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The Simian 11 rotavirus glycoprotein VP7 is directed to the endoplasmic reticulum (ER) of the cell and
retained as an integral membrane protein. The gene coding for VP7 predicts two potential initiation codons,
each of which precedes a hydrophobic region of amino acids (Hi and H2) with the characteristics of a signal
peptide. Using the techniques of gene mutagenesis and expression, we have determined that either hydrophobic
domain alone can direct VP7 to the ER. A protein lacking both hydrophobic regions was not transported to the
ER. Some polypeptides were directed across the ER membrane and then into the secretory pathway of the cell.
For a variant retaining only the Hi domain, secretion was cleavage dependent, since an amino acid change
which prevented cleavage also stopped secretion. However, secretion of two other deletion mutants lacking Hi
and expressing truncated H2 domains was unaffected by this mutation, suggesting that these proteins were
secreted without cleavage of their NH2-terminal hydrophobic regions or secreted after cleavage at a site(s) not
predicted by current knowledge.

The mechanisms by which proteins are targeted to specific
organelles in cells have been intensively studied in recent
years. One of the best-characterized transport signals is that
which directs proteins across the membrane of the endoplas-
mic reticulum (ER) (26). This is a peptide of widely varying
sequence which is composed of a charged NH2-region, a
central hydrophobic core, and a polar COOH-terminal re-
gion. In most cases the signal peptide is located at the NH2
terminus of a protein and in secreted proteins is removed by
signal peptidase (24, 25). Only ovalbumin is known to be
secreted without cleavage of its signal peptide, which is
located internally in the protein (27). For integral membrane
proteins, removal of the signal peptide is optional (27).
We are studying the nature and location of sequences in

the rotavirus glycoprotein VP7 which direct its transport in
the cell. Rotaviruses, which are major cause of acute
gastroenteritis in animals and humans (8, 13), have an
unusual morphogenetic pathway which makes it interesting
to study the targeting and transient integration of their
glycoproteins into the ER. Electron microscopy has shown
that rotavirus subviral particles assemble in cytoplasmic
inclusions and mature by budding through the membrane of
the rough ER, becoming transiently enveloped in the proc-
ess. The temporary envelope surrounding the particles is
later removed, leaving mature viruses within the lumen of
the ER (5, 8, 18).
VP7, the major serotype antigen of rotaviruses, is derived

from a precursor which is cleaved as it is translocated across
the ER membrane (7, 12). The protein is also modified with
high-mannose carbohydrate that is sensitive to digestion
with endoglycosidase H (Endo H) (8). No complex carbo-
hydrate is detectable on viral VP7 (12), suggesting that the
protein is not transported to the Golgi apparatus but remains
in the lumen of the ER. Just how VP7 is retained in this
organelle and incorporated into maturing virus particles is
not yet clear. While it appears to be an integral membrane
protein (12), its retention in the ER contrasts with the
behavior of many other viral glycoproteins, e. g., influenza

hemagglutinin and neuraminidase and vesicular stomatitis
virus (VSV) glycoprotein G, which are transported as inte-
gral membrane proteins to the cell surface, where these
particular viruses mature (11, 19, 20).
The VP7 gene from several rotavirus serotypes has now

been cloned and sequenced (9, 10). The single open reading
frame in each case predicts a 326-residue polypeptide con-
taining two prominent NH2-terminal hydrophobic regions,
Hi and H2 (residues 6 to 23 and 32 to 48, respectively). The
Hi domain is preceded by a potential initiation codon with a
weak consensus sequence (14, 15); a strong ATG codon
precedes H2, and this configuration is conserved in all the
genes studied (9, 10). We have used gene mutagenesis and
expression to investigate the role of these domains in direct-
ing VP7 to its correct cellular location. Here, using a mutant
which has amino acids 23 to 61 deleted and another retaining
only the H2 region, we show that the Hi domain as well as
the H2 domain can direct the transport of VP7 across the ER
membrane in vivo and in vitro.

Earlier studies showed that removal of amino acids 47 to
61 from the polypeptide converted VP7 from a glycoprotein
which located in the ER to one which was secreted from the
cell and modified with complex (endo H-resistant) carbohy-
drate (18). Other VP7 variants lacking residues 42 to 61 or 43
to 61 were also modified and secreted. Here we show that
the new mutant lacking residues 23 to 61 was similarly
glycosylated and secreted. One of the explanations consid-
ered for these results was that a cleavage site had been
relocated in these proteins to a position suitable for use by
signal peptidase. Using empirical rules formulated by von
Heijne (24), we identified a potential signal peptidase cleav-
age site in the secreted VP7 variants, which, if used, could
account for their secretion. A single amino acid substitution
adjacent to this cleavage site prevented secretion of a variant
lacking residues 23 to 61. However, the same mutation had
no effect on the secretion of two other variants lacking
residues 42 to 61 and 47 to 61, suggesting that fortuitous use
of this cleavage site does not explain their secretion.
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three in-frame initiation codons, and the location o

C, and T relative to key restriction endonuclease
wild-type VP7 gene (B, BamHI; Ba, BalI; C, Cla
NheI; X, XhoI). The amino acid sequence of the
residues of wild-type VP7 (WT) are shown in the s

Hydrophobic domains Hi and H2 are brackete
mutants, bold lines indicated amino acid sequence
the gene with amino acid substitutions as indicated
present but not translated because of an in-frame te
(*) are shown as thin lines. (This region in A1-14 is n
to the deletion of the first initiation codon.) Regions
are shown as dotted thin lines. CHO, N-linked
tached to Asn-69.

MATERIALS AND METHOD'

Transfection of DNA and detection of VPi
construction of wild-type and deleted VP7 ge
virus 40 (SV40) expression vector has been d
ously (18). Transfection of these plasmid D
cells and analysis of the expressed VP7 protei
out essentially as described (18), with the fo
cations. Supercoiled plasmid DNA (20 ,ug pet
was added to cells (20 to 60%o confluent
modified Eagle medium (DMEM) plus 300
dextran per ml for 6 to 14 h at 37°C. Cell m(
then treated with 100 ,uM chloroquine in Dt
fetal calf serum for 2 to 3 h. Tunicamycin
added at least 4 h prior to radiolabeling, usu
Cells were radiolabeled for 4 h with 50
[35SJmethionine (specific activity, >800 CiP
sham Corp.) per ml, beginning 40 to 44 h after
DNA and DEAE-dextran. Radiolabeled VP
these cells was immunoprecipitated from b(
and culture medium. Cell monolayers were

lysed in buffer (18) containing 0.5% sodium 4
(SDS). Polyclonal antiserum to denatured VI
immunoprecipitate expressed VP7 prote
postnuclear supernatant of COS cell lysates
of secreted VP7 in the culture medium, we u
antiserum against native VP7, prepared by i
bits with a recombinant vaccinia virus carryin
SAil VP7 gene under the control of a vacc
moter (la). Antisera were added overnight a
preswollen protein A-Sepharose CL-4B bea
Fine Chemicals) were added for 2 h without
Pelleted beads were washed extensively in bi
1% Triton X-100, 1% deoxycholate, 0.1%

Ela B NaCl, 25 mM Tris (pH 7.4), and 5 mM EDTA. Antibody-
B VP7 complexes were released from the beads by boiling and

analyzed on 10% polyacrylamide-SDS gels (18).
Mutations in the VP7 gene. The complete VP7 gene clone

[T] N-D
used in this work differed at three positions from the

[T] N D previously published sequence derived from a partial clone
(3). Thus, Cys-32, Leu-37 and Thr-65 were changed to Phe,
Phe, and Ile, respectively (Fig. 1). In addition, mutants

INLPTGSMDIAYANST which had an internal deletion also had Ala substituted for
Ser at residue 62 (Fig. 1). (Deletion mutants are named
according to the codons deleted from the open reading frame
of the VP7 gene). To simplify nomenclature, we will refer to

A__ these mutants as A42, A47, etc. Further modifications to
CHo these genes are described below (summarized in Table 1).
CHO Details of the construction of the wild-type and deleted VP7

Almmm=~' genes A42-61, A47-61, and A1-14 in the expression vector

ariant VP7 genes pJC119 have been described (18). Additional mutants with
itions of the first deletions of residues 23 to 61 (A23) and 27 to 61 (A27) were
tfmutations Z, S, also produced by Bal 31 digestion in the same way.
sites within the (i) Z and S mutations. The Z mutation changes the weak

I; N, NcoI; Nh, consensus sequence at the first ATG codon in VP7 to a
NH2-terminal 71 strong one (14), at the same time changing Tyr-2 to Asp. The
idngle-letttercode. S mutation introduces a stop codon in place of Tyr at residue

translated from 6. These mutations were made as follows. Complementarye

Coding regions synthetic oligonucleotides corresponding to bases 29 to 91
Crmination codon (coding strand) and 33 to 93 (noncoding strand) of the SAil
iot translated due VP7 gene were synthesized (Applied Biosystems DNA syn-
s ofDNA deleted thesizer, model 380A), except that the sequence 5'-
carbohydrate at- TTAATGT-3' at the first initiation codon was changed to

5'-ATAATGG-3'. In addition, for each oligonucleotide, at
the position corresponding to base 66 in the coding strand, a
mixture of all four nucleotides was used. Since this was the
third nucleotide of a Tyr codon, half of the molecules
retained the wild-type amino acid sequence, and half ac-

7proteins. The quired a stop codon. The Z and S mutations were incorpo-
nes in a simian rated into the VP7 gene in the SV40 expression vector
lescribed previ- pJC9N (Fig. 2). (This was derived from pJC9 [18] by
NAs into COS trimming DNA cut at the NheI site [base 5660] with Si
ns were carried nuclease and religating it.) The annealed synthetic oligonu-
flowing modifi- cleotides had ClaI- and NheI-compatible ends and were

r 100-mm plate) ligated to the 5.0-kilobase (kb) PvuI-NheI fragment from
in Dulbecco pJC9N (left half of vector, Fig. 2) and the 3.2-kb PvuI-ClaI

,ug of DEAE- fragment (right half of vector, Fig. 2) from pJC9 or one of the
onolayers were deletion mutants (A42, A47, etc.) derived from it (18).
4EM plus 10% Correct assembly of the VP7 genes in the vector was

(5 ,ug/ml) was monitored by restriction endonuclease digestion. Plasmids
ially overnight. of the desired genotype, i.e., A47S, A42S, A27S, and A23Z,
to 75 ,uCi of were identified by nucleotide sequencing.
/mmol) (Amer- (ii) C mutation. The C mutation changes the VP7 codon
r removal of the GCT (Ala-68) to G07 (Val), removing a potential cleavage
'7 expressed in site for signal peptidase (24). It was introduced into the VP7
Dth cell lysates gene by site-directed mutagenesis. The 5'- terminal 394-
harvested and base-pair (bp) BamHI fragment of the gene from mutant A42
dodecyl sulfate was subcloned into bacteriophage M13mplO. A synthetic
P7 was used to
-ins from the TABLE 1. Summary of VP7 point mutations

. ror aetection
ised polyclonal
noculating rab-
ig the wild-type
:inia virus pro-
I 4°C, and then
ads (Pharmacia
preincubation.
affer containing
SDS, 150 mM

Mutation Genotype Phenotype

Z TTAATGT -*ATAATGG Weak to strong first ATG,
plus Tyr-2 -- Asp

S TAC -* TA(A/G) Tyr-6 -+ stop codon
C GCT -* GCA Ala-68 -- Val; deletes

cleavage site for signal
peptidase

T AAT GAT Asn-69 -- Asp; removes
glycosylation site
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oligonucleotide complementary to bases 241 to 260 of the
coding strand of the VP7 gene, with A substituted for G at
base 251, was annealed to the single-stranded M13 template
and extended with Escherichia coli DNA polymerase
(Klenow fragment) in the presence of T4 DNA ligase (17).
After transformation into E. coli TG1, colonies containing
mutant phage were identified by hybridization to the radio-
labeled oligonucleotide, and the presence of the mutation
was confirmed by nucleotide sequencing (22). Mutant dou-
ble-stranded M13 DNA was prepared, and the 5'-terminal
379-bp XhoI-BalI fragment carrying the C mutation was
obtained. This fragment was incorporated into the SV40
vector by ligation with the 4.4-kb EcoRI-XhoI (left part) and
3.6-kb EcoRI-BalI (right part) fragments prepared from
pJC9N (Fig. 2), giving mutant A42C. This plasmid was then
used to prepare the 3.7-kb EcoRI-NcoI fragment so that the
C mutation could be combined with other mutations in the
VP7 gene by ligation with the 4.4-kb EcoRI-XhoI fragment
and a -0.2-kb XhoI-NcoI fragment from the desired deletion
mutant (18). In this way, variants A42C, A47SC, A42SC, and
A23ZC were also constructed.

(iii) T mutation. The T mutation converts AAT (Asn-69) to
GAT (Asp), removing the only site for N-linked glycosyla-
tion in SAl VP7 (3). The sequence complementary to bases
244 to 262 of the gene was synthesized with C substituted for
T at position 253. The 5'-terminal BamHI fragment from
mutant A1-14 was subcloned into M13, and the oligonucleo-
tide was annealed and extended as described for the C
mutation. From one mutant, the 5'-terminal XhoI-BalI frag-
ment was prepared and incorporated into the SV40 vector as
described above. A23ZT was formed by combining the T
mutation in the 3.7-kb EcoRI-NcoI fragment from this plas-
mid with the appropriate DNA fragments from A23Z.
The presence of the correct mutation(s) in DNAs used for

transfections was confirmed by nucleotide sequencing (16).
In vitro transcription and translation. The VP7 gene in

pJC9N and derived mutants (Fig. 1 and 2). was excised with
XhoI and ligated into the SalI site of the polylinker region of
the vector Bluescribe M13+ (Vector Cloning Systems) under
the control of the T7 transcription promoter. Prior to tran-
scription, the vector was made linear by digestion with

1 Bgl l

1496 BamHl
/ \ , ~~~~~1502Xhol/

\ . ~~~~~1530 Nhel
/ 1~~~~~~~~592Clal

1735 Ncol

pJC9N VP 1890 BamHI
8290bp

2570 XhoI
_/\ / ~~~~2576 BarnHl

5660 Nhel . amp B

5429 EcoRI a

4803 PvuI

FIG. 2. Partial restriction map of pJC9N. The wild-type SAl
VP7 gene (bold line) was inserted into the unique XhoI site of the
SV40-based expression vector pJC119 (18). Relevant restriction
endonuclease sites, the approximate location of the ampicillin
resistance gene (amp), the direction of transcription of the VP7 gene
from the SV40 late promoter, and the SV40 origin or replication
(ORI) are indicated. The NheI site at position 5660 was eliminated as
described in the text.

pJC 119 27S; 1-14 23Z
TUN - + - -+- --

l 2 3 4 5 6 7 8 9

FIG. 3. Ability of variant VP7 genes to direct the synthesis of
glycoproteins. COS cells, untreated or treated with tunicamycin
(TUN) as indicated, were transfected with SV40 vector pJC119
alone (tracks 1 and 2) or with the vector carrying variant VP7 genes
(tracks 4 to 9). VP7 proteins were recovered from radiolabeled cell
lysates by immunoprecipitation and analyzed by polyacrylamide gel
electrophoresis. The large solid arrowhead indicates "MI-labeled
SAl1 VP7 marker, track 3; the small open arrowheads indicate
glycosylated VP7 proteins; the medium-sized solid arrowheads
indicate nonglycosylated proteins; and the small solid arrowheads in
track 3 indicate the positions of the 46-kDa (upper) and 30-kDa
(lower) standard protein markers. Tracks 6 and 7 are briefer
autoradiographic exposures of the same gel.

HindIII, and transcripts were synthesized as directed by the
supplier, except that 500 ,uM m7G(5')ppp(5')G (Pharmacia)
was included and GTP was reduced to 40 ,uM. In vitro
translation reactions were carried out in reticulocyte lysates
(Promega Biotec) as recommended by the supplier, in the
presence of [35S]methionine (Amersham). Typically, 1 ,ul of
a 25-RI transcription reaction mixture was used in each
translation reaction. Reaction mixtures (12.5 p.l) were incu-
bated for 60 min at 30°C in the presence of 5 ,ll of canine
pancreatic microsomes or buffer (Amersham). When appro-
priate, translation products (4 RI) were digested on ice with
500 ,ug of trypsin per ml for 1 h. Translation mix (2 ,u) was
digested with Endo H (Boehringer Mannheim) as described
previously (7). Translation products (2 ,u) were boiled in
buffer containing 10o sucrose, 10% SDS, 1 M dithiothreitol,
2 mM EDTA, and 50 mM Tris (pH 6.8) and analyzed on 10%o
polyacrylamide-SDS gels (18).

RESULTS

Hi and H2 domains direct VP7 transport. SAl1 VP7 is an
integral membrane protein which is completely translocated
into the ER and modified with tunicamycin-sensitive, high-
mannose carbohydrate attached at Asn-69 (12) (Fig. 1). The
location in VP7 of a sequence(s) mediating transport was
analyzed by determining the ability of proteins derived from
VP7 genes carrying deletions of either the Hi or H2 domain
or both to be transported and glycosylated in transfected
COS cells. Mutant A27S, which lacked residues 1 to 62 (i. e.,
both the Hi and H2 regions) (Fig. 1), directed the synthesis
of a protein whose size was not changed when tunicamycin,
an inhibitor of N-linked glycosylation, was added to the
culture medium (Fig. 3, tracks 4 and 5). This indicated that
the protein was not glycosylated, implying that amino acids
63 to 326 of VP7 contained no region which could direct the
transport of the protein across the ER membrane. These
results were confirmed by showing that the A27S protein was
neither glycosylated nor protected from digestion with tryp-
sin after being translated in a cell-free system in the presence
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of pancreatic microsomes (se
A1-14 (which had only the H2
only the Hi domain) (Fig. 1)
in COS cells that were sensit

Arf vA47 and A42 (18), were also resistant to digestion with Endo
A M H (data not shown), presumably as a consequence of their
7S 47SC passage through the Golgi apparatus and modification with

+ - + TUN complex carbohydrate.
In addition to these secreted variants, a new mutant,

A23Z, which retained only the Hi domain (Fig. 1), also
produced a glycosylated protein (Fig. 5A, compare tracks 2

* VP and 3), which was secreted (Fig. 5B, tracks 6 and 7).
Extracellular A23Z also had a higher molecular weight than
its intracellular counterpart and was modified with Endo

* >_ > H-resistant carbohydrate (data not shown), as observed for
A42S and A47S.

6 7 8 9 Location of potential signal peptidase cleavage sites. Most
secreted proteins have an NH2-terminal signal peptide which

-: is cleaved during translocation across the ER membrane (24,
M M 26). Cleavage occurs on the C-terminal side of a tripeptide

42S 4 2C sequence in which certain amino acids are preferred. Empir-
t T NJ ical rules formulated from the study of known cleavage sites

allow the probability of cleavage at a particular location to be
calculated (24). In the wild-type and A1-14 proteins, which
are retained in the ER (18), several potential cleavage sites
were identified following the H2 domain (Fig. 6). Two of

* VP? these sites were also present following the hydrophobic
domain in A23Z, A42S, and A47S. Therefore, one explana-

* tion considered for the secretion of VP7 variants was that
during transport they were cleaved by signal peptidase at a

5 6 7 8 site unused in wild-type VP7, thereby losing any potential
anchor domain. Since these variants were all secreted as

retion of VP7 variants with trun- glycoproteins, cleavage cannot have occurred at the siteCOS cells, untreated or treated bicated, were transfected with (A) between Ser and Thr because this lies within the only
7SC (tracks 7 and 8) and (B) A42S glycosylation site in SAll VP7, Asn-Ser-Thr (Fig. 6). To test
7 and 8) DNAs or pJC119 vector whether use of the high-probability cleavage site Ala-Tyr-
om radiolabeled cell lysates (C) or Ala I (the arrow indicates the cleavage site) could account
,recipitation and analyzed by poly- for secretion, we changed this to Ala-Tyr-Val I (C mutation;
In panel A, track 9 contains 125I1 Fig. 1 and Table 1). Apparently the presence of a hydropho-
fer symbols are as described in the bic amino acid at the -1 position prevents cleavage by signal
tf 46- and 30-kDa standard marker peptidase (24).

A23Z is cleaved in vitro but A23ZC is not. We first
examined the effect of the C mutation on cleavage of the

e below). In contrast, mutants secreted variant A23Z in an in vitro transcription and trans-
domain) and A23Z (which had lation system. To study processing without the problem of
both gave rise to polypeptides glycosylation, the T mutation (Fig. 1 and Table 1) was also
:ive to tunicamycin, i. e., they included in the gene. This changes Asn-69 to Asp, removing

were glycosylated (Fig. 3, compare tracks 6 through 9).
Therefore, the Hi and H2 regions were each able to direct
the transport of VP7 variants across the ER membrane.

Secreted variants of VP7. It was previously shown that
deletion of residues 42 to 61, 43 to 61, or 47 to 61 resulted in
secretion of VP7 from transfected COS cells (18). However,
in these mutants translation could have initiated at either the
first or the second ATG codon. To determine whether the
shortened H2 domain in these mutants was sufficient to
direct VP7 to the ER, mutants for which initiation at the
second ATG was obligatory were constructed by placing a
termination codon between the first and second ATG codons
in place of Tyr-6 (S mutation; Table 1). Transfection of COS
cells with mutant A47S gave rise to a protein which was
glycosylated (Fig. 4A, compare tracks 1 and 2) and secreted
(tracks 5 and 6), with a half-life of approximately 2 h (data
not shown). Mutant A42S directed the synthesis of glycosyl-
ated and nonglycosylated products (Fig. 4B, tracks 3 and 4,
respectively), both of which were secreted (tracks 5 and 6),
even though the A42S H2 region retained only seven con-
secutive hydrophobic amino acids (Phe-37 to Ile-41 plus
Ala-62 and Met-63 brought into juxtaposition by the deletion
[Fig. 1]). The secreted A47S and A42S glycoproteins, like

A
23Z 23ZC

TUN - + - +

-..
m

1 2 34 5

BJ

B pJCl19, 23ZC; 23Z
UN- + + +

NI- lo >0

4

1 2 34 567
FIG. 5. Glycosylation and secretion of VP7 variants retaining

only the Hi hydrophobic domain. COS cells were transfected with
A23Z or A23ZC DNAs and untreated or treated with tunicamycin
(TUN) as indicated. VP7 proteins were recovered by immuno-
precipitation from cell lysates (A) or culture medium (B) and
analyzed by gel electrophoresis. Symbols are as for Fig. 3. In panel
A, tracks 2 and 3 and tracks 4 and 5 are from the same gel exposed
for different times.
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FIG. 6. Location of predicted cleavage sites for signal peptidase in the NH2-terminal region of wild-type and variant VP7 proteins. The

single-letter amino acid code indicates the sequence of each protein. Thin dotted lines show deleted regions. Arrows show the location of
predicted cleavage sites, and the probability of cleavage, calculated from the five amino acids to the left of each site (24), is given at the base
of each arrow (maximum score is 48). Arrows without numbers indicate that the site score is the same as in wild-type VP7. In A23ZC one
cleavage site is lost when Ala-68 is changed to Val. Other symbols are as for Fig. 1.

the only glycosylation site. It unexpectedly transpired that
the C mutation had the effect of reducing glycosylation
efficiency (see below), and therefore we were able to com-
pare processing of A23ZT and A23ZC (Fig. 7). The genes
were transcribed in vitro, and the RNAs were translated in
rabbit reticulocyte lysates in the presence or absence of
canine pancreatic microsomes. Transport of the protein into
the microsomes was assayed by the appearance of a trypsin-
resistant product (12, 23). When no RNA was added to the
translation system, no protein products were seen between
the 30- and 46-kilodalton (kDa) markers (data not shown).
RNA transcripts derived from A23ZT translated in vitro in

27S
MIC i
TRYP

EndoH

23ZT
+ +

23ZC

+ +

_ _ -a

1 2 3 4 5 6
A.

1 2 3 4 5
B.

6

FIG. 7. Inhibition of microsome-dependent processing by a mu-

tation in the proposed cleavage site. The A27S (A, track 2), A23ZT
(A, tracks 3 to 6), and A23ZC (B, tracks 2 to 6) genes were

transcribed in Bluescribe M13+ and translated in the presence (+) or

absence of microsomes (MIC) and treated with trypsin (TRYP) or

Endo H as indicated. Products were analyzed by SDS-polyacryl-
amide gel electrophoresis and autoradiography. Tracks 1 (A and B)
contain VP7 (large solid arrowhead) and the standard 46- and 30-kDa
marker proteins (small arrowheads). Panels A and B are separate
gels.

the absence of microsomes yielded two products at -35kDa
(Fig. 7A, track 3), the lower of which was identical in size to
that derived from A27S (track 2). Both products were
digested with trypsin in the absence of microsomes (track 5).
In the presence of microsomes, a new, lower-molecular-
weight band appeared (track 4) which was protected from
trypsin digestion (track 6); the A27S product was not. The
appearance of this lower-molecular-weight band was con-
sistent with processing of the Hi domain from this variant by
signal peptidase. In contrast, the A23ZC protein translated
with or without microsomes did not change in size (Fig. 7B,
tracks 2 and 3), and that made with microsomes was unaf-
fected by Endo H digestion (track 4), showing that it was not
glycosylated. (In other experiments, Endo H clearly affected
the size of glycosylated VP7 proteins [manuscript in prepa-
ration].) In the absence of microsomes A23ZC was trypsin
sensitive. However, in their presence, the protein was
trypsin resistant (compare tracks 5 and 6). Together, the data
indicate that A23ZC protein crossed the microsomal mem-
brane without glycosylation or cleavage.
C mutation prevented secretion of A23Z but not of A42S

and A47S. To determine whether the Ala -) Val substitution
which prevented cleavage in A23ZC also had an effect on
secretion of this variant, the gene was incorporated into the
SV40 expression vector pJC119 and used to transfect COS
cells. Three effects were observed: (i) the size of the intra-
cellular nonglycosylated A23ZC protein increased (Fig. SA,
track 5) compared with its counterpart from A23Z (track 3);
(ii) glycosylation of the A23ZC polypeptide was inhibited
(compare Fig. SA, tracks 4 and 5); and (iii) secretion was
prevented (Fig. SB, tracks 4 and 5) compared with A23Z
(tracks 6 and 7).

Similarly, the Ala -* Val change was included in the
variants A42S and A47S, and its effect on their secretion
from COS cells was examined. The intracellular products of
A&47SC and A42SC were indistinguishable from those of A47S
and A42S, respectively (data not shown). In contrast to
A23Z, the C mutation had no effect on the secretion of these
variants (Fig. 4A and B, tracks 7 and 8), although a reduction
in the efficiency of glycosylation of these proteins was still
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observed (Fig. 4A and B, compare tracks 5 and 7). The slight
difference in migration between the nonglycosylated bands
of A47S and A47SC (Fig. 4A, tracks 6 and 8) was not
reproducible when they were run together in the same track
(data not shown). Therefore, since the C mutation did not
prevent their secretion, the A42S and A47S proteins may
have been secreted without cleavage. Alternatively, they
may have been cleaved at another, unpredicted site(s).

DISCUSSION

Proteins that are transported across the ER membrane and
secreted from the cell have a signal sequence, generally at
the NH2 terminus, which is cleaved from the protein (24, 25).
In a few instances, the signal peptide is not removed and the
protein remains anchored in the membrane by its NH2
terminus. These are known as class II membrane proteins
(27), examples of which are influenza neuraminidase (2), the
asialoglycoprotein receptor (23), and human transferrin re-
ceptor (28).
The rotavirus glycoprotein VP7 is completely transported

across the ER membrane and retained as an integral mem-
brane protein (12). Since there is no significant hydrophobic
region at its COOH terminus (10), one of the hydrophobic
domains at the NH2 terminus of the protein could conceiv-
ably serve to anchor the protein. Transport of VP7 is also
Accompanied by cleavage of its precursor, and this event
presumably represents the removal of a signal peptide (4, 7),
ilthough VP7 transport has not been shown to be dependent
pn interaction with the signal recognition particle (26).

Location of signal peptides in VP7. In this work, the
location of signal peptides in VP7 was examined by gene
mutagenesis and expression. Mutant A1-14 (18), in which the
Hi domain was deleted, and two new mutants, A23Z (in
which H2 was removed) and A27S (from which both Hi and
H2 were deleted), defined their location. Studies with A27S
showed that residues 63 to 326 of VP7 were not capable of
directing the protein into the ER. In contrast, residues 30 to
62 in A1-14 (incorporating the H2 domain) and 1 to 23 in
A23Z (the Hi domain) both directed the transport of VP7
across the microsomal membrane in vivo and in vitro.
However, it is not possible to say which hydrophobic
domain functions as the signal peptide when both are present
in a protein which initiates at the first ATG codon.

Deletion of amino acids adjacent to the H2 domain in VP7
converted the protein from one with an ER location to one
which was secreted from the cell (18). In the present work,
mutants A42S and A47S were constructed so that a termina-
tor was inserted between the first and second ATG codons
(Table 1) and translation began at Met-30. These genes also
expressed glycosylated and secreted proteins at levels very
similar to those obtained for A42 and A47 (unpublished
results). In A42S, the protein had a hydrophobic core of only
seven consecutive residues, probably the minimum accept-
able for a eucaryotic signal peptide (25), and residues C-
terminal to the remaining H2 region may assist in spanning
the membrane in a manner similar to that proposed for the
truncated COOH-terminal transmembrane region of the
VSV G protein (1). In the A42S protein, this may place a
conformational restraint on the attachment of carbohydrate
at the nearby Asn-Ser-Thr site and account for the observed
reduced efficiency of glycosylation.

Utilization of a new cleavage site. One explanation consid-
ered for the secretion of VP7 variants was that a site
previously unused by signal peptidase had been relocated, as
a result of the deletion, to a favorable position, so that

cleavage removed the potential hydrophobic anchor region.
The Ala-Tyr-Ala 4 sequence following the residual hydro-
phobic domain in each secreted variant represents such a
site (24). However, only in mutant A23Z did it appear to be
used. Cleavage of nonglycosylated A23ZC protein in vitro
was prevented by the C mutation, which was designed to
inhibit processing by signal peptidase at that site (Table 1)
(25). In transfected COS cells, the C mutation both increased
the size of the intracellular A23ZC polypeptide and pre-
vented its secretion. (The minor A23Z product [Fig. 3, track
9; Fig. 5A, track 3], which runs above the major
nonglycosylated product, may therefore represent un-
cleaved, unglycosylated A23Z protein.) The results are con-
sistent with the idea that protein A23ZC is anchored in the
cell by its Hi hydrophobic domain in a manner described for
other class II proteins (6, 21, 27). The substitution of Val for
Ala immediately next to the glycosylation site in A23Z,
A42S, and A47S (see below) also had the unexpected effect
of greatly decreasing the efficiency of carbohydrate attach-
ment, although the reason for this is not clear.

Secretion without cleavage? By analogy with the results
obtained for A23Z, it was also anticipated that signal peptide
processing might account for secretion of the A42S and A47S
proteins since the high-probability cleavage site Ala-Tyr-
Ala l was also present in these polypeptides. However, the
C mutation had no effect on the secretion of A42SC and
A47SC from COS cells, although it did affect their glycosyla-
tion efficiency. At least for A47SC, secretion was not ex-
plained by cleavage at the alternative site, Val-Asn-Ser l
(Fig. 6), since a small fraction of protein in the medium was
still glycosylated (Fig. 4A, compare tracks 7 and 8). How-
ever, for A42SC, no glycosylated protein was detectable in
the medium, probably because A42S was poorly glycosyl-
ated to begin with. Therefore, we cannot rule out the use of
this alternative cleavage site in A42SC, although we think it
unlikely since the site was not used in A23ZC.
We did attempt to determine directly whether the A42S

and A47S proteins were cleaved by using the same in vitro
translation approach employed for A23Z; however, the re-
sults were equivocal. For example, the A47ST trypsin-
resistant protein translated in the presence of microsomes
was slightly larger than the product translated in their
absence, not smaller as we observed for A23ZT. The primary
translation product of A47ST had the correct amino termi-
nus, i. e., beginning at Met-30, as deduced by Edman
degradation of the radiolabeled protein. However, the NH2
terminus of the microsome-protected protein could not be
determined by the same method and appeared to have been
modified in some way (S. C. Stirzaker, unpublished results).
Therefore, we do not wish to rule out that cleavage of these
proteins may have occurred at a site(s) not predicted by
current knowledge (24). Cells transfected with A42S(C) and
A47S(C) DNAs also secreted a minor protein into the me-
dium which migrated more slowly than the respective
nonglycosylated protein (Fig. 4A and B, tracks 5 to 8). Its
origin is under investigation.

Finally, it has been reported (4) that the VP7 gene is
bicistronic, coding for two proteins of similar size, one being
derived by initiation at the first ATG, followed by cleavage
of a signal peptide (the Hi region), and the second by
initiation at the second ATG, with no cleavage of the
protein. However, we have observed that some variant VP7
proteins migrate anomalously in acrylamide-SDS gels. For
example, protein A27S comprises 264 amino acids (expected
size, 29 kDa), but runs with an apparent size of 35.5 kDa
(Fig. 7A). Therefore, cleavage sites predicted on the basis of
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TABLE 2. Phenotypes of VP7 variants

~oteinCleaved
Secreted from

Protein in vitro Glycosylated COS cells
(reference)

Wild type NDa + - (18)
A27S - -
A1-14 ND + - (18)
A23Z + + +
A23ZC - _b
A42S ? + +
A42SC +
A47S + +
A47SC +

a ND, Not determined.
b The attachment site was present but glycosylation was inhibited by the C

mutation.

the size of mature VP7 may not be correct. Processing of the
wild-type and A1-14 proteins will need to be compared to
assess whether signal peptide cleavage can occur after the
Hi or H2 domain or both.
The data presented here (summarized in Table 2) indicate

that either hydrophobic domain alone can direct VP7 to the
ER and suggest that VP7 mutant A23Z is secreted as a result
of fortuitous cleavage of its hydrophobic domain. Mutants
A42S and A47S were not cleaved at the same site as A23Z but
were still secreted, perhaps because their residual hydropho-
bic domains were too short to anchor the protein in the ER
membrane or because they were cleaved at an unpredicted
site. Alternatively, if residues deleted in these variants are in
some way modified to provide anchor function in wild-type
VP7, then a positive signal for ER location may exist. The
location of the signal peptide cleavage site and the nature of
the anchor and targeting signal in VP7 still remain to be
elucidated.
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