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Intracisternal A-particle retrotransposons (IAPs) are retroviruslike elements that are defective in envelope
protein synthesis and exist without an extracellular stage. We have isolated a novel class of cDNAs that are
related to known IAP elements in the nucleotide and deduced protein sequence of gag and pol genes but also
contain a previously unidentified reading frame between the pol gene and putative U3 region. Analysis of the
deduced protein sequence reveals features of the putative protein that are characteristic of retroviral envelope
proteins. The isolated cDNAs represent transcripts of multiple retroid elements in the mouse genome that were
termed IAPE (intracisternal A-particle-related elements coding for envelope). IAPE env genes exist in
approximately 200 copies per haploid genome as integral parts of the majority of these retroid elements. Four
major IAPE subgroups could be distinguished after EcoRI digestion of genomic DNA.

Retroviruses and retrotransposons replicate via reverse
transcription of an RNA intermediate. However, differences
are found in their life cycles. Retroviruses are found as
extracellular infectious particles and consist of RNA ge-
nomes protected by a protein core and a membranous
envelope (38). Envelope proteins at the virion surface medi-
ate entry of the virus into the cell by interaction with a
cellular receptor, followed by fusion of viral and cellular
membranes. After infection of a host cell, the retroviral
RNA is reverse-transcribed into DNA and integrated into
the host cell genome as a provirus. The structural organiza-
tion of a prototype retroviral provirus is characterized by
two long terminal repeats (LTRs) flanking the central coding
region, which includes genes for the major internal structural
protein (gag), RNA-dependent DNA polymerase (pol), and
envelope glycoprotein (env).

Retrotransposons, in contrast, are repetitive genetic ele-
ments in the cellular genome that rely on reverse transcrip-
tion for their amplification but do not encode envelope
proteins and thus are thought to be unable to produce
extracellular infectious particles (2). The genome of some
retrotransposons is organized in a central coding region and
two flanking LTRs, and thus they have structural and
functional similarities with retroviral proviruses. Most of
these retrotransposons are known to specify the synthesis of
intracellular viruslike particles and can also be classified as
retroviruses-defective for particular steps in virus assembly.
The copia elements of Drosophila melanogaster, for exam-
ple, contain in the central coding region one open reading
frame similar to the gag and pol genes of retroviruses (28)
and give rise to intracellular viruslike particles that consist of
gag gene product, reverse transcriptase, and full-length
transcripts (35). The Drosophila elements gypsy, 17.6, and
297 contain, in addition to gag and pol, a third reading frame
between the pol gene and the 3’ LTR (18, 25, 32). However,
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no similarity to retroviral env genes exists, and expression of
this reading frame as well as particle formation has not been
reported.

The intracisternal A-particle retrotransposons (IAPs) of
rodents encode gag and pol proteins and direct the synthesis
of viruslike particles that assemble at the cytoplasmic face of
the endoplasmic reticulum membrane (see reference 21 for
review). These particles consist of a gag precursor protein
encapsidating genomic 7.2-kb RNA and acquire a membrane
shell by budding into the cisternae of the endoplasmic
reticulum. They are found in a variety of cell lines, tumors,
early mouse embryos, and some tissues, especially the
thymus. The budding process, however, seems to be incom-
plete in most IAPs, since the majority of them do not
segregate from the membrane of the endoplasmic reticulum
(31). Transport of IAPs along the cellular secretory pathway
has not been observed. IAP elements exist as multiple copies
per haploid genome and have been shown to alter expression
of cellular genes after transposition (5, 11). Complete IAP
elements were cloned from mouse and Syrian hamster
genomes (26, 30). A considerable number of IAP elements
carry large deletions of up to 3.7 kb in the gag and pol genes.
In Mus musculus, a total of 1,000 copies per haploid genome
include 700 full-length and 300 truncated elements. In all
known IAP elements, the region between the pol gene and
the 3’ LTR, which in retroviruses codes for env proteins, is
drastically shortened by deletions and has multiple con-
served stop codons present in all three reading frames. This
region is considered to be the truncated and mutated vestige
of a once-functional env gene. The loss of the env gene is
thought to be the main reason for the absence of infectious
extracellular IAP virions.

In this article, we report the sequence of a novel mouse
cDNA family isolated from a neuroblastoma-glioma cell line.
We investigated the structure and number of retroid ele-
ments in the mouse genome that are identical to the cDNAs
isolated. The cDNA s are related to known IAP elements and
transcripts but differ from these by containing additional
coding capacity in the envelope region. The length and
structural features of the predicted protein are characteristic
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of retroviral envelope proteins. This is the first report of a
mammalian retrotransposon including an env gene, suggest-
ing the existence of IAPE elements with close similarity to
complete retroviral proviruses.

MATERIALS AND METHODS

Cell lines. NIH 3T3 fibroblasts and the mouse neuroblas-
toma X rat glioma X mouse neuroblastoma hybrid-hybrid
cell line NH15-CA2 (13) were grown in Dulbecco’s modified
Eagle’s medium containing 10% fetal calf serum. NH15-CA2
cells were obtained from B. Hamprecht and continuously
propagated. Mouse pituitary-derived AtT20 cells (7) were
cultured in RPMI 1640 medium (Boehringer Mannheim)
supplemented with 10% fetal calf serum.

cDNA library and isolation of clones. cDNA libraries were
prepared by G. Bilbe and A. Bach as follows. NH15-CA2
polyadenylated RNA was isolated from the cells by guani-
dinium thiocyanate extraction (6) followed by oligo(dT)-
cellulose chromatography. cDNA was synthesized by the
RNase H method (10) with either oligo(dT),,_,s or random
hexanucleotides (Pharmacia) as primers. The cDNAs were
inserted into DNA expression vectors Agtll and Agtl0 (17)
by the use of EcoRlI linkers. The NH15-CA2 random-primed
library in Agtll was screened after induction with nitrocel-
lulose filters soaked in 10 mM isopropyl-B-p-thiogalactopy-
ranoside (Biomol) with neuropeptide head activator anti-
idiotypic antiserum 64/10 (34) at a dilution of 1:100 as
described before (17). Positive plaques were detected after
incubating the filters with alkaline phosphatase-linked anti-
rabbit immunoglobulin G (IgG) second antiserum (Promega)
at a dilution of 1:7,000 for 2 h at room temperature by
reaction with 330 pg of p-nitroblue tetrazolium chloride
(Biomol) and 165 p.g of 5-bromo-4-chloro-3-indolylphosphate
(p-toluidinium salt; Biomol) per ml in alkaline phosphatase
buffer (100 mM Tris hydrochloride [pH 9.5], 100 mM NaCl,
5 mM MgCl,). Positive clones were further selected and
tested by in situ hybridization of nick-translated cDNA
fragments to fixed cells (1) for the presence in AtT20 cells
and absence in NIH 3T3 cells of corresponding RNA. One
clone with the correct expression pattern, designated
IAPE-0, was used as nick-translated 3?P-labeled probe to
isolate further clones by plaque hybridization (24). Clones
IAPE-4 and IAPE-8 originated from the random-primed
Agtll library; IAPE-1, IAPE-10, and IAPE-28 were isolated
from the oligo(dT)-primed library in Agt10.

DNA sequence analysis and generation of probes. Phage
DNA was isolated from a liquid culture as described before
(24), and the EcoRI cDNA fragments were subcloned into
plasmid vector pGEM2 (Promega). DNA sequencing was
performed on plasmid DNA by the dideoxy chain termina-
tion method (33) with modified T7 DNA polymerase (Seque-
nase; USB) according to the manufacturer’s instructions. In
the case of cDNA clone IAPE-1, unidirectional deletion
constructs from both ends of EcoRI fragment IAPE-1 (1 to
3851) were created by the modified exonuclease III-S1
method (15) in plasmid pGEM2, and both DNA strands were
sequenced completely. Several of these deletion clones were
used for the generation of 3?P-labeled RNA probes specific
for parts of IAPE-1. All probes were complementary to the
sense strand of IAPE-1 and synthesized by RNA polymer-
ases T7 or SP6 (Promega) following the procedure given by
the manufacturer, after restriction digestion of the template
plasmid. The names of the probes and the nucleotide posi-
tions of IAPE-1 covered are GAG (1 to 418), POL (1055 to
1270), ENV (2185 to 2441), LTR1 (3650 to 3851), and LTR2
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(3846 to 4021). Control Probe pGEM2 PL represents the
polylinker of the plasmid used (nucleotides 10 to 86).

Computer-assisted sequence analysis. Sequence analysis
and comparisons were performed with the University of
Wisconsin Genetics Computer Group sequence analysis
software package (8). Programs FASTN and FASTP (23)
were used to search nucleic acid and protein sequence data
bases; MULTALIGN (19) was used to compare multiple
sequences.

Isolation and analysis of genomic DNA. Genomic DNA was
isolated from cell lines and liver tissue by the guanidinium-
cesium chloride method described for isolation of RNA (24).
After centrifugation onto a cesium chloride cushion, DNA
was further purified in a continuous cesium chloride gradient
with a mean density of 1.72 g/cm® (Beckman L8-M, VTI65.2,
62,000 rpm, 6 h, 20°C). When 2 pg of the preparation was
applied to a gel, no RNA could be detected after ethidium
bromide staining. Ten micrograms of each DNA was sub-
jected to EcoRI or BamHI digestion. 3?P-labeled EcoRI-
HindIll-digested lambda DNA (as size markers) and defined
amounts of IAPE-0 fragment (representing nucleotides 1929
to 2669 of IAPE-1) equivalent to 0.5, 1, 5, 20, 40, and 80
copies per haploid genome (5 X 1078 mol of IAPE-0 per
copy) were separated on the same agarose gel as the digested
genomic DNA. The DNAs were transferred to a Hybond-N
membrane (Amersham), hybridized for 16 h at 50°C in buffer
containing 43% formamide, 5x SSC (1x SSC is 0.15 M
sodium chloride plus 0.015 M sodium citrate), 5X Den-
hardt’s solution (1 mg of Ficoll, 1 mg of polyvinylpyrroli-
done, and 1 mg of bovine serum albumin per ml), 50 mM
sodium phosphate (pH 7), 0.1% sodium dodecyl sulfate
(SDS), and 0.2 mg of salmon sperm DNA per ml and washed
three times for 30 min each in 1x SSC plus 0.1% SDS. After
autoradiography, the probe was removed by incubating the
membrane for 30 min, first in 0.4 N NaOH and then in a
buffer consisting of 0.1x SSC, 0.1% SDS, and 0.2 M Tris
hydrochloride (pH 7.5). Successful removal of the probe was
tested by autoradiography.

Nucleotide sequence accession number. The nucleotide
sequence data reported in this article have been given
GenBank accession number M73818.

RESULTS

A novel IAP element-related family of cDNAs. In an attempt
to clone a cDNA encoding an antigen previously defined on
the surface of neural NH15-CA2 cells (34), we isolated and
analyzed a cDNA clone from a Agtll expression library of
this rat-mouse neuroblastoma-glioma hybrid-hybrid cell line.
Selection criteria included recognition by antiserum 64/10,
presence of corresponding mRNA in AtT20 pituitary cells,
and absence of corresponding mRNA in NIH 3T3 fibro-
blasts. The isolated cDNA clone, later designated IAPE-0,
was “sequenced and found to contain a continuous open
reading frame throughout its sequence of 741 nucleotides
(Fig. 1). It was therefore used as a probe in further screening
procedures to find larger cDNA clones originating from the
same transcript. Among 20 clones analyzed, the 4,021-bp
cDNA IAPE-1 was the largest. Northern (RNA) blot analy-
sis of NH15-CA2 mRNA indicated that IAPE-1 is an almost
full-length copy of a cellular 4.2-kb mRNA (31a).

The DNA sequence of IAPE-1 (Fig. 1) and five other
cDNAs was determined. Comparison of these cDNAs re-
vealed that they are colinear (Fig. 2) and highly related but
not identical. As a mean value, the sequences differed from
each other at 2% of the nucleotides. This indicated the
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1. Nucleotide sequence of IAPE-1 cDNA. The coding strand is shown. Reading frames identified by homology to IAP-coded proteins
are marked and labeled gag or pol. Characteristic sequence elements are underlined: polypurine tract (PPT), TATA box, polyadenylation
signal (PA signal), two 12-bp repeats (A), three 10-bp repeats (B), three imperfect 20-bp repeats (C1, C2, and C3), and the EcoRI restriction
site. The suggested border of the U3 region is labeled. The sequence of cDNA IAPE-0 extends from nucleotides 1929 to 2669 and shows the
nucleotide changes compared with IAPE-1 at positions 1995 (C), 1998 (G), 2167 (T), 2168 (C), 2175 (T), 2212 (C), 2387 (C), 2457 (G), and 2565
(C). The protein sequence deduced from the putative env gene of cDNA IAPE-1 is presented in single-letter code above the nucleotide
sequence. Stop codons are represented by a star. The putative signal peptide (39) is boxed with a dotted line; other characteristic hydrophobic
regions are boxed with a solid line. A potential protease cleavage site is underlined, potentially N-glycosylated Asn residues are marked by

a circle, characteristic cysteine residues are marked by arrowheads, and basic residues adjacent to the proposed transmembrane region are
marked by a plus sign.
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FIG. 2. Alignment of analyzed IAPE cDNAs. cDNAs are repre-
sented as boxes for regions with known sequence or as lines for
regions of undetermined sequence. Putative env gene (open box)
and other regions (stippled box) are indicated. Stars mark the
position of stop codons in the env gene.
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existence of a family of corresponding genes in the cellular
genome. No sequence identical to that of cDNA IAPE-1 was
found in the GenBank or EMBL data base, but strong
nucleotide sequence similarities were obtained with several
different IAP elements. Similarities with other retroid ele-
ments, retroviruses, and cDNAs were significantly lower.
As shown in a dot matrix analysis of the DNA sequence
homology between IAPE-1 and IAP element MIA14, the
mouse IAP prototype sequence (Fig. 3) IAPE-1 has three
distinct regions of similarity with MIA14. Nucleotides 475 to
970 are related to the gag gene, positions 981 to 1597 are
related to the pol gene, and nucleotides 2900 to 3400 are
related to the residual env region between the pol gene and
the 3’ LTR of MIA14. The colinearity of these sequences is
interrupted at two points. First, in IAPE-1, large parts of
coding region equivalent to 3.8 kb of gag and pol genes in
MIA14 are deleted. This type of truncation is found in
approximately 30% of mouse IAP genomes (21). Second, a
region with 1.25 kb of coding capacity, unknown in IAP
element MIA14, is found in IAPE-1 located 3' from the
pol-homologous region. The sequence of the inserted DNA
was found not to be related significantly to any sequence
stored in public data bases.

The 5'- and 3’-terminal regions of IAPE-1 (nucleotides 1 to
475 and 3400 to 4021) are not related in sequence to MIA14.
The region between nucleotides 1 and 200 upstream from the
gag reading frame lacks open reading frames and is rich in
repeat sequences (Fig. 1), as is the case in untranslated parts
of IAP elements between the 5’ LTR and gag gene (26, 30).

Other characteristics allow the correlation of nucleotides
3680 to 4021 in IAPE-1 with the 3’ untranslated regions of
IAP and retroviral RNAs. A polypurine tract is directly
followed by the trinucleotide TGT, generally conserved at
the 5’ end of IAP U3 regions. The presence of putative
regulatory sequences usually concentrated in the LTRs of
IAP elements and proviruses, such as a TATA box and
polyadenylation signals, supports the classification of this
region as a putative U3-R region of an LTR.

Proteins deduced from IAPE and IAP gag and pol genes are
highly related. Comparison of the deduced amino acid se-
quences derived from homologous regions in IAPE-1 and
IAPs indicates that the putative gene products are also
related and suggests a common function (Fig. 4). The IAPE
gag reading frame has 52% identity with the MIA14 IAP gag
protein over a range of 160 amino acids and extends in the
N-terminal direction for an additional 80 amino acids. The
sequence is 61% similar to that of the full-length Syrian
hamster IAP H18 (30) gag protein in these N-terminal amino
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FIG. 3. Nucleotide comparison between IAPE-1 cDNA and
mouse [AP element MIA14. Comparison was done by the program
DOTPLOT (8). Each dot represents 75% or greater identity of a
20-nucleotide window in both sequences. Displayed at the vertical
axis is the IAP element MIA14 (26). Coding regions (gag, pol) are
represented by open rectangles; LTRs are shown as solid rectan-
gles. The cDNA IAPE-1 is displayed at the horizontal axis. Regions
with sequence similarity to MIA14 and putative env gene are marked
by open rectangles. The nucleotide positions of the compared
sequences are listed along the axes.
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acids, but shows reduced similarity in the remainder of the
sequence. The second amino acid in the putative IAPE-1 gag
gene product is a glycine, known as a target for myristoyla-
tion in most retroviruses (12, 14).

The strongest similarities between IAPE-1 and IAP ele-
ments are found in the sequence deduced for the pol gene
products. In cDNA IAPE-1, two adjacent reading frames
separated by a single nucleotide deletion show similarities of
88 and 68% to the mouse IAP MIA14 and 86 and 79% to
Syrian hamster IAP H18 pol protein.

IAPE cDNAs contain an unknown reading frame. All JAP
elements are largely truncated between the pol gene and 3’
LTR, where the env gene is localized in retroviral provi-
ruses. In cDNA IAPE-1, this region is extended by the
presence of an additional 1.25 kb of sequence information.
This unusual arrangement creates a novel 1.8-kb reading
frame (nucleotides 1596 to 3422). The deduced amino acid
sequence of this reading frame is shown in Fig. 1, starting
with the first methionine. In IAPE-1, three stop codons are
located at positions 72, 112, and 395. However, DNA
sequence determination of several other IAPE cDNAs at
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101 EVQDSMSETERSE--——-~— RMGARKRKDMS KKKGPPQEVKKGGEKEGS YHSPLNKSKKK——————- KKPESSQYPAVELEALELDNSDSDTLDS-SEEG H18
* k k kk Xk X * Kk * * * %k * * k% *x ok * k% x k kk Xk *x kkk
101 EIQESLSEVERGEKVKVERK —QSALKNLGLSTGLEPEEKRYKGKNALGE I RKRDEKGEKKGDRAGEAHKERSLYPPLVEFKQLTLSNSEPDEGVSTSEET |APE-1
* Xk k Ahkkk kkk X * X * khkk Khkkkhkkk * % * Kk k * kkk Kk * * ok Kk * kk kk k*k X kkkk
31 EIQDKLSEVKRGERVGTKRK YGTQONKYTGLSKGLEPEEKLRLGRNTWREIRRKRGKREKKKDQLAEVSRKRSLCS SLDGLGEPALSSSEADEEFS—-SEET MIA14
187 GLEEEVARYEEKRYHPD—-————- RHR-PLKTKMNVRPPP INPAGSRP SAPPPYELR H18
* %k %k * % * % * * Xk * kkkkk ok *
200 DSEEEAVRYKGERYQQDKMeATQPRKROKAADESQLAAWPPDCRLQGPSAPPLYVQR IAPE-1
* kkkk * * %k * *x Xk kK * Kk Kk * k k*k kkkkk
130 DWEEEAAHYEKKGYQPGKVLANQLRK-PKAAGAGQFADWPQGSRLQGPPYAESPPCV MIA14
B. POL
1 FLPTPHMGINPRGIRPLOMWQMDVTHIPSFGRLQYVHVSVDTCSGVMFATPLTGEKASYVIQHCLEAWSAWGKPRI KTDNGPAYTSQKFRQFCROMDVT H18
hkhkkhkk Kk hhkk hhkkk kkhk Akkkk Khkkk kk kkk khkkhkkkkkhkkk kkkk AAXAkRRk Kkhkhkhkkhkhkhkk X k KRXAAkkkkk kk kkk Kkkkkk
FLPTPHVGVNPRGVRPLQVWQWDVTHISSFGRNQYLHVS IDTCSGVMFATPLIGEKAFHVIQHCQEAWSAWGKPT I LKMDNGPAY TSTKFQQFCHOMDVT  |APE-1
khkk hhkkk hhkkk hhkkkkhkkkhkkokk kkkk ARXRAKAKAARKRR khkk kk khkkk Khkhkhkk khkkhkkkkk dk hkhkkhkhkhkk Khkhkhkkk Xrkkkk
FLPVPHVGINPRGIRPLQVWQMDVTHVSSFGKLQYLHVS IDTCSGIMFASPLTGEKASHVIQHCLEAWSAWGKPRLLKTDNGPAYTSQKFQQFCROMDVT MIA14
101 HLTGLPYNPQGQGIVERAHRTLKSYLIKQK GSIEDVLPSVPRVAVSMALFTLNFLNCDAQGHTAADRHSLEPDRPKEMVKWKDVLTDLWKGPDPILIRS H18
KAk Ak kkhkhkkkokkhkokkhkkkkkkkkkkkkkk AhkRkkkkk KAk khkkhkkhkhkkk &k khkk Kkk Rkxk ARXhkhkhkhkhkhkhk kkkkkk hkhkhkkhkkkkkkk
HLTGLPYNPQGQGIVERAHRTLKSYLIKQK/RGVDETLPSVPRVVVSMALFTLNFLNLDEQGHSAAERHS SDPDRPKEMVKWKDVLTGOWKGPDPILIRS |APE-1
hhkhkkhkhkhkhkhkhkhkhkhkhkkhkkkkkhkkk kkkkkk * *x kK khkhkAkAkkkkkkk & kk hkkk k khkkk hhkkkkk k% k AAkAkRkkkk R
HLTGLPYNPQGQGIVERAHRTLKTYLIKOK RELEEILP-QHQESLSMALFTLNFLNIDVHGHTAAERQCSEPDRPNEMVKWKNVLHNKWYGPDPILIRS MIA14
200 RGAVCVFPQEEENPLWIPERLTRR H18
Akkkkhkhkhkk Kk kk k kkkkkkxk
RGAVCVFPQSEDNPFWLPERLTRR IAPE-1
kkkkkkk *
RGAVCVFHRMKTTHFGYQKDSPEK MIA14

FIG. 4. Comparison between amino acid sequences deduced from the (A) gag and (B) pol genes of cDNA IAPE-1 and the genomic IAP
elements mouse MIA14 (26) and Syrian hamster H18 (30). Introduced gaps are indicated by dashes, stop codons are shown by black dots,
and a change of reading frame is shown by a slash. Amino acids identical in two of the sequences are marked by stars between the lines.

these positions revealed that these stop codons were absent
in most IAPE clones sequenced (Fig. 2). Stop codons were
replaced by arginine (positions 72 and 112) or glutamine
(position 395) codons in five of seven IAPE cDNAs. These
results led to the conclusion that this IAPE reading frame
represents a potential gene that is interrupted by stop codons
in some mRNAs. This gene could potentially direct the
synthesis of a 587-amino-acid protein.

The unknown IAPE reading frame encodes an envelopelike
protein. The protein sequence deduced from the novel IAPE
gene (Fig. 1) was not found to exhibit significant similarity to
any of the protein sequences deposited in public data bases.
The localization of the gene between the pol gene and U3
region in the IAPE-1 cDNA suggests that it may code for a
retroviral env protein. env proteins of different retroviruses
exhibit little similarity in amino acid sequence but have
common structural characteristics conditioned by trans-
membrane localization and common function (9, 16). Anal-
ysis of these characteristics (Iength, hydrophobicity profile,
tryptic cleavage sites, potential N-glycosylation, and con-
served cysteine residues) revealed that the postulated IAPE
protein displays all the common structural characteristics of
retroviral env proteins (9, 16). Length and hydrophobicity
profiles coincide with the generally conserved patterns of
env proteins, which are characterized by three hydrophobic
peptides (signal peptide, fusion domain, and transmembrane
region). Three hydrophobic regions are arranged in a partic-

ular order (Fig. 1). First, a hydrophobic N-terminal signal
peptide (25 residues) is followed by a hydrophilic domain
(340 residues). The end of this domain is marked by a cluster
of basic residues, with the sequence Arg-Gln-Lys-Arg. This
protease cleavage signal is adjacent to the second, residue
29, hydrophobic peptide. A second hydrophilic domain (135
residues) is bordered by a third hydrophobic peptide (22
residues). The C-terminal third hydrophilic domain is short
(36 residues).

The length of the three hydrophilic env protein domains
varies among different retroviruses. The hypothetical IAPE
env protein, with hydrophilic regions of 340, 135, and 36
amino acids, resembles the B-type mouse mammary tumor
virus (MMTV) env protein, comprising 358-, 137-, and
38-residue hydrophilic domains (27), although different
lengths (436, 103, and 33 residues) are found in the env
protein of the type C Moloney murine leukemia virus (36).

Retroviral env proteins are generally N-glycosylated at
several asparagine residues within Asn-X-Ser/Thr consensus
sequences. Sixteen such potential N-glycosylation sites are
present in the sequence predicted for the novel IAPE protein
and are localized exclusively in the region N-terminal to the
proposed membrane-spanning domain. Another finding sup-
porting an env function for the novel IAPE-encoded protein
derives from the conservation of cysteine residues. In the
described IAPE protein, a pair of cysteine residues (posi-
tions 450 and 458) are located 84 residues from the conserved



VoL. 65, 1991

A GAG POL ENV LTR1 LTR2
M R N

M R N MRN MRN M R N

—-14.5

! —-75

. 4.0
. -3.7

M R N

PGEM2 PL“

B
1 5 2040 !

EcoRI

C GAG POL ENV TR lLTR2
ey ] — —{ b IAPE-1
~~—un o~ 75
~~——a— B~ 40
- —EE~— 37

FIG. 5. Southern blot analysis of EcoRI-digested genomic DNA.
(A) Genomic Southern blot with segment-specific IAPE probes.
EcoRl-cleaved genomic DNA from NMRI mice (M), Wistar rats
(R), and NH15-CA2 cells (N) was separated on a 1% agarose gel and
transferred to a Hybond-N membrane. The membrane was succes-
sively hybridized to IAPE probes GAG, POL, ENV, LTR1, LTR2,
and control probe pGEM2 PL and analyzed by autoradiography.
pGEM2 PL contains all vector sequences present in the IAPE
probes. The probe used is indicated above the lanes. Main fragments
recognized by probe ENV1 are labeled by arrowheads, and the sizes
of the fragments are given in kilobases. EcoRI-HindIII-digested A
DNA, radioactively labeled by filling the recessed ends with
[a-32P]dNTPs, was used as DNA size markers. (B) Quantitative
control of genomic IAPE env copies. IAPE-0 cDNA (nucleotides
1929 to 2669 of IAPE-1) is recognized by probe ENV. Defined
amounts of IAPE-0 cDNA equivalent to 1, 5, 20, 40, and 80 copies
per haploid genome in 10 pg of genomic DNA (5 X 107 '® mol per
copy) were run on the same gel as the genomic DNA, treated
identically, and probed with ENV. The autoradiogram was scanned
and compared with that in panel A. (C) Schematic representation of
genomic IAPE elements as deduced from panel A. cDNA IAPE-1is
indicated, with the approximate positions of probes drawn as open
boxes (GAG, POL, ENV) or black squares (LTR1, LTR2). Genomic
IAPE elements are represented by a straight line; surrounding host
DNA is shown by a waved line. The EcoRI restriction site used for
digestion is marked by a vertical line. Numbers on the right indicate
the size of the element in kilobases.

protease cleavage site. The env protein of MMTV reveals
two identically spaced cysteines 85 residues from the cleav-
age site. In summary, these results suggest that the novel
IAPE reading frame represents the IAPE env gene. Striking
parallels between the deduced properties of the encoded
protein and MMTYV env proteins exist.

Multiple copies of the IAPE env gene are found in the mouse
genome. All IAPE cDNAs were cloned from the rat-mouse
fusion cell line NH15-CA2 and could be coded by either the
rat or the mouse genome. In order to determine the species
of origin for IAPE cDNAs, we performed a Southern blot
analysis of rat and mouse genomic DNA, digested with
restriction enzyme EcoRI. In the IAPE-1 cDNA, this en-
zyme recognized only one cleavage site that resides in the
putative U3 region at position 3846 (Fig. 5C). For detection
of IAPE env genes, we generated probe ENV (nucleotides
2185 to 2441 of IAPE-1).

Hybridization with probe ENV provided unequivocal ev-
idence that the 1.25-kb region of cDNA IAPE-1, unknown
from IAPs and representing part of the proposed env gene,
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FIG. 6. Southern blot analysis of BamHI-digested genomic DNA
with IAPE probe ENV. (A) Genomic DNA from NMRI mice (M),
Wistar rats (R), and cell line NH15-CA2 (N) digested with BamHI
was analyzed as described in the legend to Fig. S, with ENV used as
the 3?P-labeled probe. The sizes (in kilobases) and positions of
32p_labeled EcoRI-HindIlI-digested lambda DNA marker fragments
are indicated at the left side, and the size of the main band is given
at the right-hand side. (B) Schematic representation of the BamHI
sites near the pol-env gene junction in cDNA IAPE-1. The location
of probe ENV is indicated by a singleheaded arrow. nt, nucleotide.

was encoded by the mouse genome, not by the rat genome
(Fig. 5A). EcoRI fragments were present in four major size
classes, 14.5, 7.5, 4.0, and 3.7 kb. The use of different
defined amounts of cloned cDNA IAPE-0 as a standard on
the same gel (Fig. 5B) allowed us to calculate the approxi-
mate copy number of IAPE env genes per haploid genome
after densitometric analysis of the autoradiograph. The
fragments, in order of decreasing length, were present in
approximately 25, 30, 50, and 50 copies. Including bands of
minor intensity, a total of approximately 200 copies of the
env gene per haploid mouse genome were detected. NH15-
CA2 cells showed a fragment pattern very similar to that of
the mouse genome; however, the intensity of individual
bands was lower. This is probably related to the presence of
rat DNA, which is devoid of IAPE elements, that exists in
the NH15-CA2 genome and results in an apparent reduction
in the number of IAPE copies.

The env gene is an integral part of the majority of genomic
IAPE elements. To investigate whether all of the different
putative env gene fragments are part of genomic IAPE
elements, we hybridized IAPE-1 probes GAG, POL, LTR1,
and LTR?2 to the existing Southern blot (Fig. 5A). Hybrid-
ization of all these probes only to mouse DNA proved that
all parts of the IAPE elements are encoded by the mouse
genome. All major IAPE env gene-containing EcoRI frag-
ments in the mouse genome were also recognized by other
IAPE probes, indicating that the majority of detected env
genes are part of IAPE elements. Fragments of 4.0 kb
hybridized with all probes and corresponded in size to the
cloned IAPE-1 cDNA. Thus, IAPE-1 cDNA could represent
a transcript of these genomic elements. The 3.7-kb size class
was recognized by all probes except GAG. High-molecular-
weight fragments of approximately 14.5 and 7.5 kb were seen
with all probes. Southern blot hybridization of BamHI-
digested genomic DNA to the probe ENV (Fig. 6) resulted in
the detection of one major 1.1-kb band. This size is exactly
that predicted from the IAPE-1 cDNA sequence and thus
confirms the physical linkage of the env gene to the IAPE pol
gene in the majority of IAPE copies.

When LTR probes were used on EcoRI-digested genomic
DNA (Fig. SA), a number of fragments detected were not
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recognized by the GAG, POL, or ENV probes. These
fragments probably represented the terminal parts of IAPE
LTRs that stay with the neighboring host DNA sequences
after EcoRI digestion (Fig. 5C). Their size distribution gave
some clues concerning the structure of the DNA surrounding
the IAPE elements. In both mouse and NH15-CA2 genomes,
these DNAs did not exhibit a totally random size distribu-
tion, as expected for randomly integrated IAPE elements,
but were concentrated in a set of fragments with different,
distinct sizes and intensities. This suggests either a tandemly
clustered arrangement of IAPE elements at several sites in
the mouse genome or an amplification of IAPE DNA to-
gether with surrounding host DNA.

DISCUSSION

IAPs are retrotransposons which have a strong impact on
the genome of many rodent species. A large family of
endogenous elements encodes the particle components and
is a frequent cause for activation or inactivation of cellular
genes (5, 11). All previously cloned IAP elements or tran-
scripts lack the env gene encoded by retroviruses (26).
Consistent with this lack of env-coding information, an
IAP-specific env protein, extracellular IAP virions, and
horizontal transmission of IAPs via infection of other indi-
viduals are not known. We have characterized a novel class
of mouse cDNAs and genomic elements related to IAP
elements that contain an envelope gene. We designate these
IAPE for intracisternal A-particle-related elements coding
for envelope.

IAPEs are related to known IAP elements (21) in their
genome organization, nucleotide sequence, putative gag and
pol proteins encoded, the presence of multiple copies in the
mouse genome, and the existence of truncated and mutation-
ally inactivated coding sequences. Additional support for
the relationship between IAPs and IAPEs comes from the
identification of a 20-bp region complementary to mouse
tRNAF"® in IAPEs (31a). This tRNA species is regarded as
the primer involved in the synthesis of negative-strand
cDNA during replication in mouse and hamster IAPs and has
not been shown to be used by any other retrovirus or
retrotransposon (29). However, the low degree of homology
between the gag and pol proteins and LTR sequences of
IAPs and IAPEs suggests that these represent distinct fam-
ilies of retrotransposons.

The most important characteristic of IAPEs is the pres-
ence of additional sequence information between the pol
gene and U3 region, not found in previously characterized
IAP elements. Together with sequences also common to
IAPs, this novel DNA sequence encodes a product which
structurally resembles retroviral env proteins. The env gene
product of MMTYV displays a very similar structural organi-
zation, although the amino acid sequences are not related
(27). The presence of such a putative env gene in IAPEs is
unique among the known mammalian retrotransposons (2).
Only in D. melanogaster have retrotransposons been found
that carry a third reading frame at an equivalent position.
The deduced product lacks obvious sequence similarity to
retroviral env proteins (18, 25, 32). The putative IAPE env
gene is present in approximately 200 copies per haploid
mouse genome and is linked to IAPE sequences. Thus, the
env gene is an integral part of the majority of IAPEs.
However, because of the large number of IAPEs and possi-
ble restriction fragment polymorphisms, we cannot exclude
the presence of single env genes unlinked to IAPEs. It seems
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likely that the IAPE env gene product represents the proto-
type envelope protein of a novel IAP-type retroid element.

Four different types of IAPE elements were found in the
mouse genome. Genomic IAPE elements, characterized by
4.0-kb EcoRI fragments, are equivalent to the sequenced
IAPE-1 cDNA, as judged by hybridization pattern and size.
The 3.7-kb IAPE fragments can be detected by all the IAPE
probes except GAG and hence constitute a group of IAPEs
with a gag gene deletion larger than that in cDNA IAPE-1.
The structural organization of the IAPE elements detected
as 7.5-kb and 14.5-kb EcoRI fragments remains unknown.
Two possibilities exist. Either these fragments represent
full-length elements with complete gag, pol, and env genes,
or they lack at least one of the EcoRlI sites in the LTR used
to cleave the genomic DNA. The latter possibility seems
reasonable to explain the unusual size of the 14.5-kb IAPEs.
The former possibility seems more likely for the 7.5-kb
IAPEs, since this length is in the unusual range of full-sized
retroviral elements and proviruses (25, 37).

One of the possible transcripts of IAPE elements is
represented by cDNA IAPE-1. Since the gag and pol genes
are truncated, synthesis of functional products from both
genes can be excluded. The existence of similarly truncated
IAP elements and transcripts is known (21). The use of this
transcript for env protein expression is unlikely for two
reasons. First, retroviral env proteins are generally trans-
lated from subgenomic mRNAs from which gag and pol
gene-encoded residues have been specifically removed by a
splicing event. In IAPE-1, however, 1.45 kb of the gag and
pol genes are still present. Second, the env reading frame in
this cDNA is interrupted by three stop codons and is
probably nonfunctional. From the sequence of other IAPE
cDNAs, we know that all three stop codons in the IAPE-1
env gene are not conserved in other IAPEs but code for
specific amino acids at the same position. This is in contrast
to IAP elements, in which the majority of stop codons in the
residual env region are conserved between different ele-
ments (26). Although we cannot at present report the isola-
tion of a functional env cDNA, detection of intracellular
IAPE env proteins with a sequence-specific antiserum (31a)
makes the existence of intact env genes highly probable. The
complete translation product of this gene, starting with the
first methionine codon, has a calculated molecular mass of
65.3 kDa. After subtraction of the first 25 amino acids that
may be the putative signal peptide (39), a size of 62.0 kDa is
expected for the unglycosylated protein. Such an IAPE env
protein could enable IAPEs to leave the host cell as a
retrovirus that could be an as yet unknown infectious agent.
Expression of IAPE env proteins in the endoplasmic reticu-
lum may be sufficient to rescue the accumulating IAPs and
create an infectious virus.

Two infectious murine retroviruses must be considered
possible relatives of IAPEs. M432 virus was isolated from
Mus cervicolor cells by cocultivation with cell line NIH 3T3
(3). A genetic relationship between the IAP and M432
genomes was indicated by hybridization experiments (22)
and mapped to the pol gene by heteroduplex analysis (4).
The antigenic relationships that exist between major struc-
tural proteins supported this view (20). A partial sequence of
an M432 provirus, mainly encompassing the 3’ LTR, was
kindly provided by K. K. Lueders. A comparison of this
sequence with those of the IAPEs failed to detect any
significant homologies. Thus, M432 and IAPEs are not
identical but may be related in coding regions. The second
virus with similarities to IAPEs is MMTV. The above-
mentioned homology in structural organization of env pro-
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teins implies similarities in assembly and structure of a
hypothetical IAPE virus particle with MMTYV virions. Anal-
ysis of IAPE env protein expression and the search for
extracellular virions are currently in process.
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