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Summary. A local sequence similarity of HIV en-
velope proteins (gp120 and gp41) to immunoglobu-
lins suggests that a mimicry phenomenon may form
the basis of the HIV—cell membrane interaction and
of HIV-induced autoimmune reaction. We explored
the hypothesis of any deeper relationship between
HIV env proteins and immunoglobulin family mem-
bers. An overall DNA sequence similarity between
gp41 coding region of env gene and the HIV-
receptor CD4 gene was observed and a 14-base-long
oligonucleotide, almost unique in the GenBank,
was found in gp41 and CD4 genes. The alignment of
env gene to CD4 gene and to 84 different sequences
showed a significantly higher homology score and a
nonrandom similarity in the CD4-env alignment. A
significant similarity was also found between the
env protein and the sequence encoded by an alter-
nate reading frame of CD4 gene. Our observations
suggest that gp41 coding region might have a differ-
ent origin than the gp120 coding region of the env
gene, and that a divergent evolution might link gp41
to CD4 or immunoglobulin family members. In this
study the analysis of alternate-reading-frame prod-
ucts is also proposed as a novel approach to inves-
tigate evolutionary links and structure-function re-
lationships.
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An increasing body of evidence suggests that vi-
ruses are the most likely agents involved in the
pathogenesis of autoimmunity (Schattner and
Rager-Zisman 1990; Paque and Miller 1991; Prab-
hakar et al. 1988; Guldner et al. 1990). Therefore,
understanding the viral strategies to overcome the
host’s defenses may help in defining new therapeu-
tic approaches for viral and autoimmune disecases.
Several mechanisms have been proposed for the in-
duction of autoimmune diseases and self-tolerance,
including the death of lymphocytes and their inac-
tivation or suppression (Kronenberg 1991). A so-
called mimicry evolution has been suggested to
form, at least partially, the basis of the induction of
autoimmune diseases (Oldstone 1987; Golding et al.
1989; Fitzpatrick et al. 1990). According to this
model, some viruses synthesize antigens similar to
the host histocompatibility complexes, giving rise
to an autoimmune reaction. Mimicry has also been
proposed to underlie, at least to some extent, per-
sistent viral infections, especially those caused by
retroviruses. HIV envelope proteins of gp120 and
gp41 are encoded for by the env gene. They are
currently being thoroughly investigated and limited
homologies between them and immunoglobulins
have been reported (Golding et al., 1989; Kieber-
Emmons et al. 1989; Maddon et al. 1986), suggest-
ing a mimicry evolution of env proteins toward the
immunoglobulin epitopes. According to Golding
(1989), this phenomenon may be partially responsi-
ble for the autoantibody synthesis occurring during
the HIV infection (see Buskila and Gladman 1990
and references therein) and may contribute to the
functional impairment of CD4* T cells. The local
similarity between gpl120/gp4l and immunoglobu-



lins is in line with the finding that gp120-binding site
and major histocompatibility complex (MHC)-
binding site on CD4 partially overlap (Maddon et al.
1986; Klatzmann et al. 1984; Dalgleish et al. 1984;
Clayton et al. 1989).

We hypothesized that an early divergent event,
rather than a convergent one, might have played an
important role in the mimicry process of env pro-
teins toward the immunoglobulins. To test this hy-
pothesis we looked for any deeper sequence rela-
tionship between the HIV env and the CD4 receptor
(an immunoglobulin family member) by means of
DNA and protein sequence analyses.

Materials and Methods

The DNA sequences were taken from the GenBank version #64
(Burks et al. 1991). The protein sequences were from PIR ver-
sion #25 (Barker et al. 1991). The sequence analyses were per-
formed by using HIBIO DNASIS software (distributed by Phar-
macia LKB Biotechnology, Uppsala, Sweden), GENEPRO
software, version 5.0 (distributed by Riverside Scientific Enter-
prise, WA, USA), and PCGENE release 6.00 (by Intelligenetics
Inc., Geneva, Switzerland). The dinucleotide usage was com-
puted by GENEPRO software as follows: the observed occur-
rence of each dinucleotide was divided by the expected value,
calculated from the base composition of the sequence. There-
fore, a ratio of 1 indicated the presence of that dinucleotide ex-
actly corresponding to chance, for the given base composition.
The ratios of occurrence of all dinucleotides for the entire CD4,
for the extracellular part of CD4 (from base 1 to 1,030), and for
the intracellular portion of CD4 (from base 1031 to the end) were
compared to the ratios of the entire env gene, of the gp120 coding
portion (bases 1-1,530), and of the gp41 coding portion (bases
1,530-2,570). The ratios comparison was performed with a cor-
relation analysis and r> and P values were calculated. The cor-
relations showing P values < 0.001 were considered the most
significant ones.
The sequence alignment (gap insertion allowed) of the human
CD4— and the HIV isolate BH10 env— DNA strands was car-
tied out using a modified form of the Needleman and Wunsch
algorithm (Needleman and Wunsch 1970). An additional ‘‘no-
gap-allowed’’ comparison was performed according to Lipman
and Pearson (1985) as follows: five DNA sequences (CD4 gene;
env gene, the entire HIV isolate BH10 genome lacking the env
portion, taken as control of the env portion; the human immu-
noglobulin G Fc receptor, randomly chosen among the immuno-
globulins, as control of the CD4 gene; the entire human retrovi-
rus Herv K10 genome, randomly chosen among the retroviruses,
as control of the HIV genome sequence) were considered as
‘‘key sequences’ and compared to 86 different DNA sequences
(see legend of Table 3 for the complete list), here referred to as
‘‘target sequences,’’ consisting of the coding strands of 43 genes
and of their respective 43 complementary sequences. In total 405
comparisons were made. The 43 analyzed genes included the five
used as key sequences and 38 more, randomly chosen among
those encoding intracellular, extracellular, and membrane-bound
proteins, from humans, other eukaryotes, and lower species.
Each key sequence was aligned to each target sequence and
homology scores were calculated. The score calculation was car-
ried out as follows: +4 points were given to each identity and
—2 to each mismatch, for the sequences being compared in the
‘‘no gap allowed”’ mode. Each DNA sequence comparison con-
sisted of several different alignments (in an iterative way) of the

449

same pair of DNA strands, yielding the 50 best alignments and
the 50 highest scores. From the 50 highest scores of each com-
parison, a mean score was computed, always ranging from 30 to
50, with a standard deviation of about 10 in all cases. A value of
100 was chosen as the threshold value, because it was signifi-
cantly higher than the mean values observed [i.e., 50 + (5 X 10),
the highest mean value plus 5 standard deviation units]. The
alignments showing a score higher than 100 were considered as
related in a nonrandom fashion (indicated with boxed dots in
Table 3).

The known gene products are here referred to as the “‘real”
proteins and are coded for by the known coding reading frame
(RF-1) of the DNA plus strands. The ‘‘hypothetical’’ species
encoded by the plus strand in reading frames 2 (RF-2) (i.e., cod-
ing + 1) and 3 (RF-3) (i.e., coding + 2) and those encoded by the
minus strand in all three reading frames, translated in 5’3’ di-
rection, are considered here as ‘‘alternate-reading-frame prod-
ucts.”” The alignment of the ‘‘real’’ and ‘‘hypothetical’’ CD4 and
env proteins was obtained according to Gotoh (1982) as modified
by Myers and Miller (1988), whereas the homology scores were
calculated according to Needleman and Wunsch (1970). The
stop-codon codes present in the alternate-reading-frames prod-
ucts were not considered in the identity percentage computation,
since it is not clear which ‘‘weight’’ has to be attributed to the
match between the stop-codon code and any amino acid or gap
insertion.

The DNA as well as the protein comparisons were subjected
to Monte Carlo-like analysis, using the Needleman and Wunsch
comparison algorithm as modified by Feng et al. (1984). Briefly,
the maximum score (S) that can be achieved in the alignment of
two sequences is compared with the maximum scores computed
on 100 scrambled sequences (i.e., with the same length and com-
position). The mean (Sr), the standard deviation (SDr) of the
randomized comparisons scores, and an alignment score (A) are
computed. The A score is the number of standard deviations by
which the maximum score for the real sequences exceeds the
mean of the maximum scores of the shuffled sequences:

A = (S - S»/SDr

Scores with A = 3 are usually considered to indicate a nonran-
dom correlation and therefore point to a relatedness of the
aligned sequences.

Results

DNA Comparison

The base composition of env and CD4 genes is re-
ported in Table 1. The base composition of the
gp120 coding region of the env gene [especially the
AT, CG, and (AT)/(CG) values] appears quite dif-
ferent from that of the gp41 coding region, i.e., 62%
vs. 55%, 38% vs. 45%, and 1.63 vs. 1.22. In addi-
tion, the base composition of gp41 coding region is
more similar to the 5’ end of CD4 (coding for the
extracellular portion of the CD4 protein) than the
gp120 coding region. In fact, if one subtracts the
percentage values of A, T, C, and G of the CD4 5’
end from those of gp120 and calculates the sum of
the absolute values of the differences, a value of 32
is obtained. If the same values of the CD4 5’ end are
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Table 1. Base composition of env and CD4 genes®

env env CD4 CD4
env gpl20 gp4l CD4 5" end 3" end
A 35% 38% 30% 23% 26% 19%
T 24% 24% 25% 22% 20% 24%
G 24% 22% 27% 27% 27% 26%
C 17% 16% 18% 28% 27% 31%
AT 59% 62% 55% 45% 46.5% 43%
CG 41% 38% 45% 55% 53.5% 57%
(ATINCG) 1.44 1.63 1.22 0.81 0.87 0.75

a “Env”’ refers to the entire env gene sequence; ‘‘env gpl120”’
refers to bases 1-1530 of the env gene, coding for the gp120
protein; ‘‘env gp41’’ refers to bases 1531-2570 of the env gene,
coding for the gp4l protein; ‘‘CD4" refers to the entire CD4

subtracted from those of gp41, and the sum of the
absolute values is calculated, a value of 18 is ob-
tained. The differences are always higher between
gp120 and CD4 compositions, as compared to gp41
and CD4, except in T percentage composition,
where the two differences are almost identical (12
vs 4; 4 vs 5; 5 vs 0; 11 vs 9). These observations
indicate that gp41 base composition is closer to CD4
than that of gp120 is.

The dinucleotide usage comparison shows that,
again, the two env portions behave differently (cor-
relation with 7 = 0.34) and that the gp4l region
shares a better correlation to the CD4 (> = 0.54)
than the gp120 region (* = 0.27). Table 2 reports
the P values calculated for each correlation. The
most significant (i.e., P < 0.001) are: env to gp4l,
env to gpl120, CD4 to CD4 5’ end, CD4 to CD4 3’
end (all expected) and, unexpectedly, gp41 to CD4
5’ end. These observations support the hypothesis
that gp41 might have a different origin than the
gp120 coding region and might show some similarity
to CD4 or immunoglobulins.

Therefore, the human CD4 gene and the HIV env
gene were compared. They were first aligned in a
“‘gaps allowed’’ mode. An overall 50% identity was
found, for a stretch of more than 1,000 bases in both
sequences (Fig. 1). The aligned bases of the CD4
gene encode the extracellular, N-terminal part of
the CD4 protein; the aligned bases of the env gene
code for gp41. Nine regions show a very high local
identity, equal to or higher than 70% (underlined in
Fig. 1), and an identical stretch of 14 consecutive
bases (boxed in Fig. 1) was found in both CD4 and
gp41 genes. This oligonucleotide occurs rarely in
the entire GenBank. In fact, the ‘‘plus’ sequence
(5'-AGAAGAAGGTGGAG-3’) was found in only
five genes — namely, in the genes coding for the
env protein from HIV type 1; the human T-cell sur-
face glycoprotein CD4; the human (and mouse) re-
combination activating protein RAG-1; the Xenopus
laevis adult alpha I-globin; and the Saccharomyces

gene; ““CD4 5’ end”’ refers to bases 1-1030 of the CD4 gene,
coding for the extracellular portion of the CD4 protein; *‘CD4 3’
end”’ refers to bases 1031-1742 of the CD4 gene, coding for the
intracellular portion of CD4 protein

cerevisiae STE12 protein. The complementary se-
quence (5'-CTCCACCTTCTTCT-3'), present on
the minus strands of the HIV env gene and the CD4
gene, was also found in the plus strand of the Try-
panosoma cruzi kinetoplast-associated protein
(KAP) gene. Interestingly, despite the large vari-
ability of the env gene sequence, this 14-base-long
oligonucleotide appears to be a conserved se-
quence. It is present in 23 different HIV-1 isolates;
it shares 13 identities with the simian immunodefi-
ciency virus (SIV isolate 155), with 3 more HIV
type 1 isolates, and with the mouse Cas NS-1 ret-
rovirus, and it shares 12 identical bases with an HIV
type 2 gene (isolate ROD). The complementary
“‘minus’’ sequence shares 12 identities with the hu-
man T-cell leukemia virus type II (clone lambda-
H6.0) and with the human T-cell lymphotropic virus
type 2 (both in the env coding region).

The CD4 and gp120/gp41 genes were also com-
pared, using a ‘‘no gap allowed’’ procedure, to each
other and to 85 other DNA sequences. Five DNA
‘‘key sequences’’ were compared to the ‘‘target se-
quences’’ consisting of the plus and minus strands
of five key sequences and of the plus and minus
strands of 38 other DNA sequences. (See Table 3
footnote for the complete list of the target se-
quences.) Table 3 reports the comparisons per-
formed and indicates as boxed dots those showing
significant homology scores (i.e., scores higher than
100). Out of 405 different comparisons carried out,
less then 4% show significant scores; i.e., the com-
parison between the plus strand of the env— and
the plus strand of the CD4 — gene (pair #1-#3); the
one between the env gene and the minus strand of
the beta globin region on chromosome 11 (#3-#46);
the one between the entire HIV genome lacking the
env part and both strands of the beta globin region
on chromosome 11 (#7-#45, #7-#46); the align-
ment between the HIV genome and the minus
strand of the Xenopus laevis alpha 1 globin (#7-
#68); the Fc receptor alignment to the plasmid pT48
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Table 2. P values from the correlation analysis among the dinucleotide frequency ratios®
env env env CD4 CD4 CD4
total egpl20 gp4l total 5" end 3" end

env total

env gpl20 =0.001

env gp4l =0.001 >0.01

CD4 total >0.001 >0.01 =<0.001

CD4 5" end >0.001 >0.01 <0.001 <0.001

CD4 3" end >0.001 >0.01 >0.001 =<0.001 =<0.001

a2 “Env”’ refers to the entire env gene sequence; ‘‘env gpl120”’
refers to bases 1-1530 of the env gene, coding for the gpl20
protein; ‘‘env gp41”’ refers to bases 1531-2570 of the env gene,
coding for the gp4l protein; ‘‘CD4”’ refers to the entire CD4
gene; ‘CD4 5’ end” refers to bases 1-1030 of the CD4 gene,

(#5-#75) and to the beta globin region on chromo-
some 11 (#5-#45, #5-#46); and the alignment of
the Herv K10 retrovirus genome to the minus
strand of the Clostridium elegans vinculin gene (#9-
#74). The high homology scores found in the com-
parisons among viral and retroviral sequences
(pairs #7-#9, #1-#79, #9-#79, #9-#85), as well as
those between the CD4 and MHC beta chain genes
(pair#1-#39), were expected. The Monte Carlo
analysis confirmed that a threshold homology score
of 100 provides a statistically meaningful cutoff
point; in fact, the high homology scores found for
pair #1-#3 and pair #1-#39 (in Table 3) were found
to be nonrandom (A = 3.6 and A = 4.2, respec-
tively). On the other hand, comparisons showing
low homology scores consistently show A scores
below the cutoff point. In fact, alignments of the
CD4 gene, the env gene, and the entire HIV genome
lacking the env coding region with the Xenopus lae-
vis alpha 1 globin (pairs #1-#68, #3-#68, #7-#68,
respectively, all indicated by dashes in Table 3)
showed homology scores lower than 100, and A
scores lower than three.

Protein Comparison

The CD4/env relationship was also investigated at
the protein sequence level. The 6 CD4- and the 6
env-related sequences were compared to one an-
other and all 66 comparisons were subjected to the
Monte Carlo-like analysis. Table 4 shows that only
one comparison exceeded the randomness thresh-
old (A score = 3.5). It corresponds to the alignment
between the real env gene product and the CD4
“‘hypothetical’” protein coded for by reading frame
3 of the CD4 plus strand.

Their partial alignment is reported in Fig. 2. Five
regions of the known env gene product, all located
in the gp41 portion, match with high identity per-

coding for the extracellular portion of the CD4 protein; ‘“‘CD4 3’
end’’ refers to bases 1031-1742 of the CD4 gene, coding for the
intracellular portion of CD4 protein. See Material and Methods
section for the procedure followed.

centage to five regions of the CD4-related protein:
namely, residues 488-517 of env (55% identity to
residues 36-68 of CD4-related protein); residues
536-601 of env (40% identity to residues 139-188 of
CD4-related protein); residues 602-640 (37% iden-
tity to residues 205-236 of CD4-related protein);
residues 691-725 (28% identity to residues 278-
311); residues 737-762 (35% identity to residues

319-347). The insert in Fig. 2 summarizes the posi-

tions and the percentages of the similarities found.

Discussion

In this report we show sequence homology of CD4
and env, at both the DNA and protein level, which
was observed by using ‘‘gap allowed’” and ‘‘no gap
allowed’” comparisons. The significance of the sim-
ilarity was evaluated in terms of randomness (i.e.,
through a Monte Carlo analysis) and in terms of
“specificity’’ (i.e., through a comparison of the
CD4 and env genes to a large number of nonrandom
DNA sequences). The analyses were carried out on
DNA plus and minus strands and on the known
gene product as well as on the alternate-reading-
frame protein products.

The base composition and the dinucleotide usage
of the gp41 coding portion of the env gene are dif-
ferent from the gp120 coding portion and are unex-
pectedly close to CD4. These observations may
suggest a different origin and/or evolutionary pres-
sure on the two regions of env gene and a possible
relationship of gp41 to CD4. The comparison of
gp41 and CD4 DNA sequences showed 50% iden-
tity. The Monte Carlo-like analysis indicated that it
is nonrandom; hence, the possibility that the se-
quences appear similar because of the similar base
composition can be ruled out. The similarity found
was also evaluated by comparing the CD4 and env
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Table 3. DNA comparison of key sequences (1, 3, 5, 7, 9) to
target sequences (1 to 86)*

1 3 5 7 9 1 3 5 7 9
1 8 — — — 49 — — —~ — —
2 - - 50 — — — — —
3 O - — - 51 — — — — —
4 — — — — 52— — - — —
5 — — - — 53 — — — — —
6 — — — — — 4 — — — — — |E
7 - — — o 55 — — — — — U
8§ — — — — — 6 — — — — — [K
9 — — — @ 57T — — — — — |A
0 — — — — — 8 — — — — — R

" 9 — — — — — |y
n — — — — — 60 — — — — — |0
R - — — — — 61 — — — — —|T
B3 — — — — — €2 — — — — — |E
4 — — - — — 63 — — — — — |§
15 — — — — — 64 — — — — —
6 — — — — — 65 — — — — —
17 — — — — — 6 — — — — —
8 — — — — — 6 — — — — —
9 — — — — — 68 — — — @ —
20 — — — — — -
21 — — — — — 69 — — — — —7
2 - — — — — 0N — — — — —
23— — — — — N - — — — —
24 — — — — — n - - — - —
25 — — - — — B - — — — —
% — — — — —|H 74 — — — — @ |0
27 — — — — —|U 75 — — 3 — —|T
8 — — — — —|M 76 — — — — . |H
29 — — — — —|A 9 — - —_ @ ® |E
0 — — — — —|N 8 — — — — — |R
31 — — — — —|S 81 — — — — — |S
R - — — — — 83 — — — — —
33— - — — — 83 — — — — —
34— — — — 84 — — — — —
35 — — — — — 85 — — — — @1
36 — — — — — 86 — — — — —
37 — — — — — -
3 — — — — —
90 — — — —
40 — — — — —
41 — — — — —
92— - — — —
43 — — — — —
4 — — — —
45 — — @ @ —
46 — O B B —
47 — — — —
48 — — — — —

* Boxed dots indicate the statistically most significant compari-
sons (i.e., those showing homology scores higher than 100, P <
0.01); dashes indicate the less-significant comparisons (i.e.,
those with scores equal to or lower than 100). Each key sequence
was compared to each target sequence. For each comparison,
homology scores were computed. (For more details see the Ma-
terials and Methods section.) The odd numbers indicate the plus
strands; the even numbers indicate the corresponding comple-
mentary (minus) strands. The DNA sequences, from humans,
nonhuman eukaryotes, and others species, were the following:
#1: human CD4; #3: HIV type 1 env, isolate BH10; #5: human
immunoglobulin G Fc receptor; #7: entire HIV type 1 genome,
isolate BH10, lacking the env part corresponding to the sequence
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genes to a large number of coding — and comple-
mentary — strands of genes coding for extracellular
and intracellular proteins as well as cytoplasmic and
membrane-bound proteins, from higher species
(mostly human) and lower species. The significance
threshold of the homology scores was chosen with
highly stringent criteria. Some of the comparisons
showed interesting relationships. For instance, the
correlation between the human endogenous Herv
retrovirus and the minus strand of the vinculin gene
from Cl. elegans (#9-#74 in Table 3) was unex-
pected, although some functional and structural re-
lationships between cytoskeletal proteins (to which
vinculin belongs) and (retro)viral sequences have
been proposed (Gooding et al. 1990; Brake et al.
1990). The 50% identity found between the CD4 and
the gp41 genes is supported by many observations.
According to Table 3, the homology between CD4
and env can be considered ‘‘specific,”” since most
sequences (i.e., 96%) share much lower homology
scores. Furthermore, the presence of the identical
14-base-long sequence in the CD4 and gp41 coding
strands is very unlikely to be coincidental (Helene
1987) and occurs very rarely in the GenBank. The
oligonucleotide is also conserved in other retroviral
sequences (13 or 12 identities out of 14 bases). We
believe that the presence of the common oligonu-
cleotide is not significant by itself; however, along
with the high degree of overall homology, it may
support a common-ancestry hypothesis. It is also
worthwhile to mention that the env gene portion
found to be similar to the CD4 gene belongs to a

#3; #9: human endogenous retrovirus Herv K10; #11: human
lysozyme; #13: human alpha-1-antichymotrypsin; #15: human
m2 muscarinic acetylcholine receptor; #17: human adenosine
deaminase; #19: human complement component C9; #21: hu-
man cytochrome P450; #23: human glucose-6-phosphate dehy-
drogenase; #25: human glucocorticoid receptor; #27: human
histone H4; #29: human c-erb-B-2; #31: human thyroid hor-
mone receptor; #33: human estrogen receptor; #35: human
fibronectin; #37: human factor X; #39: human major histo-
compatibility complex (MHC) beta chain; #41: human recombi-
nation activating protein RAG-1; #43: human epidermal growth
factor receptor; #45: human beta globin region on chromosome
11; #47: human plasminogen; 49: guinea pig preproinsulin; #51:
sperm whale myoglobin; #53: Drosophila melanogaster sn-
glycerol-3-phosphate dehydrogenase; #55: amoeba myosin 1B
heavy chain; #57: bovine cation-independent mannose-6-
phosphate receptor; #59: mouse pancreatic ribonuclease; #61:
sea urchin complete mitochondrial genome; #63: bovine pancre-
atic phospholipase A,; #65: sheep prostaglandin G/H synthase;
#67: Xenopus laevis adult alpha 1 globin; 69: Trypanosoma cruzi
kinetoplast-associated protein; #71: maize mitochondrial S-1 ge-
nome; #73: Clostridium elegans vinculin; #75: plasmid pT48
from Staphylococcus aureus; #77: entire genome of rhinovirus,
strain 14; #79: rat endogenous retroviral sequence, Sprague-
Dawley strain; #81: yeast Pep4 gene encoding the vacuolar pro-
teinase A (PrA); #83: Saccharomyces cerevisiae STE12 protein;
#85: bacteriophage T7, complete genome
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Table 4. A scores, computed with the Monte Carlo analysis, for the alignment of the CD4- and env-related proteins®
A B C D E F G H I L M N
A
B 1.3
C —-0.1 0.1
D 1.6 1.5 -1.1
E -0.04 0.2 0.1 -11
F -0.4 0.1 0.03 -1.2 -0.2
G 1.1 1.8 0.4 -0.9 -1.5 0.2
H -0.9 0.1 1.3 -0.5 0.5 -0.4 0.2
I 0.9  -0.7 0.5 0.2 2.1 16 —07
L 1.6 -0.7 -0.6 1.3 0.2 1.2 -0.1 -0.5 -1.2
M -1.4 -0.1 0.7 -1.4 0.04 0.8 -1.1 1.9 -0.2 0.1
N -2.0 -0.6 0.2 -0.7 L5 -0.06 03 -1.2 -2.3 -0.5 2.1

2 The CD4- and env-related proteins are here referred to as the
protein products of the three reading frames of the corresponding
plus and minus DNA strands. The code for the sequences is the
following: A, translated sequence from the env gene, plus strand,
reading frame 1 (i.e., the known gene product); B, as A, but
translated from reading frame 2; C, as A, but translated from
reading frame 3; D, translated sequence from the env gene, mi-
nus strand, reading frame 1; E, as D, but translated from reading

so-called (almost) invariable region well conserved
in different HIV isolates (Alizon et al. 1986; Anand
et al. 1989). In light of the high env gene variability,
the meaning of the found similarity is further
strengthened. The presence of the 14-base-long oli-
gonucleotide in CD4, gp41, and the RAG-1 gene,
and mostly conserved in other retroviruses, is
rather interesting because of the role RAG-1 plays
in the recombination process of immunoglobulins
and immunoglobulin-related proteins (Oettinger et
al. 1990). Recombination and integration into the
host genome are crucial steps in the retroviruses’
life cycle (Bushman et al. 1990), as well as their
evolution (Gojobori et al. 1990). In the absence of
any significant overall homology, the common oli-
gonucleotide may represent a common functional or
regulatory site in possibly functionally related genes.

In most cases, similarity between DNA strands is
expected to be more evident than between the cor-
responding protein sequences, since single inser-
tions or deletions are able to change the reading
frame and, therefore, the derived protein sequence.
The known gene products of env and CD4 do not
show any significant similarity. Nevertheless, the
relationships observed between CD4 and gp4l
genes were confirmed at the protein level; interest-
ingly, high identity percentage and nonrandom re-
lationship were found between the ‘‘real’” env pro-
tein, in the gp4l region, and a CD4-related
sequence, encoded by an alternate reading frame of
the plus strand (i.e., coding +2).

The observed structural relationship can help in
elucidating the still-unclear evolution and origin of

frame 2; F, as D, but translated from reading frame 3; G, trans-
lated sequence from the CD4 gene, plus strand, reading frame 1
(i.e., the known gene product); H, as G, but translated from
reading frame 2: 1, as G, but translated from reading frame 3; L,
translated sequence from the CD4 gene, minus strand, reading
frame 1; M, as L, but translated from reading 2; N, as L, but
translated from reading frame 3. The statistically significant
score (i.e., higher than 3) is boxed

the HIV genome (Gojobori et al. 1990; Doolittle et
al. 1989; Argos 1989; Yokoyama 1988). Local sim-
ilarities had been already observed between env
proteins and immunoglobulins: namely, (1) between
gp120 and the immunoglobulins [around 30% iden-
tity out of approximately 70 residues (Kieber-
Emmons et al. 1989) and around 30% identity out of
approximately 40 residues (Maddon et al. 1986)],
and (2) between gp41 and the human HLA class II
beta chain (four identities out of five consecutive
residues) (Golding et al. 1989). Based on these find-
ings, it had been proposed that the env gene is con-
vergently evolving toward the immunoglobulins.
We have observed homology between large parts of
gp41l and CD4 gene and protein sequences. The
presence of a common sequence in a virus and its
host, provided it is not by chance, might be ex-
plained as being the result of the incorporation of a
cellular DNA sequence into the viral genome, i.e.,
by a divergent process (Schattner and Rager-
Zisman 1990; Argos 1989). This is especially possi-
ble in the case of retroviruses, which integrate into
the host’s genome. Our interpretation of the data
presented here implies that divergence has oc-
curred, either due to early common ancestry or,
more likely, as a result of a recent gene capture
process. The similarity observed between the real
gp41 sequences and the product of an alternate
reading frame of CD4 gene may suggest that frame-
shift phenomena may have occurred on originally
in-frame genes. We propose a divergent evolution-
ary relationship between gp41 and CD4 (or immu-
noglobulins) genes for a number of reasons:
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Fig. 2. Alignment of the known env gene product to the prod-
uct of the CD4 gene plus strand, translated in reading frame 3.
A, B, C, D, and E represent the regions showing the highest
homology. The stop-codon codes were eliminated on the CD4-

1. The different base composition and dinucleotide
usage of gp120 and gp41 coding regions suggest
that they might have had a different origin and/or
evolution; the gp41l base usage appears to be
closer to CD4 than gp120; the 14-base oligonu-
cleotide common to the CD4 and gp4l DNA
strands is found conserved in many HIV isolates
and other retroviruses, and is very rare in the
GenBank. Its presence also correlates to the
nonrandom DNA and protein overall similarity

347

related sequence, since their match to gaps or any amino acid is
a debated point. Identities are boxed; conservative substitutions
are not highlighted. The insert summarizes the positions and the
percentage of identity.

between CD4 and gp41. All these data support
the hypothesis of an evolutionary link between
the HIV gp41 and the human CD4 (or the immu-
noglobulin family).

2. While a convergent evolution may explain the
homology between known protein products (i.e.,
derived from plus strand and in-frame transla-
tion), a similarity involving out-of-frame prod-
ucts can be less easily explained as being due to
a convergent mechanism. Therefore, the protein



456

similarity found between the gp41 gene product
sequence and a CD4 alternate-reading-frame
product may indicate that frameshift phenomena
and point mutations took place on originally
more-similar and in-frame DNA strands.

3. The convergent evolution explains homology of
short regions well, as in the case of the similarity
between the immunoglobulins and HIV envelope
proteins reported in the literature (Golding et al.
1989; Kieber-Emmons et al. 1989; Maddon et al.
1986), whereas a divergent mechanism better ex-
plains homology spanning entire genes or large
parts of them, or long protein sequences, as in
the CD4-gp41 case reported here.

4. Since a divergent event may have occurred in a
very recent past (i.e., few tens or hundreds of
years ago) (Doolittle et al. 1989), one might ex-
pect a sequence homology between CD4 and
gp41 higher than 50% identity. Nevertheless, the
retroviral genome in general, and the env coding
region in particular, is known to mutate at an
extremely high rate, about 10° times higher than
the rates observed in DNA-based genetic sys-
tems. This may explain why we found no more
than 50% identity between the CD4 and gp4l
DNA strands and why the env proteins of differ-
ent HIV isolates share low overall identity (Ali-
zon et al. 1986), despite their close relatedness.
The high mutation rate of retroviruses has to be
taken into account in tracing the origins of the
HIV genome and in evaluating the divergent
pressure on the env gene ancestor.

5. Finally, gene capture from cellular counterparts
has been proposed for other viruses (Chee et al.
1990; Moore et al. 1990). Also, a divergent evo-
lution of HIV aspartyl protease from a mamma-
lian ancestor has been proposed (Navia et al.
1989). As recently pointed out (Katz and Skalka
1990; and references therein), cellular DNA is a
possible source of retroviral genes, which might
result from early gene capture events, especially
in the gag- and env-gene cases. Single base in-
sertion or deletion is a common way of gene re-
modelling. It yields frameshift mutations which
are usually responsible for premature transla-
tional termination, resulting in nonactive protein
species. However, they may also give rise to
functional protein sequences, depending on the
length of the open reading frame downstream of
the mutation site. It has been reported that, in
some cases, frameshift mutations do not impair
gene function, even in the absence of any trans-
lational suppression of the frameshift (Polard et
al. 1991; Fetten et al. 1991). Furthermore, retro-
viruses are known to possess polycistronic genes,
with two different genes lying on overlapping nu-
cleotide sequences, in different reading frames

(Jacks et al. 1988), indicating that frameshifting
may be compatible with gene function. Thus, it
is not unreasonable to propose that a nonlethal
frameshift mutation has occurred on the ances-
tral sequence of the gp4l gene after its diver-
gence from the CD4 (or immunoglobulin) gene.

We have shown here that the analysis of alter-
nate-reading-frame products may be an useful and
novel approach for the investigation of evolutionary
links and structure-function relationships. Diver-
gent relations between gp41 and immunoglobulins,
as proposed here, may open new perspectives in
understanding strategies of viral genome evolution,
virus-mediated autoimmunity, and HIV-T lympho-
cyte interactions.
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