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The complete nucleotide and predicted amino acid sequences for open reading frames (ORFs) of the human
adenovirus type 41 (Ad41) early region 3 (E3) gene have been determined. The sequence of the Ad41 E3 gene
(map units 74 to 83.9) consists of 3,373 nucleotides and has one TATA box and two polyadenylation signals
(AATAAA). Analysis of the nucleotide sequence reveals that the E3 gene can encode six ORFs, designated RL1
to RL6. These are all expressed at the mRNA level, as determined by reverse transcription-PCR analysis of
Ad41-infected cell RNA. When compared with known E3 sequences of most other human adenoviruses
deposited in GenBank, the sequences of RL1 to RL3 were found to be unique to subgroup F adenoviruses (Ad40
and Ad41). They encode putative proteins of 173 amino acids (19.4 kDa) and 276 amino acids (31.6 kDa) in one
reading frame as well as a 59-amino-acid (6.7 kDa) protein in an overlapping reading frame. RL4 encodes a
90-amino-acid protein (10.1 kDa) with 40% homology to the Ad2 E3 10.4-kDa protein, which induces degra-
dation of the epidermal growth factor receptor and functions together with the Ad2 E3 14.5-kDa protein to
protect mouse cell lines against lysis. RL5 encodes a protein of 107 amino acid residues (12.3 kDa) and is
analogous to the Ad2 E3 14.5-kDa protein. RL6 codes for a protein of 122 amino acids (14.7 kDa) that is
analogous to the Ad2 14.7-kDa protein, which functions to protect Ad-infected cells from tumor necrosis
factor-induced cytolysis. This finding of three unique (RL1 to RL3) E3 gene ORFs may explain why subgroup
F adenoviruses differ substantially from other human adenoviruses in their host range; i.e., they replicate
predominantly in the host’s gastrointestinal rather than respiratory tract. A recent phylogenetic study that
compared subgroup F Ad40 DNA sequences with representatives of subgroups B (Ad3), C (Ad2), and E (Ad4)
reached a similar conclusion about the uniqueness of RL1 and RL2.

Human adenoviruses (Ad) are nonenveloped, icosahedral,
linear double-stranded DNA viruses (24). So far, 49 serotypes,
classified into six subgenera (A to F), have been identified on
the basis of their biophysical, biochemical, and biological prop-
erties (11, 18, 49, 51). Subgenus F (also called enteric or fas-
tidious Ad) consists of serotypes 40 and 41 (Ad40 and Ad41)
and causes acute infantile gastroenteritis, accounting for up to
17% of all infant diarrheas (1, 4, 5, 33, 45, 48, 50). Like other
diarrhea-associated viruses, both Ad40 and Ad41 do not rep-
licate efficiently in many human cell culture systems (see ref-
erence 46 for a review), which commonly permit propagation
of other Ads. Another distinctive characteristic of these viruses
is that Ad40 and Ad41 are the only human Ads which contain
two (long and short) fibers instead of one (long) fiber (27–29,
38, 39). In Ad40 and Ad41 infection, both fibers are expressed
at late times (48 h) in infected cells (27, 57).
At the genome level, all human adenoviruses are subdivided

into two regions: an early one, which is expressed before the
beginning of viral DNA replication, and a late one, which is
transcribed after the initiation of DNA replication (24). The
early region contains four transcription units, E1, E2, E3, and
E4 (24). E3 is nonessential for Ad replication in tissue culture
but is conserved to some degree among all Ad serotypes, sug-
gesting that E3 is needed for other functions, such as host-virus
interactions and viral pathogenesis (55). Comparative studies

of Ad2 and Ad5 DNA sequences have demonstrated that their
E3 genes contain nine open reading frames (ORFs), with seven
proteins having already been identified in infected cells (55).
The following host-virus defense functions can be ascribed to
these proteins: (i) inhibition of cytolysis by tumor necrosis
factor (E3 14.7-kDa protein or a combination of 14.5- and
10.4-kDa proteins) (13–15, 31, 44, 47), (ii) interference with
cell surface expression of major histocompatibility complex
class I protein (E3 gp19) (6, 25, 36), (iii) function as a signal for
membrane insertion (E3 6.7-kDa protein) (52–54), and (iv)
induction of endosome-mediated internalization and degrada-
tion of the epidermal growth factor receptor (E3 10.4- and
13.7-kDa proteins) (7, 20, 21, 31, 41, 44). These results support
the model that E3 gene products play a pivotal role in permit-
ting the virus to overcome host defense mechanisms and per-
sist inside infected hosts (30).
Previously, we have determined that Ad41 is unique in that

downstream of its E3 genes, there are two different genes
encoding the Ad41 fiber (57); one is short and the other is long,
with both fiber gene products incorporated into virions (27,
57). In this paper, we report on the identification of six ORFs
for the Ad41 E3 gene which can potentially encode proteins
with expected molecular masses of 19.4, 31.6, 6.7, 10.1, 12.3,
and 14.0 kDa (Fig. 1).
Overall Ad41 E3 sequence analysis. The Ad41 TAK strain

used initially in our studies was a gift from Jan C. deJong
(Laboratory of Virology, Bilthoven, The Netherlands) (11) and
was adapted by blind passage seven times in HEp-2 cells in
order to provide high virus yields (37, 56, 57). Viral DNA was
purified from Ad41-infected HEp-2 cell monolayers by the
Hirt method (19) and digested with EcoRI. The EcoRI B
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fragment (map units 74 to 92) was separated from other DNA
fragments by agarose electrophoresis, purified by using Gene-
clean (Bio 101, La Jolla, Calif.), and then subcloned into the
EcoRI site of pBluescript II SK(1) (Stratagene, La Jolla, Ca-
lif.) by standard recombinant DNA techniques (40). Prelimi-
nary sequencing was performed by the method of Deininger
(10). The B fragment was then briefly sheared; the ends were
filled by incubation with T4 DNA polymerase, and then the
fragment was cloned into the SmaI site of an M13 mp18 phage
vector (10). M13 clones were sequenced by using a Sequenase
kit (United States Biochemical, Cleveland, Ohio). After both
the 59 and 39 ends of the Ad41 E3 gene were located by
homology to the Ad5 E3 gene (8), both strands of the Ad41 E3
gene were sequenced by using custom oligonucleotide primers,
which were chemically synthesized by standard procedures at
the Louisiana State University Medical Center Core Labora-
tory Facilities. DNA sequences were analyzed by using an IBI
computer program.
The complete sequence of the Ad41 E3 region (EcoRI-EspI

fragment; map units 74 to 83.9) consisted of 3,373 nucleotides.
This sequence encodes six complete ORFs, designated as RL1
to RL6. The E3 DNA sequence has one TATA box located
between residues 248 and 251. Two different polyadenylation
signals (AATAAA) were found between residues 2033 and
2038 (at the end of the RL2 ORF) and residues 3022 and 3027
(downstream of the RL6 ORF), suggesting that as in subgroup
C Ads (8), the E3 gene can essentially be divided into two
major regions (E3a and E3b). Table 1 compiles base compo-
sition and codon usage of the Ad41 E3 region DNA. Highest
usage involved T, with codons TTT, CTT, ACT, and AAA

each being used at least 3% of the time. Also, a comparison of
the complete nucleotide sequence for the Ad41 E3 region with
that of Ad40 (9), which likewise contains 3,373 nucleotides,
shows that the two E3 genes are highly homologous (about
96.2%) but clearly different.
Ad41 E3 RL1. The Ad41 E3 RL1 ORF is the first in the E3a

region. It extends from bp 683 to 1204 and encodes a putative
protein of 173 amino acids with a molecular mass of 19.4 kDa
(Fig. 2). Using a BLAST (basic local alignment search tool)
computer program (2), we examined whether this predicted
protein is homologous to Ad E3 proteins from other Ad sub-
groups whose sequences have been deposited in GenBank. It
was found that although the 19.4-kDa protein corresponds in
location to the E3 gp19 protein of Ad2 and Ad5 (subgroup C
Ads), its sequences are unique to subgroup F Ads. In addition,
comparison of this 19.4-kDa Ad41 protein with the 264-amino-
acid protein of Ad12 E3 shows about 30% homology, although
the former is 92 amino acids shorter than the latter. This E3
sequence similarity between a subgroup F virus (Ad40) and a
subgroup A virus (Ad12) had been noted by Bailey and Maut-
ner (3). The Ad40 and Ad41 RL1 sequences are 99% homol-

FIG. 1. Locations of ORFs in the E3 and fiber genes of Ad41 (TAK strain).
RL1 to RL6 designate the proteins (59-to-39 direction) encoded by the E3 region
genes.

FIG. 2. Predicted amino acid sequences for RL1 (A), RL2 (B), and RL3 (C),
indicated in the one-letter amino acid code.

TABLE 1. Base composition and codon usage of Ad41 E3 region DNA

Nucleotide No. % Nucleotide No. % Nucleotide No. % Nucleotide No. %

A 852 25.3 T 996 29.5 G 600 17.8 C 925 27.4
ATT 21 1.8 TTT 44 3.9 GTT 20 1.7 CTT 39 3.4
ATC 17 1.5 TTC 28 2.4 GTC 14 1.2 CTC 23 2.0
ATA 7 0.6 TTA 27 2.4 GTA 8 0.7 CTA 10 0.8
ATG 10 0.8 TTG 19 1.6 GTG 13 1.1 CTG 28 2.4
ACT 37 3.2 TCT 19 1.6 GCT 24 2.1 CCT 23 2.0
ACC 32 2.8 TCC 30 2.6 GCC 22 1.9 CCC 20 1.7
ACA 10 0.8 TCA 15 1.3 GCA 7 0.6 CCA 22 1.9
ACG 14 1.2 TCG 5 0.4 GCG 11 0.9 CCG 13 1.1
AAT 21 1.8 TAT 26 2.3 GAT 11 0.9 CAT 14 1.2
AAC 23 2.0 TAC 30 2.6 GAC 21 1.8 CAC 16 1.4
AAA 35 3.1 TAA 12 1.0 GAA 27 2.4 CAA 28 2.4
AAG 20 1.7 TAG 4 0.3 GAG 10 0.8 CAG 21 1.8
AGT 10 0.8 TGT 20 1.7 GGT 8 0.7 CGT 6 0.5
AGC 17 1.5 TGC 24 2.1 GGC 10 0.8 CGC 11 0.9
AGA 8 0.7 TGA 13 1.1 GGA 7 0.6 CGA 2 0.1
AGG 13 1.1 TGG 11 0.9 GGG 7 0.6 CGG 7 0.6
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ogous; amino acid 144 is isoleucine in Ad41 and asparagine in
Ad40. We further analyzed the sequence of this protein for
potential glycosylation sites and found four, at amino acid
positions 52, 81, 87, and 125. Also, six possible phosphorylation
sites exist at positions 15, 25, 32, 54, 109, and 140. Further,
based on hydropathy plot analysis, the 19.4-kDa protein is
predicted to be a membrane-associated glycoprotein, like Ad2
gp19. However, as noted earlier by us (33a) and others (3), it
is not homologous to the gp19 of subgroup B, C, and E Ads.
Whether Ad41, like Ad12 (12a), uses E1A instead of E3 genes
to down-regulate the major histocompatibility complex class I
molecules at the level of transcription is not known. Experi-
ments to study RL1 functions are under way.
Ad41 E3 RL2. The Ad41 E3 RL2 ORF extends from bp 1207

to 2034 and encodes a 276-amino-acid protein with an ex-
pected molecular mass of 31.6 kDa (Fig. 2). The BLAST com-
puter program search for homology to other human Ad E3
proteins revealed that the sequence of this protein was unique
(compared with sequences of Ad2, Ad3, Ad4, and Ad5 pro-
teins) and again 99% homologous to the Ad40 sequence;
amino acids at positions 192 and 264 are glutamic acid in Ad41
and lysine in Ad40. Further, as noted for Ad40 (3), comparison
of this 31.6-kDa protein with the 268-amino-acid protein of
Ad12 E3 shows about 34% homology (3). This finding suggests
that RL1 and RL2 may be involved in viral processes involving
the host gastrointestinal tract, since both Ad41 and Ad12 cause
diarrheas in humans. The 31.6-kDa protein has four potential
glycosylation sites (at positions 35, 97, 162, and 204), five po-
tential N-myristoylation sites (at positions of 33, 72, 111, 148,
and 205), and a domain (residues 234 to 254) with high hydro-
phobicity, suggesting, as with RL1, that RL2 may be a mem-
brane protein.
Ad41 E3 RL3. The Ad41 E3 RL3 ORF, extending from bp

1730 to 1909, is near the carboxy end of E3a and in a different

reading frame from RL2; it consists of 59 amino acids with a
molecular mass of 6.7 kDa (Fig. 2). Interestingly, the Ad2
(subgroup C) 6.7-kDa protein is also located at the carboxy
terminus of the Ad2 E3a genes (54) and is homologous to the
similarly located Ad3 16-kDa protein (16). Further, analysis of
the Ad2 E3 6.7-kDa protein, which consists of 61 amino acids,
showed that it is a membrane protein with a signal anchor
domain at residues 15 to 35 and is homologous to other Asn-
linked type III integral membrane glycoproteins localized in
the endoplasmic reticulum (52, 53). When we examined the
Ad41 RL3 protein by the method of Hopp and Wood (23), we
found that it also had a hydrophobic transmembrane segment
spanning residues 26 to 46, although the degree of hydropho-
bicity of this segment is less than the corresponding segment of
the Ad2 E3 6.7-kDa protein (Table 2). This finding suggests
that the Ad41 RL3 protein, although different in sequence,
may have a function similar to that of the Ad2 E3 6.7-kDa
protein, viz., directing glycoproteins to the endoplasmic retic-
ulum. This putative protein is not mentioned in previous se-
quence comparison studies for Ad40 or Ad41 (3, 9, 46), pos-
sibly because it overlaps the RL2 reading frame (9). In addition
to sequence identification of the Ad41 RL3 gene, we have also
demonstrated below that RNA from Ad41-infected cells, when
analyzed by reverse transcription (RT)-PCR, amplifies a seg-
ment with the expected size of the RL3 gene.
Other Ad41 E3 ORFs. Other Ad41 E3 ORFs are located in

the E3b region and show similarity with E3b genes of most

FIG. 3. Amino acid comparison of the predicted protein sequence for Ad41
RL4 with sequences of the E3 10.4-kDa proteins obtained from various human
Ad serotypes. Amino acids conserved among Ad serotypes are in boldface.
Domains are also indicated. References to sequences for Ad serotypes are as
follows: Ad2 (17), Ad3 (42), Ad5 (8), Ad7 (22), Ad12 (43), Ad40 (9), and Ad41
(GenBank accession number M85254).

FIG. 4. Amino acid comparison of the predicted Ad41 RL5 protein sequence
with sequences of the E3 14.5-kDa proteins from various human Ad serotypes.
Amino acids conserved among Ad serotypes are in boldface. The border amino
acids of each domain are in italics and double underlined. References to se-
quences for Ad serotypes are as follows: Ad2 (17), Ad3 (42), Ad5 (8), Ad7 (22),
Ad11 (35), Ad12 (43), Ad40 (9), and Ad41 (GenBank accession number
M85254).

TABLE 2. Amino acid sequences and hydrophobicity values of the signal anchor domains of E3 6.7 kDa proteins
from Ad3, Ad5, and Ad40/Ad41

Virus Sequence of signal anchor domaina Hydrophobicity valueb

Ad3 NH2-W-V-V-A-G-F-V-T-L-G-V-V-A-G-G-L-V-L-I-L-C-COOH 226.6
Ad5 NH2-G-I-G-V-G-V-I-L-T-L-V-I-L-F-I-L-I-L-A-L-L-COOH 229.5
Ad41/Ad40 NH2-T-S-L-L-M-V-P-T-K-A-F-T-L-I-T-L-L-T-T-F-V-COOH 219.7

a References to Ad sequences: Ad3 (42), Ad5 (8), Ad40 (9), and Ad41 (GenBank accession number M85254).
b Calculated by the method of Hopp and Wood (23).
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other Ads. The Ad41 E3 RL4 ORF, regarded as the first
complete ORF in E3b, extends from bp 2056 to 2325 and
encodes a protein of 90 amino acid residues with a putative
molecular mass of 10.1 kDa. Comparison of amino acid se-
quences with those of the E3 10.4-kDa protein from other Ad
serotypes shows that the expected Ad40 and Ad41 proteins
exhibit 43% homology to the Ad2 and Ad5 E3 10.4-kDa pro-
teins (Fig. 3), which are reported to induce an endosome-
mediated internalization and degradation of the epidermal
growth factor receptor (7). The Ad41 and Ad40 E3 10.4-kDa
proteins are identical except for amino acid position 85 (ala-
nine in Ad41 and threonine in Ad40). The Ad41 E3 RL4
protein, like its Ad counterparts, can be divided into a signal
segment (residues 1 to 21), lumenal domain (residues 22 to
33), transmembrane domain (residues 34 to 59) and a rela-
tively conserved (about 42%) carboxy terminus (residues 60 to
90) (Fig. 3).
The Ad41 E3 RL5 ORF extends from bp 2325 to 2648 and

encodes a putative protein of 107 amino acids with a molecular
mass of 12.3 kDa. Comparison of this protein with the E3
14.5-kDa proteins from other human Ad serotypes shows that
the Ad41 RL5 protein has about 30% homology with the
Ad2/Ad5 E3 14.5-kDa protein (Fig. 4). Both proteins exhibit a
signal segment (residues 1 to 16) at the amino terminus, a
transmembrane segment (residues 36 to 66), and a hydropho-
bic carboxy terminus (Fig. 4).
Finally, the Ad41 E3 RL6 ORF extends from bp 2641 to

3009 and encodes a putative protein of 122 amino acids with a
molecular mass of 14.7 kDa which is analogous to the Ad2/Ad5

E3 14.7-kDa protein (Fig. 5). At both the DNA and amino acid
sequence levels, RL6 is highly conserved (80 to 98%) within its
own Ad subgroup but less so (45 to 60%) between different
subgroups (data not shown). When analyzed further, the RL6-
encoded protein was found to have certain highly conserved
domains (particularly between amino acid residues 35 and 53)
among all Ads, indicating that may be involved in a common
function (Fig. 5). Also, the Ad41 E3 RL6 protein has fewer
charged amino acids (arginine, aspartic acid, glutamic acid,
and lysine) (20.6%) than the Ad2 14.7-kDa protein (28.9%).
Third, it is of interest that the Ad12 14.7-kDa protein contains
a putative leucine zipper motif (32, 34) between residues 104
and 125 (Fig. 5), suggesting that it may also act as a regulatory
protein.
RT-PCR analysis of Ad41 E3 RL1 to RL6 ORFs. To deter-

mine whether the E3 region ORFs of RL1 to RL6 encode
genes that are expressed inside Ad41-infected cells, we un-
dertook a set of experiments using RT-PCR. HEp-2 cell
monolayers in T-25 tissue culture flasks (Corning Glassware,
Corning, N.Y.) were infected with Ad41 in the presence of
cycloheximide and cytosine arabinoside as previously described
(44). Total RNA was harvested at various times postinfection
by using a Tripure reagent (Boehringer Mannheim Biochemi-
cals, Indianapolis, Ind.) according to the manufacturer’s in-
structions. Concentration of total RNA was determined spec-
trophotometrically at a wavelength of 260 nm by using a
DU-70 spectrophotometer (Beckman). In RT reactions, a pre-
amplification kit purchased from GIBCO-BRL (Gaithersburg,

FIG. 5. Amino acid comparison of the predicted Ad41 RL6 protein sequence
with sequences of the E3 14.7-kDa proteins from other Ad serotypes. Amino
acids conserved among Ad serotypes are in boldface. Italic segments indicate a
conserved domain. The four leucine residues of a leucine zipper motif found in
Ad12 are underlined. References to sequences for Ad serotypes are as follows:
Ad2 (17), Ad3 (42), Ad5 (8), Ad7 (22), Ad11 (35), Ad12 (43), Ad40 (9), and
Ad41 (GenBank accession number M85254).

FIG. 6. Analysis of ethidium bromide-stained RT-PCR products of Ad41 E3
region genes. Total RNA from Ad41 infected HEp-2 cell monolayers was iso-
lated by using a Tripure solution (Boehringer Mannheim) and reverse tran-
scribed into cDNA by using a preamplification kit (GIBCO-BRL), and the
cDNAs were amplified by using a PCR kit (Roche Molecular Division). The
amount of DNA applied on each lane was 10 ml per well. Lanes: A, 123-bp
multiple ladders as a molecular weight standard; B, RL6; C, RL5; D, RL4; E,
RL3; F, RL2; G, RL1; H, 523-bp mRNA from the preamplification kit (GIBCO-
BRL) as an internal positive control. Estimated positions of markers are shown
on the left.

TABLE 3. Primers used in RT-PCR amplification of Ad41 E3 genes

Gene Sense strand Antisense strand

RL1 59-CTCACCGGTATGAAGATCTGTGTTC-39 59-CTCTTAGTAAAAATTATCAAGATTG-39
RL2 59-CTCCTCGAGATGCTGCTGTTTTTACTTTGCCTTC-39 59-CTCTGATCATTATTTTTCTAAACAAATATGCACTGG-39
RL3 59-CTCCTCGAGATGGCAGGCAAAGCAACTTCTACCA-39 59-CTCTGATCACTACCTGGACATTGTCATTATATTG-39
RL4 59-CTCACCGGTATGGTAACTCCTCTTCTCCTGCTTG-39 59-TCATGACAGGCACAGAAGGGCGGCCACC-39
RL5 59-CTCACCGGTATGAAAGTTCCTCTTCTCTGTCTTATCC-39 59-TCAGACATCTTCAGAGTTAAGATG-39
RL6 59-CTCACCGGTATGTCTGACCAACTAGAAATCGACGG-39 59-TTAATTAAAGGGGAGAAGTTCCCTGA-39
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Md.) was used to generate cDNA libraries. Total RNA treated
with DNase prior to RT and samples with no reverse tran-
scriptase added to the RT reaction were used as controls. In
PCR amplification, the procedure of Kawasaki (26) was used
as described in detail elsewhere (57). Primers synthesized for
RT-PCR are listed in Table 3. Treatment of total RNA with
DNase prior to RT-PCR was carried out to ensure that the
mRNAs rather than residual viral DNA were amplified. As
seen in Fig. 6, all six Ad41 E3 region genes are transcribed
inside infected cells. The expected and calculated lengths of
each gene are virtually identical (Table 4). Samples without
reverse transcriptase added did not show any bands (data not
shown), indicating that the genes (Fig. 6) were amplified from
viral mRNAs and not from residual viral DNA.
We conclude that RL4 to RL6 appear to generally be con-

served among other human Ad subgroups, such as B, C, and E.
In contrast, RL1 and RL2, located in the E3a region, appear to
be unique to subgroup F adenoviruses, just as the E3 20.5-kDa
protein is unique to subgroup B Ads (Ad3, Ad7, Ad11, and
Ad35) (12, 22, 35, 42). Both Ad41 E3 RL1 and RL2 proteins
have characteristics of membrane proteins. RL3 encodes a
6.7-kDa protein which shows homology to other Ad subgroup
proteins of this size. It has not previously been reported for
subgroup F Ads and may have been missed because of an
overlap in reading frame with RL2.
In agreement with the phylogenetic study for Ad40 (3), our

sequence analysis of Ad41 shows that subgroups F and A Ads
share a great deal of homology for E3a proteins. This finding
is in contrast to a comparison with Ad subgroups B, C, and E.
Thus, it suggests a distinctive role for these proteins in Ad
gastrointestinal versus respiratory tract infections. Exact func-
tions for the two unique E3a gene products (RL1 and RL2) in
Ad41 pathogenesis will be of particular interest to determine in
the future.
Nucleotide sequence accession number. The sequence of the

Ad41 E3 region has been deposited in GenBank under acces-
sion number is M85254.
(A preliminary version of these observations was presented

at the June 1990 American Society for Biochemistry and Mo-
lecular Biology/American Association of Immunologists meet-
ing, New Orleans, La.)
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