of matrix protein with the

membranes within infected cell22), we hypothesize that
the initial SCP-membrane interaction can take place at
internal cellular membranes (e.g., Golgi membranes) as well
as at the plasma membrane.

Regardless of the precise intracellular site and biochemical
pathway for nucleocapsid formation, we envision membrane
recruitment mediated through cdE2 interaction with SCP to
promote subsequent formation of nucleocapsids and eventual
budding (with a dissociation constag§"; Figure 7). As we

plasma membrane has been hypothesized to be a step in thénd no evidence that the tyrosine region of cdE2 has an

viral assembly pathway in these systems.
Assembly Model long-held view of alphavirus assembly,

affinity high enough to bind the hydrophobic pocket of SCP
in the case of isolated molecules, we propose that the initial

first proposed by Garoff and Simons approximately 30 years CdE2-SCP interaction is mediated through the C-terminal
ago, describes viral budding as being triggered by nucleo- residues of cdE2 and residues—8D of SCP. A final
capsid interactions with exposed cytoplasmic regions of spike rearrangement of trimeric E1/E2 spike complexes and

glycoproteins located at the plasma membra®. (In this

nucleocapsid could orient SCP subunits so that the hydro-

model, the nucleocapsid serves as a nucleation site forphobic pocket is near the glycoprotein transmembrane

additional viral glycoprotein interactions, ultimately leading

helices, as indicated in the cryoEM fitted structu?®)(
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Our proposed alphavirus assembly model features virion
maturation and budding as being driven by the combined

contribution of low-affinity SCP-membrane and SCRdE2

binding events. A similar assembly pathway may be utilized

by influenza virus: in vivo studies show that matrix protein

association with the plasma membrane is measurably en-
hanced by the presence of the envelope glycoproteins

hemagglutinin and neuraminidas&8). The role of the

membrane in viral assembly has only recently been explored

in alphavirus §9, 60), and further studies are needed to fully

understand capsitmembrane interactions during assembly

and in the virus particle.
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