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The cytoplasmic tail of NSP4, the endoplasmic
reticulum-localized non-structural glycoprotein of
rotavirus, contains distinct virus binding and coiled
coil domains
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The final steps in the assembly of rotavirus occur in
the lumen of the endoplasmic reticulum (ER). Targeting
of the immature inner capsid particle (ICP) to this
compartment is mediated by the cytoplasmic tail of
NSP4, a non-structural virus glycoprotein located in the
ER membrane. To delineate structural and functional
features of NSP4, soluble fragments of the cytoplasmic
tail have been expressed and purified. Our analysis
combines a functional assay for ICP binding with
biochemical and CD spectroscopic studies to examine
the secondary and quaternary structure. The ICP-
binding domain is located within the C-terminal 20
amino acids of the polypeptide. A second region,
distinct from this receptor domain, adopts an a-helical
coiled coil structure and mediates the oligomerization
of the virus binding domains into a homotetramer. The
domain organization of the cytoplasmic fragments of
NSP4 suggests a novel structure for an icosahedral
virus receptor protein in which C-terminal binding
sites for immature rotavirus particles are connected to
an a-helical coiled coil stalk which projects from the
ER membrane.
Keywords: cx-helical coiled coil/CD spectroscopy/
cytoplasmic tail/glycoprotein receptor/rotavirus assembly

Introduction
Release of several enveloped viruses from infected cells
is thought to proceed via a budding mechanism driven by
multiple interactions between a ribonucleoprotein particle
and the cytoplasmic tails of viral glycoproteins located in
the plasma membrane (Simons and Garoff, 1980). Budding
of rotavirus, a non-enveloped icosahedral virus, has also
been proposed to occur during the assembly of mature
virions. This budding event occurs across the endoplasmic
reticulum (ER) membrane, and the final assembly of
infectious particles takes place in the ER lumen. Members
of several enveloped virus families, including flaviviruses
and hepadnaviruses, share the ER as a site of intracellular
maturation (Patzer et al., 1986; Chambers et al., 1990).
However, rotavirus is unique in that the ER bilayer is
only transiently associated with the budding rotavirus
particle, which remains non-enveloped after transfer to
the lumen. Electron microscopic analyses of infected cells
have revealed that immature inner capsid particles (ICPs)

assemble in the viroplasm adjacent to the ER (Bellamy
and Both, 1990). The ICP contains 11 double-stranded
RNA segments and structural proteins VP1, VP2, VP3
and VP6. Budding of the ICP into the ER lumen is
mediated by the cytoplasmic tail of a virally encoded
28 kDa, non-structural glycoprotein termed NSP4 (for-
merly NS28). The progressive envelopment of the ICP,
driven by its interaction with NSP4, results in a transiently
enveloped particle visible in electron micrographs of
rotavirus-infected cells (Poruchynsky et al., 1991). Infec-
tious virions are subsequently formed by the assembly
of an outer capsid layer containing VP7 and the VP4
hemagglutinin spike. The mechanism by which the ICP
loses its transient envelope and NSP4 but selectively
retains VP7 and VP4 is poorly understood. However, it
is known that depletion of cellular Ca2+ or prevention
of NSP4 glycosylation by tunicamycin treatment causes
accumulation of enveloped particles within the ER and
retention of NSP4 in the virion-associated envelope
(Sabara et al., 1982; Petrie et al., 1983; Poruchynsky
et al., 1991). Although NSP4 is thought to form hetero-
oligomeric complexes with VP7 and VP4, it is not a
component of the mature infectious particle (Maass and
Atkinson, 1990).

Topological analysis of NSP4 has revealed the presence
of a single transmembrane domain, two glycosylation sites
within a short lumenal domain and a larger cytoplasmic tail
(Figure lA). Given its location on intracellular membranes,
NSP4 represents a unique type of 'receptor' for an
icosahedral virus particle and is functionally analogous to
the membrane glycoproteins of enveloped viruses. In
contrast to the latter group, many of the glycoproteins
which mediate budding of enveloped viruses at the plasma
membrane contain a relatively short cytoplasmic tail, with
most of the polypeptide mass generally found on the
extracellular face.
To delineate structural and functional features of the

cytoplasmic tail of NSP4, soluble fragments of this region
have been expressed and purified. Our analysis combines
a functional assay for ICP binding with biochemical and
CD spectroscopic studies to examine the secondary and
quatemary structure. Our results suggest the presence of
distinct viral binding and coiled coil domains within
the cytoplasmic tail of NSP4, which represents a novel
structural motif amongst proteins known to interact with
icosahedral viruses.

Results
Identification of an ICP receptor domain within the
cytoplasmic tall of NSP4
Previous work has implicated the importance of the
C-terminus of NSP4 in the binding of the rotavirus ICP
(Au et al., 1989, 1993; Taylor et al., 1992, 1993). However,
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Fig. 2. Receptor binding assay usimg Scpharose bead-booind
GST-NSP4 fusion proteins according to Taylor et of. (1993). All the
truncated fUsioIn proteins display comparable ICP binding ability
except the point mutanit M1751 of C90, whic hals been included as a
negative control (standard deviation is indicated).

Fig. 1. (A) Schematic represenitation of the rotavirus intracellular
receptor NSP4 and the series of six truncated soluble domains
eenerated aIfter thromiibin cleavaage of the respective GST fusioni
proteins. Each variant is desi-naited by the number of amino acids
retained from the C-terminal re-ion of the protein. Shaded boxcs
represent hydrophobic domains within the full-length sequence. The
dashed lines demarcate the ER bilayer. The pr-oposed topology f0or
NSP4 is from Berman.anr eo of. (1989). (B) SDS-PAGE anialysis of the
purified NSP4 domitins. Aliquots of 10 pg of each truncated proteill
were visualized by Coomassie staining following electrophoresis. C44
mnigrated anomalously, presum-ably due to its higher net negative
charge. C20 could not be visualized in stainied eels using this
technique. The sizes for the molecular weight marker-s (M) are
indicated in kDa.

a minimum region of the cytoplasmic tail to which this
receptor function can be assigned has not been defined.
We therefore constructed a series of vectors designed to
express progressively smaller portions of the C-terminus
of NSP4 as fusions with glutathione S-transferase (GST)
(Figure IA). Fusion proteins were expressed in Escher-ichiax
coli and purified by affinity and gel filtration chromato-
graphy. The receptor activity of each recombinant protein
was examined by measuring the binding of radiolabelled
ICPs to GST fusion proteins immobilized on glutathione-
Sepharose beads with the cytoplasmic receptor domain
presented on the surface (Taylor et al., 1993). Each
variant exhibited comparable levels of ICP binding activity,
indicating that the binding site for the particle must reside
within the shortest variant, a 20 amino acid domain from
the extreme C-terminus of NSP4 (Figure 2). The specificity
of this interaction was demonstrated by the lack of ICP
binding by: (i) immobilized GST alone and (ii) a mutant

Fig. 3. Oligoti-eric st.ate of the triLncated reccptors exa.mined by
gluteraldehyde cross-linking. Airowheads indicate the infer-ed
positions of dimiieric, trimlleric and tetra.meric forms of C90. The
anwoomlaloLis migration of C44 is inhibited by the cross-linking reactioni,
causineg it to migrate ahead of the noni-cross-linked form.

form of C90 with a Met->Ile mutation at the extreme
C-terminus, previously shown to abrogate ICP binding
(Taylor et al., 1993).

Oligomeric state of the truncated receptor
domains
Previous analysis of the longest cytoplasmic tail variant
C90 revealed a putative homotetrameric structure (Taylor
et al., 1993). We therefore sought to analyze the quaternary
structure of the remaining variants in order to define
the domain(s) within the cytoplasmic tail that mediates
oligomerization. The presence of oligomeric forms of each
fragment of the cytoplasmic tail was investigated by cross-

linking with gluteraldehyde, a bifunctional reagent, prior
to analysis by SDS-PAGE. Cross-linking of C90 resulted
in the presence of several higher molecular weight bands
whose sizes cotTespond to dimeric, trimeric and tetrameric
forms. Under identical reaction conditions, the majority
of C69 remained in the monomeric form, and only a small
fraction of the protein migrated as an oligomer (Figure
3). Cross-linking of C53 and C44 did not result in the
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detection of any oligomeric forms, implying that these
variants are exclusively monomeric. By extrapolation, we
infer that the two shortest fragments, C34 and C20, are
also monomeric. (The difficulty in detecting these species
by SDS-PAGE analysis precluded cross-linking
experiments.)

Differences in the quatemary structure of C90 and C69
were further examined by size exclusion chromatography
(Figure 4). Comparison of the elution profile of each
sample with a series of proteins of known mass revealed
significant differences in the apparent molecular weights
in solution. C90 was eluted as a single major peak with
an apparent molecular weight of -58 kDa, a value larger
than expected for a tetramer with a subunit molecular
weight of 10.8 kDa. This discrepancy may be accounted
for by an extended conformation, rather than the globular
structure exhibited by the standard proteins (Lau et al.,
1984). For instance, the calculated anhydrous Stoke's
radius for C90 was 32.5 A, which yields an estimated
axial ratio of 7.2 for a prolate ellipsoid model for a C90
tetramer. In contrast, C69 also eluted as a single major
peak with an apparent molecular weight of -22 kDa.
Since the calculated subunit molecular weight for C69 is
8.5 kDa, a value of -22 kDa is inconsistent with a
tetrameric structure, but may reflect the existence of a
dimeric form in solution. Taken together, the results of the
cross-linking studies and size exclusion chromatography
suggest that only the longest fragment of the NSP4
cytoplasmic tail retains the ability to form a homotetramer
in solution. Truncation of amino acids from the N-terminal
end of this molecule results in the failure of the resultant
species to oligomerize as a tetramer.
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Correlation of a-helical content with the
oligomeric state of the truncated proteins
The previous results suggest that a domain located within
the N-terminal portion of C90 mediates oligomerization
of this molecule into a tetramer. A possible conformation
adopted by this region is suggested by the presence of a
repeating heptad motif in which residues a and d of
a seven residue sequence (abcdefg),1 are predominantly
hydrophobic (Figure 5A). This sequence motif is character-
istic of domains that assume a-helical coiled coil structures
and thereby mediate subunit oligomerization in a wide
range of proteins (Cohen and Parry, 1986). Notably, the
amino acid sequence within the putative coiled coil region
of NSP4 from strain SA 11 is identical to the analogous
region of NSP4 from both a human and a bovine strain
(data not shown). Indeed, this region of NSP4 exhibits
sequence similarity with several fibrous proteins, such as
keratins and myosin, known to contain extended a-helical
coiled coils (Mattion et al., 1994). We therefore used CD
spectroscopy to test the prediction that an a-helical region
of the receptor might be required for subunit association.

Under physiological conditions the CD spectrum of
C90 suggests a significant fraction of a-helicity based on
the double minima at 222 and 208 nm, with a quantitative
estimation of 22% (Figure 6). In contrast to C90, the CD
spectrum for C69 shows only a shallow minimum at
222 nm and a deeper minimum at -200 nm. These changes
suggest a marked reduction in u-helical content (from 22
to -1.7%) and a corresponding increase in the proportion
of polypeptide in 3-sheet, :-tum and random conforma-
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Fig. 4. Analysis of (A) C90 and (B) C69 by size exclusion
chromatography as described in Materials and methods.
(C) Calibration of the column with standard proteins and
determination of apparent molecular weights of C69 and C90.
A, bovine serum albumin, 67 kDa; B, ovalbumin, 45 kDa; C, carbonic
anhydrase, 29 kDa; D, RNase A, 13.7 kDa; E, aproptinin, 6.5 kDa.

tions. CD analysis of each of the successivelv truncated
receptors shows a virtual absence of a-helical content and
roughly equal proportions of n-sheet, P-tum and random
conformations. These results suggest that a region of
u-helix is present in that variant of the soluble receptor
that retains amino acids 86-106 and which, by inference,
consequently assumes a tetrameric structure.

Since coiled coils are stabilized by non-covalent inter-
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Fig. 5. A proposed a-helical coiled coil domain within the
cytoplasmic region of NSP4. (A) Amino acid sequence of the region
of NSP4 (SA 11 strain) that spans the hydrophobic region H3 (boxed)
and the putative coiled coil domain (residues 95-137). The first
residue of the truncated proteins C90, C69 and C53 is indicated.
Underlined residues are those at positions a and d within each heptad
(abcdefg). The first complete heptad begins at Met99. (B) Helical
wheel projections of two NSP4 subunits showing the distribution of
residues in the putative a-helical region. Non-polar residues at heptad
positions a and d are in outline typeface.

actions between subunits, a loss of a-helicity should
accompany disassociation of the constituent monomers.
Hence, we examined the thermal stability of C90. The
sigmoid melting curve (Figure 7A) demonstrates a single
reversible thermal transition, consistent with an a-helical
coiled coil. The melting temperature (Tm) increased with
sample concentration (Figure 7B), consistent with stabiliz-
ation of helicity by the self-association of monomers
(O'Shea et al., 1989). In summary, these data support a
model in which the oligomerization of the cytoplasmic
tail of NSP4 is mediated by an a-helical coiled coil
consisting of four subunits intertwined in a superhelical
fiber.

Limited proteolysis removes the ICP binding
domain from the cytoplasmic tail
Secondary structure analysis of the truncated receptor
proteins suggests that the N-terminal region of the cyto-
plasmic domain assumes a highly ordered a-helical con-
formation, whereas the C-terminal region has a high
proportion of random, ,B-sheet and 5-tum conformations.
We reasoned that such a conformation might render the
C-terminal region sensitive to proteolytic enzymes. We
therefore used trypsin digestion to further probe the
conformation of C90 (Figure 8). The results indicate the
presence of one or more trypsin-sensitive sites within
C90. After a 2 min incubation, virtually all the protein
was converted to a shorter form which migrated with an
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Fig. 6. CD spectra of the truncated NSP4 proteins. Only the spectrum
for C90 exhibits minima at 222 and 208 nm that are characteristic of
an a-helical conformation. The monomer concentration of each sample
was 50 gM.

apparent molecular weight of -9 kDa, and prolonged
incubation resulted in the appearance of an additional
proteolytic product (Figure 8A). N-Terminal sequence
analysis of the digestion products (Figure 8B) confirmed
that the N-termini of both polypeptides detectable by
SDS-PAGE (designated P1 and P2) were identical to that
of the undigested protein. Since numerous potential trypsin
cleavage sites are present throughout the length of C90
(Bergmann et al., 1989), we conclude that only the
C-terminal (receptor) region of the protein is accessible
to trypsin cleavage, while the N-terminal region is trypsin-
resistant. The close association of C90 subunits via their
N-terminal regions presumably makes potential cleavage
sites sterically inaccessible to added protease.

Discussion
Rotavirus morphogenesis is unique in that an icosahedral,
immature particle assembles in the cytoplasm and sub-
sequently buds across the ER membrane to acquire the
outer capsid layer without the concomitant acquisition of
a lipid envelope. Previous studies have revealed that
transfer into the ER lumen is mediated by the cytoplasmic
tail of the virally encoded, ER-localized, non-structural
glycoprotein NSP4. In order to examine the structure and
function of this intracellular receptor, we expressed and
purified soluble polypeptides corresponding to various
lengths of the cytoplasmic tail.

Localization of the viral binding domain to the
C-terminal 20 amino acids of NSP4
A primary objective of this study was to determine the
minimal region of the C-terminus required to mediate
binding of the ICP. Previous analysis of a full-length
NSP4 mutant expressed in mammalian cells demonstrated
that substitution of the C-terminal methionine by isoleucine
prevented ICP binding (Taylor et al., 1992). Similar results
were obtained for a soluble NSP4 variant containing the
C-terminal 90 amino acids (C90) expressed in E.coli
(Taylor et al., 1993). Au et al. (1993) utilized an in vitro
expression system to demonstrate that loss of residues
161-175 also prevented ICP binding. However, these
workers found that a peptide corresponding to residues
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Fig. 7. (A) Temperature dependence of the a-helical stability of C90. Heating (closed circles) and cooling (open circles) profiles display very little
hysteresis. The monomer concentration was 34 gM. (B) The melting temperature Tm (see equation 2) for a given sample concentration is linearly
dependent on C90 concentration over the experimental range.

161-172 from NSP4 did not block binding of ICPs using
a solid phase assay. In this study we have also utilized a

solid phase assay in which truncated regions of the
C-terminus of NSP4 were immobilized on Sepharose
beads as GST fusion proteins. Our results demonstrate
that only the C-terminal 20 amino acids are necessary for
ICP binding, and the remainder of NSP4 can be deleted.
(We cannot rule out the possibility that the minimal
binding domain is smaller than the C-terminal 20 amino
acids.) Surprisingly, no apparent benefit is derived by
using a tetrameric form of the receptor over the 20 amino
acid minimal binding domain in the solid phase assay.
However, this may not reflect the in vivo requirements for
ICP binding, where a tetrameric NSP4 molecule may
enable cooperative binding of its C-terminal domains to
the particle. It is noteworthy that the solid phase assay
may involve multivalent binding of the NSP4 peptides to
a single ICP. This may account for the inability of soluble
peptides corresponding to amino acids 161-172 to block
ICP binding (Au et al., 1993). Indeed, the solid phase
assay may mimic more closely the binding of ICPs to
membrane-bound NSP4.
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An N-terminal coiled coil domain within the
cytoplasmic tail mediates oligomerization of NSP4
The second objective of this study was to examine the
secondary and quaternary structure of NSP4. Previous
cross-linking studies suggested that C90 may form oligo-
mers (Taylor et al., 1993). The availability of purified,
truncated forms of the cytoplasmic tail allowed us to
delineate the domain(s) responsible for subunit oligomeriz-
ation and secondary structure. The cross-linking and gel
filtration experiments described here confirm the existence
of oligomeric forms of C90 and suggest that this polypep-
tide forms a homotetramer in solution. However, the
failure of truncated forms of C90 to exhibit comparable
oligomerization suggests that the N-terminal portion of
C90 is primarily responsible for stability of the oligomers.

P G S K -

G S K E

Fig. 8. (A) Time course (min) for the digestion of C90 by trypsin. P1
and P2 represent products of progressive trypsin digestion. Sizes (in
kDa) for the molecular weight markers (M) are indicated.
(B) N-Terminal sequence analysis of C90 and the trypsin degradation
products P1 and P2. The first four N-terminal residues were determined
by the method of Matsudiara (1987).

This conclusion is supported by sequence analyses of
NSP4, which reveal the presence of heptad repeats. This
sequence motif is characteristic of domains that assume
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a-helical coiled coil structures and thereby mediate subunit
oligomerization in several proteins (Cohen and Parry,
1986). CD spectroscopy was utilized to test the prediction
that a coiled coil motif mediates the oligomerization of
C90. The CD spectrum of C90 clearly indicates the
presence of ca-helical secondary structure that is absent
from the truncated variants lacking part or all of the
heptad-spanning region. The amount of ca-helical structure
in C90, calculated at 22% from the CD data, was lower
than expected. Given the presence of an uninterrupted
heptad repeat corresponding to residues 95-137 in the
native protein sequence (Figure 5), a value closer to 50%
was anticipated. Furthermore, the a-helical content of C69
was determined by CD to be <2%, despite the retention
of the majority of the heptad-spanning region at the
N-terminus of this variant. One explanation for this
discrepancy could be that the region that is not common
between C90 and C69 (residues 86-105) is solely respons-
ible for tetramerization via coiled coil formation. Indeed,
the relative mass of this domain is consistent with an
ac-helical content of 22% for C90. However, a more likely
scenario may be that this region could initiate the folding
or be critical for the stability of helical structure, and its
absence may prevent folding in C69 as is present in the
intact protein.
The melting analysis displays a single cooperative and

reversible unfolding of the ac-helical oligomer of NSP4,
suggesting that the a-helical conformation is stabilized by
subunit association. These results are comparable with the
melting behavior of two, three and four stranded a-helical
coiled coils in GCN4 leucine zipper mutants (Harbury
et al., 1993). The tetrameric arrangement of NSP4 may
confer stability to the individual subunits. For instance,
membrane proteins may assemble as multimers even
though the functional unit may be a monomer. This is
exemplified by bacteriorhodopsin, which assembles as a
trimer even though each subunit functions as a proton
pump (Henderson et al., 1990), and the water channel
protein CHIP28, which assembles as a tetramer even
though each subunit functions as a selective water channel
(Mitra et al., 1995).

Based on crystallographic studies, a-helical coiled coils
are known to mediate subunit oligomerization in both
dimeric and trimeric polypeptides (Wilson et al., 1981;
O'Shea et al., 1989). Harbury et al. (1993) demonstrated
that a peptide corresponding to a mutant form of the
GCN4 leucine zipper region crystallized as a parallel four
stranded a-helical coiled coil. These authors correlated
the distribution of ,B-branched amino acids within a given
heptad with the number of subunits found in the resultant
coiled coil. Accordingly, a preponderance of Ile and Val
residues at position d of the heptad repeat found in NSP4
(Figure SB) is in agreement with the prediction that this
region of the protein folds as a tetrameric coiled coil. A
high proportion of uncharged residues at the g and e
positions is also consistent with the notion that these
residues would be substantially buried within a tetrameric
coiled coil. However, our experiments do not address the
orientation of subunits within the putative coiled coil. The
asymmetrical topology of NSP4 in the ER membrane
(Figure lA) would appear to necessitate a parallel orient-
ation for the subunits. Confirmation of such a model for
the cytoplasmic tail of NSP4 will require additional

spectroscopic as well as crystallographic analysis. Based
on our current results, we nevertheless propose that the
cytoplasmic tail of NSP4 contains at least two domains.
ICP binding is mediated by a small protease-sensitive
domain at the extreme C-terminus. A second domain,
proximal to the ER membrane in the full-length protein,
is proposed to mediate oligomerization via a coiled coil
motif.

Comparison of NSP4 with glycoproteins that
mediate budding of enveloped viruses
Budding of alphaviruses at the plasma membrane has
been shown to be dependent on interactions between the
nucleocapsid and the cytoplasmic tail of transmembrane
glycoproteins (Simons and Garoff, 1980; Suomalainen
et al., 1992). Using a solid phase assay, Metsikko and
Garoff (1990) analyzed the binding of isolated nucleo-
capsid particles to synthetic peptides representing either
the entire cytoplasmic tail of the E2 glycoprotein or a
variant lacking a C-terminal domain. These studies
revealed that binding of Semliki Forest virus (SFV)
nucleocapsids was mediated by the C-terminal region of
the cytoplasmic tail, a result similar to that reported here
for ICP binding by NSP4. Moreover, the E2 cytoplasmic
tail peptide formed oligomers in solution which the authors
proposed might involve the association of the N-terminal
regions. This arrangement of functional domains within
the cytoplasmic tail of the SFV E2 glycoprotein is shared
by NSP4.

Finally, it is noteworthy that the region of NSP4 shown
here to adopt a coiled coil structure has recently been
implicated in the NSP4-induced increase in intracellular
calcium levels ([Ca2+]j) observed during expression of
this protein in insect cells (Tian et al., 1995). It is not
known, however, whether a peptide which maps to this
region of NSP4 and causes elevated [Ca2+]i shares the
conformation or multimeric state of the truncated form of
the glycoprotein described here. The cytoplasmic tail of
NSP4 may therefore play a key role in both viral assembly
and pathogenesis during rotavirus infection.

Materials and methods
Construction of GST-NSP4 fusion proteins
Expression of a soluble, cytoplasmic domain of NSP4 (C90 = A1-85
NS28) as a GST fusion protein in Ecoli has been described previously
(Taylor et al., 1993). Successively truncated regions of NSP4 cDNA
were generated by PCR using a set of primers which introduced an
EcoRI site at appropriate positions within the SAI1 gene 10 cDNA. A
common primer introduced an EcoRI site after the termination codon.
The amplified and truncated cDNA fragments were cloned into the
expression vector pGEX.2T (Amrad-Pharmacia Biotech, Melbourne,
Australia). Constructs were confirmed by DNA sequencing using an
Applied Biosytems automated sequencer. All fusion proteins (except
GST-C90) were constructed so that thrombin cleavage of the fusion
protein yielded a Gly-Ser-Pro-Gly-Ile sequence at the N-terminus of
the soluble receptor.

Protein expression and purification
Truncated cDNAs were expressed as GST fusion proteins in Ecoli
DH5oc (Smith and Johnson, 1988). After adsorption of fusion proteins
to glutathione-Sepharose 4B (Amrad Pharmacia Biotech), the C90 and
C69 domains were proteolytically removed by incubating the bead
suspension with thrombin as previously described (Taylor et al., 1993).
The remaining smaller fusion proteins were eluted from the beads with
5 mM glutathione and dialyzed overnight against a buffer containing
25 mM Tris-HCI, pH 7.5, 10 mM NaCl and 2.5 mM CaCl2. Samples
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were then concentrated further by ultrafiltration (Amicon 10) and cleaved
with 10 U bovine thrombin (Sigma. St Louis, MO) per mg fusion protein
at 37C for 90 min in a 1 ml volume. Subsequent purification of each
polypeptide employed gel filtration chromatography using a Superdex
75 column (Amrad Pharmacia Biotech) equilibrated with phosphate-
buffered saline (PBS). The purity of each peptide was confirmed by
SDS-PAGE (Schagger and von Jagow, 1987) and reverse phase HPLC.
Protein concentration was measured using the BCA assay reagent (Pierce.
Rockford, IL) or deduced from the absorbance of the single Trp residue
in the presence of 6 M guanidine-HCl (Edelhoch, 1967).

Gluteraldehyde cross-linking of truncated receptors
Cross-linking reactions were performed as described by Jaenicke and
Rudolph (1986). Protein samples (10 jg total) were diluted to a volume
of 0.2 ml in PBS. Gluteraldehyde (EM grade) was added to a final
concentration of 0.01%. and the samples were incubated at room
temperature for 15 min. The reaction was quenched by the addition of
10 pl sodium borohydride (2 M in 0.1 M NaOH), and the samples were
incubated for a further 20 min. Truncated proteins were precipitated by
addition of ice-cold trichloroacetic acid to 7.5% and recovered by
centrifugation. Pellets were resuspended in SDS sample buffer and
analyzed by SDS-PAGE (Laemmli, 1970).

Analysis of truncated proteins by gel filtration
chromatography
Gel filtration chromatography was performed on a Superdex 75 column
connected to an FPLC system. The column was calibrated using proteins
of known molecular weight (bovine serum albumin, 67 kDa; ovalbumin,
45 kDa; carbonic anhydrase, 28 kDa; RNase A, 13.4 kDa; aprotinin,
6.5 kDa), by plotting Kay versus log(molecular weight).

Ka, = V- VJVt- V. (1)

where V, is the the elution volume of protein, VO is the the void volume
of the column obtained from the elution of dextran blue and Vt is the
the column volume (24 ml). Aliquots (200 tl) of each truncated protein
at a concentration of 100 tM (monomer) were injected onto the column,
eluted with PBS. and the molecular weight value was calculated by
comparison with the standard proteins. A plot of n<-log(Ka,) versus the
Stoke's radius for each standard protein was used to determine the
anhydrous Stoke's radius of C90. The anhydrous Stoke's radius (r) of a
protein is given by

r = (tf1o)[(3147r)(MFINA)]113 (2)

where flfo is the frictional coefficient. F is the partial specific volume
(assumed to be 0.73 cm3/g), M is the molecular weight (10 880X4 for
a C90 tetramer) and NA is Avogadro's constant (Winzor, 1969). Using
these values, flf, for C90 is 1.4. The axial ratio of C90 was estimated
from a plot off/lf for prolate ellipsoids (Van Holde, 1971).

Circular dichroism spectroscopy
Circular dichroism spectra were recorded from 50 tM (monomer)
solutions of each truncated polypeptide in 10 mM sodium phosphate,
pH 7.0, 150 mM NaCl. Samples were maintained at 4°C in a 1 mm
path length quartz cell (Helma Kuvetten, Mulheim, Germany) using an
AVIV spectropolarimeter. To monitor instrumental variation, 10 buffer
scans were recorded before and after 15 sample scans over a wavelength
range from 300 to 197 nm in increments of 0.2 nm. Absorption by NaCl
precluded measurements below 197 nm. Analysis and processing of the
data were as described by Cascio et al. (1990). with the buffer and
sample scans being separately averaged, smoothed and then subtracted.
Using characteristic basis spectra (Chang et al., 1978), a non-linear
least-squares curve fitting routine was used to determine the proportions
of a-helix, 3-sheet, f-tum and random coil. Melting and annealing
curves were generated by monitoring the ellipticity at 222 nm as the
temperature was raised from 4 to 76°C and cooled to 4°C. The profiles
were fitted using a four parameter logistic function model to describe a
symmetrical sigmoid curve.

0... = al/(I + eI)(T + T72)) + 0min (3)

where 0,22 is the background subtracted ellipticity, T is the temperature,
a is the range of ellipticity values, b is the slope coefficient, Tm, is the
temperature at the maximum rate of change of 0,,,, and Omin is the
minimum ellipticity.

Trypsin digestion of C90
An aliquot of 10 jig C90 was incubated with 0.1 jig trypsin (TPCK-
treated; Sigma, St Louis. MO) in 10 mM HEPES-KOH, pH 7.4, 100 mM
NaCl and 2 mM CaCl,. Proteolysis was carried out at room temperature

and was terminated after the indicated time by the addition of 2 mM
Pefabloc (Boehringer Mannheim, Mannheim, Germany). The products
of digestion were analyzed by gel electrophoresis and Coomassie staining
as described by Schagger and von Jagow (1987). Determination of the
N-terminal sequence of C90 and the shorter trypsin-resistant forms was
achieved following the method of Matsudiara (1987).
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