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Intracisternal A-particle (TAP) retrotransposons of rodents express gag and pol proteins for assembly of
intracellular viruslike particles but lack an env gene. The recently described TAP-related family of retroviral
elements contains a reading frame with close resemblance to retroviral env genes (TAPEs) (F. U. Reuss and
H. C. Schaller, J. Virol. 65:5702-5709, 1991). I now report the analysis of cellular IAPE mRNAs and detection
of TAPE env proteins. TAPE elements are transcribed in cell lines NH15-CA2 and AtT20. Four major
transcripts of 4.2, 3.9, 2.8, and 1.3 kb are detected and characterized by probes specific for defined regions of
the cloned TAPE-1 cDNA. The 2.8-kb mRNA is shown to lackgag and pol genes but comprises an env gene and
U3 region, as expected for a subgenomic env mRNA. Polymerase chain reaction amplification and cloning of
such mRNAs confirmed the absence of gag and pol genes 5' from the env gene and implicates env mRNA
generation by a splicing event. A polyclonal anti-TAPE env antiserum, raised against a bacterial TAPE-env
fusion protein, specifically detects N-glycosylated env proteins of 91 kDa or less in cell lines positive for TAPE
mRNA. TAPE env proteins of different sizes represent independent translation products. After inhibition of
N-glycosylation, env proteins in the size predicted from the env gene sequence or smaller are present. These
results provide evidence that putative TAPE env proteins are synthesized in vivo. Envelope protein expression
by an TAP-related retroviral element identifies TAPEs as a possible missing link between TAP retrotransposons
and retroviruses.

The infectivity of retroviruses is critically dependent on
envelope proteins present on the surface of the viral particle.
These virus-encoded env proteins are responsible for recog-
nition of the appropriate host cell by interaction with a
cellular receptor (20) and for entrance of the virus into the
cell by fusion with the cell membrane (34).
The three main protein components of the retroviral

particle are encoded by the proviral DNA in the order
5'-gag-pol-env-3'. Whereas gag and pol proteins are trans-
lated from a full-length transcript of the provirus, expression
of the env protein is dependent on a splicing event that
removes gag and pol genes from the primary transcript and
generates a subgenomic env mRNA. Splicing either moves
an initiating methionine codon at the beginning of the env
reading frame close to the 5' end of the mRNA (18) or fuses
the strong initiation codon plus several codons of the gag
gene in-frame with env gene sequences (10). The efficiency
of this splicing process is balanced by suboptimal splicing
signals (14) to guarantee the presence of full-length genomic
RNAs and expression of gag and pol genes. When env
mRNA is translated on membrane-bound polyribosomes,
the env protein is inserted into the membrane of the endo-
plasmic reticulum.
The envelope protein becomes N-glycosylated during syn-

thesis and assembles into an oligomeric structure. During
transport to the cell surface, env proteins are endoproteolyt-
ically cleaved by a cellular protease (33). The two resulting
polypeptides, the surface attachment subunit and the mem-
brane-anchoring subunit, remain connected to each other by
disulfide bonds. Upon arrival at the surface of the host cell,
env proteins recognize intracellular viral capsids and interact

with them. This results in budding and release of viral
particles from the membrane of the host cell. Free particles
undergo a maturation process and are subsequently able to
infect new target cells.
The intracisternal A-particle (IAP) group of defective

retroviruses lack the env gene (see reference 16 for review).
Large numbers of IAP proviral elements present in rodent
genomes direct the synthesis and assembly of intracellular
viruslike particles. Due to the lack of a functional envelope
gene in IAP elements and possibly other defects as well, no
extracellular infectious virions are produced. Instead, the
assembling particles bud into the endoplasmic reticulum of
the host cell.
The recently described IAP envelope-coding (IAPE) class

of retroviral elements and cDNAs from Mus musculus (26)
are related to known IAP genomes but contain an additional
gene which lies in a position characteristic of retroviral env
genes. Also, the length and structural features of the de-
duced protein are characteristic of retroviral envelope pro-
teins. It is, however, not known whether the encoded IAPE
env protein is expressed in vivo.
The aim of this study was to determine whether the IAPE

env gene is used to direct the synthesis of protein. For this
purpose, several mouse cell lines were tested for transcrip-
tion of IAPE mRNA and the structure of transcripts was
analyzed by using region-specific IAPE probes. A 2.8-kb
mRNA exhibited the structure of a subgenomic env mRNA.
Radioimmunoprecipitation of cellular proteins with anti-
IAPE env serum specifically detected N-glycosylated IAPE
env proteins of the expected sizes.

MATERTALS AND METHODS

t Present address: Department of Molecular Biology and Micro-
biology, Tufts University School of Medicine, 136 Harrison Ave-
nue, Boston, MA 02111.

Cell lines. I used the pituitary cell line AtT20 (4), NIH 3T3
fibroblasts, P19 embryonal carcinoma cells (19), and the
(mouse neuroblastoma x rat glioma) x mouse neuroblas-
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toma hybrid-hybrid cell line NH15-CA2 (12), a gift of B.
Hamprecht. NH15-CA2a and NH15-CA2b are morphologi-
cally distinguishable sublines of the originally aneuploid
NH15-CA2 line that were passaged independently. NH15-
CA2a cells from passage 17 were not passaged more than 10
times before use. NH15-CA2b cells, in contrast, were con-
tinuously propagated. NIH 3T3 and NH15-CA2 cells were
cultured in Dulbecco's modified Eagle's medium (DMEM),
and AtT20 and P19 cells were cultured in RPMI 1640
medium (Boehringer, Mannheim, Germany) supplemented
with 10% fetal calf serum (FCS).

TAPE-specific probes. All IAPE probes consisted of RNA
complementary to the sense strand of cDNA IAPE-1 (26)
and were synthesized with RNA polymerase T7 or SP6
(Promega) in an in vitro transcription reaction. The names of
the probes and nucleotide positions of IAPE-1 covered are
GAG (1 to 418), POL (1055 to 1270), ENV1 (2185 to 2441),
ENV2 (2916 to 3113), LTR1 (3650 to 3851), and LTR2 (3846
to 4021). Control probe pGEM2PL represents the polylinker
sequence of the pGEM2 plasmid (nucleotides 10 to 86)
present in IAPE probes.
Northern (RNA) blotting and hybridization. RNA was

isolated from cell lines by acid guanidinium thiocyanate
extraction as described before (3). The poly(A)-containing
RNA fraction [poly(A)-RNA] was enriched by affinity chro-
matography on oligo(dT)-cellulose columns. Five micro-
grams of poly(A)-RNA was electrophoresed per lane on
agarose-formaldehyde gels and transferred to Hybond-N
membranes (Amersham). As size markers run on the same
gel, a set of IAPE-1-derived sense transcripts in the size
range of 0.6 to 5.2 kb were produced. These transcripts,
complementary to the antisense probes used, were gener-
ated by in vitro transcription from plasmid pGEM2-IAPE-1
(nucleotides 1 to 3851) and several of its derivatives after
enzymatic linearization at different defined sites. Hybridiza-
tion was performed under high-stringency conditions at 60 or
65°C in 40% formamide-5x SSC (lx SSC is 0.15 M sodium
chloride plus 0.015 M sodium citrate)-0.1% sodium dodecyl
sulfate (SDS)-lx Denhardt's solution (0.2 mg of Ficoll, 0.2
mg of polyvinylpyrrolidone, and 0.2 mg of bovine serum
albumin per ml)-1 mM EDTA-5 mM sodium phosphate
buffer (pH 6.8)-0.2 mg of yeast tRNA per ml-0.2 mg of
salmon sperm DNA per ml for 16 h and washed three times
for 30 min at 65°C in a buffer consisting of 0.1x SSC-0.1%
SDS. The amounts of mRNA loaded in each lane were
controlled by hybridization to a 32P-labeled actin probe.
After autoradiography, the probe was removed by incubat-
ing the membrane in 5 mM Tris hydrochloride (pH 8)-2 mM
EDTA-0.1x Denhardt's solution at 90°C. Successful re-
moval of the probe was tested by autoradiography.
PCR. Starting with 2 ,ug of NH15-CA2 poly(A)-RNA,

IAPE transcripts were specifically reverse transcribed by 20
U of avian myeloblastosis virus enzyme (Promega) with
primer P1 (5'-GAAAGTCTAGAGAATAGCCC-3') comple-
mentary to positions 1756 to 1775 of IAPE-1. The products
were subjected to a 25-cycle polymerase chain reaction
(PCR) (27) with primers P1 and P2 (5'-GAGAGAATTCCT
GAGAAGCAAGGAA-3', positions 3991 to 4008 of IAPE-1)
at an annealing temperature of 57°C, extension temperature
of 72°C, and denaturation temperature of 94°C for 1 min each
in TRB buffer (50 mM KCl, 10 mM Tris hydrochloride [pH
8.3], 2.5 mM MgCl2, 0.1% gelatin). Next, 2.5 U of Thermus
aquaticus DNA polymerase (Perkin Elmer) was added per
100-,u sample. Fragments identified by Southern blot anal-
ysis of the separated products with 32P-labeled oligonucleo-
tide P3 (5'-GCAGGGAATTCATCAAGGATGGTG-3', posi-

tions 1644 to 1667 of IAPE-1) as the probe were isolated from
the gel, and recessed 3' ends were filled in with Klenow
enzyme. These fragments were cleaved with EcoRT and
XhoT, cloned into pGEM2, and sequenced.
DNA sequencing. DNA sequencing was performed on

plasmid DNA by the dideoxy chain termination method (29),
with modified T7 DNA polymerase (Sequenase; USB) and
T7 or SP6 primers. Both strands of a fragment were se-
quenced completely.

Computer-assisted sequence analysis. Sequence analysis
and comparisons were performed with the University of
Wisconsin Genetics Computer Group sequence analysis
software package (5). The program MULTALIGN (17) was
used to compare multiple sequences.

Expression of recombinant LTPE env proteins and produc-
tion of antisera. IAPE-0 cDNA (nucleotides 1929 to 2669 of
IAPE-1) plus added EcoRI linker (26) was cloned into the
EcoRT site of vector pEX34b (9). This plasmid expresses
foreign antigens as fusion proteins with the N-terminal 99
amino acids of the MS2 bacteriophage RNA polymerase.
Protein synthesis upon heat induction at 42°C in bacterial
strain K-12DHlAtrpEA (1) was tested. Preparative isolation
of the MS2-env fusion protein was carried out via enrich-
ment of bacterial inclusion bodies and solubilization in 8 M
urea as described before (30). Successive dilution of the urea
concentration to 4 and 0.6 M and subsequent centrifugation
(Beckman L8-M, SW28; 20°C, 30 min, 105 x g) was used to
fractionate the proteins according to differential solubility.
The precipitate from the 0.6 M urea solution was suspended
in TBS (25 mM Tris hydrochloride [pH 7.5], 150 mM NaCI),
and about 0.1 mg of fusion protein was injected subcutane-
ously into rabbits as an emulsion with Freund's adjuvant.
Booster injections were given at 4-week intervals, and blood
was taken 7 days after the boost. Sera were tested for
recognition of IAPE env protein by Western immunoblotting
experiments with fusion protein ,B-galactosidase (I3gal)-env
or control Pgal produced from plasmid pEX2-IAPE-0 or
pEX2 (32) as the antigen. ,gal-env and 3gal proteins were
isolated in parallel as described before (30). Before further
use, the antiserum was purified by using two affinity col-
umns. The first column was prepared by coupling a bacterial
lysate containing the enriched MS2 portion of the recombi-
nant protein to CNBr-activated Sepharose CL-4B (Pharma-
cia). The flowthrough from this procedure was then ab-
sorbed either to a l3gal-env fusion protein-coupled column
(for control serum) or to a Pgal protein-coupled column (for
anti-env serum). The flowthrough from these columns dif-
fered only in the absence (control serum) or presence
(anti-env serum) of anti-IAPE env antibodies, as was shown
in Western blot experiments. A comparison of control and
anti-env sera served as a criterion for IAPE env-specific
recognition.

35S labeling and immunoprecipitation. Cells were grown in
six-well plates (35-mm-diameter well; Falcon) in complete
medium including 10% FCS to about 70% confluence,
washed with methionine-free DMEM (GIBCO) plus 2 mM
glutamine, incubated twice with the same medium for 15 min
each, and labeled for 1 h with 0.4 mCi of [35S]methionine
(>1,000 Ci/mmol; Amersham) per ml. In the case of pulse
labeling, incubation was for 15 min at 37°C with 0.6 mCi of
[35S]methionine per ml and followed by a chase in DMEM
supplemented with 10% FCS for different time periods. Cells
were then washed twice with ice-cold 0.1 M Tris hydrochlo-
ride (pH 6.8), scraped from the plates, lysed in sample buffer
(2% SDS, 62.5 mM Tris hydrochloride [pH 6.8], 5% I-mer-
captoethanol, 5% glycerol, 0.02% bromophenol blue), soni-
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FIG. 1. Analysis of cellularIAPE transcripts. Poly(A)-RNA iso-
lated from cell lines NH15-CA2b (NH), AtT20 (AtT), and NIH 3T3
(3T3) was separated in an agarose-formaldehyde gel and transferred
to a Hybond-N membrane. This membrane was successively hy-
bridized to (A) probes GAG, POL, ENV1, ENV2, LTR1, LTR2,
and pGEM2PL (pGEM2) and (B) to a chick actin probe. The size of
the RNAs is indicated.

cated, and heated at 95°C for 3 min. After dilution with 9
volumes of RIPA buffer (150 mM NaCl, 10 mM sodium
phosphate [pH 7.5], 1% Nonidet P-40, 0.5% deoxycholate),
immunoprecipitations were performed at 4°C for 7 to 10 h,
first with the control serum and then with the anti-env serum.

Equivalents of 2 [lI of undiluted serum were bound to protein
A-Sepharose CL-4B (Pharmacia) in both cases. Extensive
washing in RIPA-O.1% SDS and final denaturation of the
pellet in sample buffer (3 min, 95°C) preceded SDS-poly-
acrylamide gel electrophoresis (PAGE) and autoradiogra-
phy. Tunicamycin incubations were done for 3 h with
concentrations of 25 (AtT20), 10 (3T3), or 5 ,tg (NH15-CA2)
of tunicamycin per ml before and during radioactive labeling.

RESULTS

Analysis ofIAPE transcripts. We recently described the
sequence of novel IAPEs isolated from the neural rat-mouse

hybrid cell line NH15-CA2 (26). Retroviral elements highly
related to the isolated cDNAs are present in the mouse

genome but are not found in the rat genome (26). To analyze
the cellular transcripts of these IAPE elements, poly(A)-
RNA was isolated from several mouse-derived cell lines. I
used the cell line NH15_CA2b, adenopituitary-derived AtT20
cells, NIH 3T3 fibroblasts, and P19 embryonal carcinoma
cells. The RNAs were separated on a formaldehyde-agarose
gel and transferred onto a Hybond-N membrane. This mem-
brane was consecutively hybridized to different radiolabeled
probes derived from the cloned cDNA IAPE-1 (26). The
probes were specific for the 5' untranslated region and gag
gene (GAG), pol gene (POL), env gene (ENV1 and ENV2),
and U3/R region (LTR1 and LTR2) of IAPE-1 and consisted
of short 100 to 400-nucleotide RNAs complementary to the
transcripts.
Among the four cell lines tested, only NH15-CA2 and

AtT20 were found to contain IAPE-specific transcripts (Fig.
1). IAPE RNA could not be detected by this method in NIH

3T3 and P19 cells with any of the probes used. Hybridization
of NIH 3T3 RNA with probe ENV1 is shown here as an
example. This result proves that IAPE elements are tran-
scribed only in some mouse cell lines and suggests a similar
regulation mechanism by cis-acting signals localized in the
long terminal repeat (LTR) ofIAPEs, as has been shown for
other retroviral elements (35).
Both NH15-CA2 and AtT20 cells were found to contain

four major IAPE mRNA species of different sizes. This is
consistent with the existence of several classes of IAPE
elements in the mouse genome (26). The transcripts detected
were of the same sizes in both cell lines. Depending on the
IAPE probe used for hybridization, different mRNAs were
detected (Fig. 1).
The largest IAPE mRNA is 4.2 kb in size. Two lines of

evidence identify this mRNA species with the original tem-
plate of the cloned cDNA IAPE-1 (26). First, the 4.2-kb
mRNA was the only RNA recognized by all IAPE-1-derived
probes. Second, as judged by size, the 4.2-kb mRNA was the
only RNA species from which the 4,021-nucleotide cDNA
IAPE-1 could have been derived.
The 3.9-kb mRNA is characterized by the lack of se-

quences complementary to the GAG probe. This suggests
the presence of a deletion in the gag and pol genes larger
than the one found in cDNA IAPE-1.
A 2.8-kb mRNA is visualized by the ENV and LTR probes

only and must therefore be considered as having a role in env
gene expression. The 1.3-kb transcript is detectable with
LTR probes exclusively. Detection of the 1.3-kb mRNA in
AtT20 was possible after prolonged exposure of the autora-
diograph (data not shown). No major IAPE transcript of 7 to
8 kb, characteristic of complete retroviral RNAs, could be
detected in the cells analyzed.

Splicing deletes gag and pol genes from env mRNA. All
retroviral env proteins are translated from a spliced subge-
nomic mRNA devoid of gag and pol genes (25). The only
IAPE mRNA in consideration for this purpose is the 2.8-kb
species, which was shown to lack gag and pol genes. In
order to determine the exact nature of the deletion, I
investigated the structure of such RNAs in the region 5' to
the env coding region. An IAPE-specific cDNA was synthe-
sized from NH15-CA2 poly(A)-RNA with oligonucleotide
primer Pi from the env gene of IAPE-1 (Fig. 2A). To gain
access to the 5' end of IAPE cDNAs, I took advantage of the
fact that retroviral mRNAs carry identical repeats (R) at
both ends. A second oligonucleotide primer, P2, was chosen
from the predicted repeat region at the 3' end of IAPE-1. The
IAPE-specific cDNA was used as the template for a PCR
with P1 and P2 as the primers. The products were separated
on an agarose gel and probed with a second env-specific
oligonucleotide, P3, in a Southern blot experiment. One
main 360-bp product and a minor product of 280 bp were
detected (Fig. 2A). The major fragment was cloned, and five
of the clones, SP1 to SP5, were randomly chosen for
sequence analysis.
The nucleotide sequences of all five SP clones were highly

related, but no two of the clones were exactly identical (Fig.
2B). The degree of divergence from a theoretical consensus
sequence was determined for each clone and ranges from 2
to 16 nucleotide exchanges. A comparison of these se-
quences with cDNA IAPE-1 reveals that in all SP clones, a
specific loss of sequence information for gag and pol genes
has occurred at the same position (Fig. 2A). I analyzed the
sequences in cDNA IAPE-1 surrounding the deletion points
and found that the DNA sequence in the vicinity of both sites
is in agreement with known consensus sequences for rodent
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A. AG GTGAGT CCTTCCCCCCCNCAG G consensus

I AG GTACGT TGTGTTTTTCCACAG A

111 1603

|P2K 1 ; gag pol env P2
7T7 V/zZZH_IAPE-1

R U5 _.U5 R
P3 P1 a

1* j 3-360bp SP

S6 -280 bp

B.
R ~~~~~~~~~~U5 S

1 TAAAGCTCTTGCC GGGAAOATTCTOTGTTGTTGCATCTTTCTTOCCGOTCGAGT0oGGACOCAAI GGCGCGAAGAAGMCCCC-GGAACOCATCACRA 5'

TAAAOCTTTTGCCCGGAAGATTCTGGTTTGTTGTGTCTTTCTTGCCGGTCGAGCGGGACGCAATAAGTGGCGCCGAAGAACCCGGGAACTG-CCATCACA 25
TAAAGSCTCTTGOCC CGGAA(2TGGTTTGTTGCGTCTTTCTTOCCGGOTCGAGCG0GGACGCAATAAGTCGv-OCGCC3cAAGAACCCGCGGAACTGTTATCACA 31
TAAAGCTTTTGCC CGGAAGATTCCAGOTTGTTGTCTTTCTTTOTTCCOO;GTCGAGTGGGATO-CAATAAGTGGAOCCGAGOGAA- CrCCGC AACI-ACC ATCAAC A 32
TAAAGCTCTTGCC CGGAAGATTCTGGTTTGTTGTGTCTTTCTTGCCGGTCGAGCGGGATGCAATAAGTOGGCGCCGAAGAACCCGGGAACTGTCATCACA 34
******* ***** ******* * ******** ****************** **** ****** **** ***** ************* ******

I TAAAOCTCTTGCC sCGGAAGATCI'CTGGTTTGTTG-TTCTTTCTTGCCGGTCGAGCGGGACGCAATAAFGGCGCOCC-AAGAACCO OCGTOTCOATACA O

a v-

b 9 -.S
01 CCGGGCOCAAGOAAOGATCCCTCGTTCGCTGGGCAGAATCAOAACTGTGOUGAC-AAAAGCTCAACAAGGTGAAGACAACCCATTT-I CCT02TGCCOGAACGA 15

CCGGCOGCAAGGAAGATCCCTCGOTTCGCOGGGGCAGAATCAGAACCGTGGGAC-AAAAGOJCTCTACAAG GTGAAGACAACCCA 1TT:TSGCTGCC-GAATC-A 25
CCGGCGCAAGGAAGATCCCTCGTTCGCGGGGCAGAATCAGAACCGTGGGAC-AAAAGj3CTCTACAA4 OGTGAAGACAACCCAT TTTGGOCTGCCGGAACGA 31
CCGGTGCAAGGAAGATCCCTCGTTCGTGGGGCGGAACCAGAACCGTGGGACAAAAAt:3CACTACAAO GTGAAGACAACCCATTTTTGGCTGTCGGAACGA 32
CCGG-GCAAGGAAGATCCCTCGTTCGCGGGGCAGATCAGAACCGTGGGAC-COTAOACTCTACAA GOTGAAGACAACCCATT TTGGCTGCTTGGAACGA 34
**** ********************* .**** *** ****** ******* ***** * * ***** *****************X***** **** **

1'0L1 C3CG0OCGCAAGGAAGATCCCTCGTTCGCGGGGCAGAATCAGAACCGTGGGAC AAAA GCTGCTACTAAGACGAACCCATTr T'GGCT-GCCOGC-CCGA CO

1 GCTCTATAAG TAR.-F I

200 CTCAC^CGCAGGATATTCATCAGCAT TGCAGAA TGCTGACCTCCCGA -GACTGTTCCTGCTCCTGACP ATGTGAACTTGTCTCArOOGTTCCAGIT 15
CTCACCCGCAGGATATTCATCAAG CATI TGCAGAA TG TGACCTCCCGAGGACTGTTCCTGATCCTGAC AT TOGAACTTOTCTCAGGTTCCTAOT 25
CTCAGCCGCAGGATATTCATCAAGCATGTGCAGAA tT TOGACCTCCCGAGGACTGTTCCTGATCCTGAC ATGCTGAACTTGTCTCAOO-GTTOCCTAGT 31

201 CTCACCCGCAGGATATTCATCAAG AT TGCAGAAGATGCTGACCTCCCGAGGACTGTTCCTGATCCTGACP ATcG4 TGAACTTOGTCTCAGGOTTCCCTAOG 32
199 CTCACCCGCAGGATATTCATCAAGCAT4GTGCAGAAG ATG TGACCTCCCGAGGACTGTTCCTGATCCTGACPIATtG TGAACTTGTTCTCAGCTmCT'CCA'U 34

20 0 CTCACCCGCAGGATATTCATCAAG T _TOCAAATO TGACCTCCCGAGGACTGTTCCTGATCCTOAC T TOAAoTOTCTCAOOT:CTA: CO

300 ATPATUSACGACAGAGAT 15
AT*ATG GCGAGCAGAGAT 25
AT*AT OGCAAGCAGAGAT 31

30 1 ATATG GCGAACAGAGAT 3 2
299 ATAATGOGTGAGCAGAGAT 34

*** ** * *******

300 AT ATS OGCGAGCAGAGAT CO

FIG. 2. (A) Enzymatic amplification of IAPE mRNAs deleted for gag and pol genes. NH15-CA2b poly(A)-RNA was reverse-transcribed
with primer P1 and enzymatically amplified with primers P1 and P2. Products were identified by Southern blot analysis with radiolabeled
probe P3 (see autoradiograph). The structural organization of the product (SP) is schematically drawn in comparison with cDNA IAPE-1 (26).
The missing 5' region of IAPE-1 is boxed. IAPE-1 sequences in the vicinity of the deletion points are presented above the schematic drawing
and compared with rodent splice consensus sequences (31). (B) Nucleotide sequence comparison of PCR-amplified subgenomic IAPE
cDNAs. Nucleotide sequences of five randomly chosen clones (SP 15, 25, 31, 32, and 34) are compared and a consensus sequence (CO) is
derived. Sequences similar to the IAPE-1 repeat region (a, nucleotides 4009 to 4021) and the 5'-terminal region of IAPE-1 (b, nucleotides 1
to 10) are boxed. The splice site (SS) is marked. A box in the consensus sequence indicates the region complementary to the 3' end of mouse
tRNAPhe. The first four ATG codons in the env gene are labeled. R and U5 mark the presumed repeat and U5 regions, respectively.

splice donor and acceptor sites (31). This suggests that to 1603 of TAPE-1 and placed the env gene in proximity to
posttranscriptional deletion of gag and pol genes from pri- the 5' end of the mRNA.
mary IAPE transcripts occurred via a splicing mechanism. The novel 5' exon was identified as part of an IAPE
The apparent deletion in SP clones comprised nucleotides 11 mRNA by the fact that it carries the presumed R region of
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A.

tRNA 3'-ACCACGGCTTT--GGGCCCT-5'
IAPE 5'-TGGCGCCGAAAGACCCGGGA-3'

B. MIA14 TGGTGACCGAAT--TCCGGGA
*** * ***** ******

APE TGGCG-CCGAAAGACCCGGGA
*** * ****** *******

Hi 8 TGGTG-CCGAAA--CCCGGGA

FIG. 3. tRNAPhe and IAP primer-binding sites. (A) Complemen-
tarity of mouse tRNAPhe (11) to the putative primer-binding site in
IAPE; (B) nucleic acid comparison between putative primer-binding
sites of mouse IAP element MIA14 (21), mouse IAPE (SP clones),
and Syrian hamster IAP-like element H18 (24).

a b
AtT NH NH 3T3

M +- +- + +
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IAPE-1 (nucleotides 4009 to 4021) at its 5' end and nucleo-
tides 1 to 10 of IAPE-1 at its 3' end (Fig. 2B). The sequence
of IAPE-1 in the corresponding regions is not exactly iden-
tical to that of the SP clones. In addition to variations
confined to one SP clone only, all SP clones differ from
IAPE-1 at the position corresponding to nucleotide 7 of
LAPE-1. This means that none of the mRNAs represented by
SP clones was generated by splicing from the IAPE-1
mRNA.

In two of the five SP clones, depending on the sequence of
the 5' end of the mRNA, the env gene is preceded by novel
methionine codons in the same reading frame. Although a

possible involvement of these codons in env protein synthe-
sis cannot be ruled out at present, the variable position of
these methionine codons and their absence from most SP
clones render this unlikely. In contrast, the methionine
codons at positions 1, 5, 17, and 27 of the putative env
protein are conserved in all SP clones and hence seem to be
of more importance for its expression or function. In sum-
mary, these data provide evidence for the existence of a
subgenomic TAPE env mRNA that is probably generated by
splicing.
tRNAPh' as a putative TAPE replication primer. The SP

clones described above not only represent part of a subge-
nomic IAPE mRNA, but in addition extend the known
IAPE-1 cDNA sequence in the 5' direction. In the 5' exon, a
previously unidentified part of IAPEs, approximately 130
nucleotides in size, is found (Fig. 2B). This region contains a
20-bp sequence with strong complementarity to the 3' end of
mouse tRNAPhe (Fig. 3). DNA stretches complementary to
this tRNA species, thought to bind tRNAPhe as the primer
for minus-strand DNA synthesis during replication, have
been found exclusively in IAPs (21). The identity of the
putative tRNA primers in TAPEs and IAPs emphasizes the
close relationship between both groups of retroviral ele-
ments.

Immunoprecipitation of TAPE env proteins. To investigate
the expression of IAPE env proteins in cell lines containing
IAPE mRNA, I raised a polyclonal antiserum against amino
acids 90 to 336 of the putative env protein (26), expressed as
a bacterial fusion protein. The antiserum was purified by
removal of antibodies specific for bacterial proteins and for
the portion of the fusion protein unrelated to IAPE env. This
antiserum was used in a two-step procedure to immunopre-
cipitate proteins from total-cell lysates of cell lines metabol-
ically labeled with [35S]methionine. A control immunopre-
cipitation with the serum, specifically cleared of anti-env
antibodies by absorption to an affinity column (control
serum), was used to define and reduce the unspecific back-
ground. The precleared lysate was then immunoprecipitated
with anti-env serum in a second step (Fig. 4).

46

30

FIG. 4. Immunoprecipitation of IAPE env proteins from cell
lines. Cell lines were metabolically labeled with [35S]methionine for
1 h. Whole-cell lysates of cell lines AtT20 (AtT), NH15-CA2a (NHa),
NH15_CA2b (NHb), and NIH 3T3 (3T3) were immunoprecipitated
first with control serum (-) and then with anti-IAPE env serum (+).
Proteins specifically precipitated by the anti-env serum are marked
(*). The molecular mass of these proteins and marker proteins (lane
M) is indicated.

In the IAPE-transcribing cell lines AtT20 and NH15-CA2,
but not in the TAPE mRNA-negative NIH 3T3 cells, a set of
proteins were specifically recognized by anti-env antibodies
(Fig. 4). The exact env protein pattern differed between cell
lines AtT20 and NH15-CA2 and even between different
sublines of the originally aneuploid NH15-CA2 line but was
composed of characteristic combinations of eight proteins.
AtT20 and NH15-CA2 cells could be distinguished by the
size of the largest env protein, 91 and 89 kDa, respectively.
Proteins of lower molecular mass (67, 64, 62, 59, 55, and 52
kDa) were all represented in AtT20. Of these, only the 67-
and 64-kDa species were found in NH15-CA2b, whereas 67-,
64-, and 59-kDa species are present in NH15-CA2a. The
expression of env proteins was significantly lower in NH15-
CA2a than in NH15-CA2b, as judged by the relative intensity
of unspecifically precipitated proteins. In summary, these
results demonstrate that IAPE env genes are used for the
expression of several protein species in cell lines.

TAPE env proteins are N-glycosylated. Retroviral env pro-
teins generally become N-glycosylated during translocation
into the endoplasmic reticulum (6, 13). The IAPE env gene
also predicts a protein product with 16 potential N-glycosyl-
ation sites (26). In order to analyze whether the proteins
identified above are modified by N-glycosylation and to
investigate the role of differential N-glycosylation in the
generation of different IAPE env proteins, the cells were
cultured in the presence of tunicamycin before and during
35S labeling (Fig. 5). As a consequence of N-glycosylation
inhibition, the molecular mass of all IAPE env proteins
decreased. A 56-kDa protein was common to all cell lines
and is the largest env protein expressed in AtT20 and
NH15-CA2a cells. NH15-CA2b cells also contained an addi-
tional larger protein of 57 kDa. These values are in accor-
dance with the calculated molecular mass of 62.0 kDa for the
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FIG. 5. Immunoprecipitation of IAPE env proteins after tuni-
camycin treatment. Cell lines AtT20 (AtT), NH15-CA2a (NHa),
NH15-CA2b (NH'), and NIH 3T3 (3T3) were preincubated with
tunicamycin 3 h before and during [35S]methionine labeling in order
to inhibit N-glycosylation. Further treatment was as described in the
legend to Fig. 4.

IAPE env precursor protein after cleavage of the signal
peptide (residues 1 to 25). Additional smaller proteins of
39.5, 36, and 35 kDa in AtT20, 40 and 36 kDa in NH15-CA2a,
and 40 kDa in NH15-CA2b cells were also present. These
results provide evidence that all detectable IAPE env pro-

A.
00.51 2 4 0 hours

M + ++++ -

teins are modified by N-linked glycosylation. N-glycosyl-
ation seems to contribute to the heterogeneity of IAPE env
proteins. The apparent number of IAPE env protein species
could be reduced by inhibition of N-glycosylation, e.g., in
AtT20 from seven to four, indicating that different numbers
or qualities of N-linked oligosaccharides are added to protein
chains of identical length.
IPE env proteins are independent translation products.

IAPE env proteins of different sizes are detectable in various
cell lines. The question of whether these proteins are inde-
pendent translation products or derive from a precursor
protein by proteolytic cleavage was addressed by a pulse-
chase experiment in AtT20 cells. A 15-min [35S]methionine
pulse was followed by a chase period of variable length in
complete medium including FCS.
The results (Fig. 6A) showed that even if the cells were

lysed immediately after a 15-min pulse, all IAPE env pro-
teins previously identified in AtT20 cells were already
present. The chase procedure, during the time periods
investigated, did not identify any precursor-product relation-
ships between the env proteins. The individual IAPE env
proteins, however, were subject to size reduction and clear-
ance from the cell. The apparent molecular mass of all
proteins was slightly decreased during the chase period,
indicating intracellular processing. In parallel to this, the
intensity of individual protein bands decreased with time
after synthesis. The quantity of each of the major proteins
was measured by densitometric analysis of the autoradio-
graph (Fig. 6B). In general, large proteins were detectable in
the cells for longer periods than smaller proteins. The largest
protein, gp91, was visible even after a 4-h chase, and the
smallest protein, gp52, was hardly detectable after a 1-h
chase.

I conclude from these data that the different N-glycosy-
lated IAPE env proteins in AtT20 cells are independent
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FIG. 6. Pulse-chase analysis of IAPE env proteins in AtT20 cells. (A) Cells were pulse-labeled for 15 min and chased in complete medium
for 0, 0.5, 1, 2, or 4 h. Immunoprecipitation was done from whole-cell lysates with control serum (-) or anti-IAPE env serum (+). IAPE env
proteins are marked (*); the apparent molecular mass of env proteins and marker (lane M) proteins is indicated. (B) The autoradiograph in
panel A was scanned densitometrically, and the peak area was calculated. The values for gp9l, gp59, gp55, and gp52 are plotted against chase
time.
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translation products and undergo intracellular processing.
gp9l is distinguished from all otherIAPE env proteins by its
size and prolonged intracellular presence.

DISCUSSION

The recently characterized IAPE class of mouse retroviral
elements are related to known IAP elements but, in contrast
to these, code for an envelopelike protein (26). In this study,
I followed the expression of IAPE env genes from the
characterization of differentIAPE mRNAs and identification
of a subgenomic env mRNA to the detection of different
IAPE env proteins in mouse cell lines.
IAPE mRNAs were detected in the neural cell line NH15-

CA2, from whichIAPE cDNAs were originally isolated, and
in cell line AtT20, derived from the adenopituitary gland.
Whereas IAPs and other retroviruses have been identified by
electron microscopy in AtT20 cells (36), no similar studies
have been done with NH15-CA2 cells. The analysis of
mRNA from both cell lines detected four different IAPE
transcripts. This observation is analogous to that from
studies on IAP elements, which express several different
mRNAs in a particular cell line (15). Three of the IAPE
mRNAs, 4.2, 3.9, and 2.8 kb in size, contain the env gene
and thus should be considered for their potential role in env
protein expression.
The 4.2-kb mRNA, as suggested by its size and hybridiza-

tion pattern, gave rise to the cloned 4,021-bp cDNA IAPE-1
(26). It is characterized by a large truncation of gag and pol
genes, reducing the length of both genes from 5 kb in the
full-length IAP element MIA14 (21) to 1.45 kb. The 3.9-kb
mRNA has an even larger truncation of the gag and probably
also of the pol gene. As a consequence, no functional gag
and pol proteins can be expressed from either mRNA.
Both the 4.2- and 3.9-kb mRNAs are presumably tran-

scribed from genomic IAPE elements of corresponding sizes
and hybridization patterns, previously identified as 4-kb and
3.7-kb EcoRI fragments, respectively (26). Based on the
existence of genomic IAPE elements in the range of 7.5 kb
that represent potential full-length IAPE elements, mRNAs
of similar sizes were expected. Such transcripts, however,
could not be identified in any of the cells analyzed. As a
direct consequence of these findings, IAPE gag and pol
proteins, generally translated from such full-length mRNAs,
and the viral particles generally assembled from these con-
stituents can at best be expected in small amounts. This
finding does not, however, exclude potential transcription of
full-length IAPE mRNA in other cell lines. It has been
shown for mouse TAPs that certain cell lines transcribe
truncated IAP elements exclusively, whereas large amounts
of full-length TAP mRNA are present in others (15).
The synthesis of env proteins from the 4.2- and 3.9-kb

mRNA species is rendered unlikely by the presence of 1.1-
to 1.4-kb parts of the gag and pol genes 5' to the env gene.
Retroviral env proteins are generally translated from a
specifically spliced subgenomic mRNA devoid of gag and
pol genes (25). The 2.8-kb mRNA is suggested to be a spliced
subgenomic env mRNA by the following results. First,
differential hybridization revealed that is lacks gag and pol
genes, but the env gene and U3/R region are present.
Second, the exact position and nature of the gag and pol
deletion was defined, and the nucleotide sequences in the
vicinity of the deletion sites are in agreement with known
consensus splice donor and splice acceptor sites. Third, no
class of IAPE elements in the mouse genome has been
detected that is similar to the 2.8-kb mRNA in size and

hybridization pattern and at the same time has a copy
number sufficient to generate a minimum of five different
mRNAs (26). Taken together, these arguments suggest that a
splicing mechanism removes the gag and pol genes from the
primary IAPE transcripts.
The exact structure of the 1.3-kb IAPE mRNA, detectable

by LTR probes only, has not yet been analyzed in detail.
Cells infected with mouse mammary tumor virus, a virus
known to have certain env protein features in common with
IAPEs, contain a spliced 1.7-kb mRNA. A presumed regu-
latory protein, encoded 3' to the env gene, can be translated
from this mRNA (37). It is tempting to speculate that the
1.3-kb IAPE mRNA may serve to express two small over-
lapping open reading frames encoded in a 270-bp region
between the env gene and the 3' LTR of IAPEs (26).
One spliced subgenomic env mRNA species of defined

length was identified. However, this mRNA species is
known to be a complex mixture of mRNAs with heteroge-
neous sequences and hence is the basis for the expression of
a large family of env proteins. By using a polyclonal antise-
rum against part of the postulated surface attachment sub-
unit, IAPE env proteins in eight different size classes were
identified. Translation in the absence of N-glycosylation
produces proteins of higher electrophoretic mobility. The
largest of these proteins, present in all cells, has an apparent
molecular mass of 56 kDa and is interpreted as the full-size
envelope precursor protein. The measured size is in suffi-
cient agreement with the value of 62 kDa calculated for the
env protein with the signal peptide cleaved. The divergence
between both values may arise by abnormal behavior in
SDS-PAGE, as known for the structurally related env pro-
tein of mouse mammary tumor virus. The calculated molec-
ular mass of 66.2 kDa for the unglycosylated mouse mam-
mary tumor virus env precursor also differs from the
measured 60-kDa apparent molecular mass in SDS-PAGE
(6, 22). The difference amounts to 6 kDa in both cases.
The smaller env proteins are thought to arise as a conse-

quence of premature stop codons in the env reading frame of
mRNA subpopulations. As cloned IAPE cDNAs confirm,
IAPE mRNAs differ from each other at about 2% of the
nucleotide positions (26). Some of these mutations result in
amino acid exchanges in the deduced protein or even in the
creation of stop codons, leading to chain termination (26).
The alternative explanation, generation of these proteins
from a larger precursor molecule by proteolytic processing,
is unlikely, considering the results of pulse-chase experi-
ments in AtT20 cells. Not all of the smaller proteins are of
the same size in different cell lines. A differential activation
of particular IAPE subsets or independent accumulation of
mutations in these cell lines may be responsible for this
phenomenon.
As predicted by the IAPE env cDNA sequence (26) and

common to all retroviral env gene products, N-glycosylation
increases the apparent molecular mass of IAPE env proteins.
After N-glycosylation, the apparent molecular mass of the
largest protein species, the putative env protein precursors,
shifts to 91 kDa in AtT20 and 89 kDa in NH15-CA2 cells.
These glycoproteins most likely consist of the 56- or 57-kDa
protein that is modified with oligosaccharides at most of the
16 potential N-glycosylation sites. The size difference be-
tween gp9l and gp89 may well be explained by cell line-
specific glycosylation, as shown for other viral glycoproteins
(8, 23).
The putative envelope protein precursor gp9l is further

distinguished from the smaller IAPE env proteins by its
relative stability between 0.5 and 2 h after synthesis. It is

VOL. 66, 1992



1922 REUSS

after that time that a decrease in the amount of gp9l can be
noticed. The nature of this step may be the same as in other
retroviral env protein precursors that are generally cleaved
into two subunits by a cellular protease during transport to
the cell surface (6, 33). With IAPE gp9l, however, no env
protein cleavage product becomes visible during the chase
periods tested. One possible explanation is a combination of
inefficient cleavage and degradation, as in human immuno-
deficiency virus type 1 (38).

Synthesis of env proteins distinguishes IAPEs from the
retrotransposons expressing only gag and pol proteins (2).
Since the production of env proteins is confined to functional
retroviruses or vertically transmitted proviruses highly re-
lated to them (28), IAPEs may represent the missing link
between IAPs and retroviruses.

Retroviral env proteins are a main constituent of extracel-
lular viral particles and a prerequisite for infectivity of the
virus. Thus, if there is full-length IAPE RNA as well as
IAPEgag andpol proteins, IAPE env proteins may allow the
assembly of an as yet unknown infectious IAPE virus. The
relationship of IAPEs to IAPs suggests the additional possi-
bility that an TAP-type viral capsid could interact with IAPE
env proteins to assemble an IAPE pseudotyped IAP retro-
virus. Testing for IAPE and IAP components in cell culture
supernatants and animals is expected to provide further
information about a potential IAPE retrovirus.
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