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Abstract. The human genome contains a large numbeHERV-K RT enzyme played a role in the shaping of this
of sequences that belong to the HERV-K family of hu- retroviral genome, which was actively replicating more
man endogenous retroviruses. Most of these elements atkean 30 million years ago. This effect can still be ob-
likely remnants of ancient infections by ancestral exog-served in the contemporary endogenous HERV-K ele-
enous retroviruses. To obtain further insight into the evo-ments.

lutionary history and molecular mechanisms responsible

for the diversity of the human HERV-K elements, we Key words: Human endogenous retroviruses —
analyzed several aspects of their genome structure. THEERV-K10 family — Retrovirus evolution — Nucleo-
nucleotide composition of the HERV-K genome wastide composition — Mutational bias

found to be highly biased and asymmetric, with an abun-
dance of the A nucleotide in the viral (+) strand. A simi-
lar trend has been reported for the genomes of severahtroduction

exogenous retroviruses, with different nucleotides as the

preferred building block. Other genome characteristicsThe genomes of humans and other primates contain sev-
that were reported previously for actively replicating ret- eral families of related sequences, termed human endog-
roviruses are also apparent for the endogenous HERV-Knous retroviruses (HERVS), that resemble infectious
virus. In particular, we observed suppression of the diretroviruses (reviewed by Wilkinson et al. 1994; Lower
nucleotide CpG, which represents potential methylatioret al. 1996). These elements are remnants of germline
sites, and a strong preference for synonymous substitinfections of the human ancestor by ancient retroviruses.
tions within the open reading frame of the reverse tranSome members of the current phylogeny may have
scriptase (RT) enzyme. Furthermore, the mutationahrisen subsequently by intracellular retrotransposition.
spectrum of the HERV-K RT enzyme was evaluated byThe HERV-K family of endogenous elements inserted
nucleotide sequence comparison of 34 available eleinto the primate genome after the divergence of the New
ments. Interestingly, this analysis revealed a strikingWorld monkeys, which occurred about 30 million years
similarity with the mutational pattern of the HIV-1 RT ago (Steinhuber et al. 1995). This family has attracted
enzyme, with a preference for G-to-A and C-to-T tran- much attention for several reasons. First, the HERV-K
sitions. It is proposed that the mutational bias of thefamily is relatively extended, containing at least 55 mem-
bers per haploid human genome (Zsiros et al. 1998b) that
can be grouped in six subfamilies with a nucleotide se-
Correspondence toB. Berkhout; e-mail: B.Berkhout@AMc. — quence dissimilarity of about 25% between the groups
UVA.NL (Medstrand and Blomberg 1993). This current HERV-K
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phylogeny likely represents independent introductions oMaterials and Methods

related exogenous retroviruses into the human genome.

Second, several HERV-K elements are transcriptionallySequence Analysigor sequence analysis we used an approximately
active (Medstrand et al. 1992: Andersson et al. 1996)600-nt fragment of the RT gene of the HERV-K-related genomes. This

. . . 3 ragment corresponds to the region between position 4099 and position
and differential expression of HERV-K genes has been4693 in the nucleotide sequence of the prototype HERV-K10 element.

reported in_ different tumor sam.ples (Li et al. 1995). sequences of 34 HERV-K-related RT segments were available. Most
Third, reading frames for the major gene products Gagef them were obtained previously by (RT-)PCR amplification of cel-
Pol, and Env appear to be well preserved, at least in somlglar RNA by our group or by others. For the exogenous retroviruses,
members of the HERV-K family (Ono et al. 1986: Muel- the corresponding region was identified by nucleotide and amino acid
) ) ' ._sequence alignment.

!er_'Lant.ZS.Ch et al. 1993.' Lower et al. 1993, 1996)' This Nucleotide sequence alignments and analyses were performed with
is in striking contrast with many other endogenous ret-pc/GENE software (IntelliGenetics) and appropriate programs of the
roviral families, in which the most viral genes are se-GCG Sequence Analysis Software Package (Genetics Computer
verely disrupted by numerous mutations. Fourth Group). Sequence alignments were optimized manually. Positions with

. n alignment gap were excluded from the analysis. Synonymous and
HERV-K elements were recently found to be aSSOCIateq:lonsynonymous nucleotide p-distancels ¢nd d,, respectively) be-

with the virion particles which were detected in placentayyeen two sequences were calculated with the MEGA program using
material and which contain an enzymatically active re-the Nei-Gojobori method. The/d, ratio for a group of sequences was
verse transcriptase (RT) protein (Simpson et al. 1996¢alculated as described previously (Lukashov et al. 1995) according to
Patience et al 1996) Despite th : tal fi dt_he formuladdd, = (3Md/>S)/I(CML/>S,), whereMg; and M, rep-
. . pite these experimental Tin ; .

. . resent the numbers of mutation events at coding synonymous and non-
ings, it is not known whether HERV-K elements are synonymous sites, respectively, agandS,; the numbers of coding
currently still active either in intracellular retrotransSpo- synonymous and nonsynonymous sites, respectively.
sition or infection. The mutational spectrum of the HERV-K elements was evaluated

HERV-K10 is the prototype of the HERV-K family of by analysis of the interspecies nucleotide substitutions within the HML

. sybgroups. We used the subgroup consensus sequence as prototype
human endogenous retroviral elements and was deteCt%aquence and scored the sequence changes in individual members. The

and fully sequenced in 1986 (Ono et al. 1986). Thisanalysis was restricted to subgroups with more than one member. When
family shows approximately 60% nucleotide (nt) se-identical nucleotide changes were observed in multiple members, they
guence similarity with the mouse mammary tumor viruswere counted only once. No correction was made for the nucleotide
(MMTV). Additional members of the family were iden- c0mPosition of the RT gene fragment.

tified more recently and clustered into six groups, termed  Sources and GenBank Accession Numb@ise nucleotide se-
HML-1 to HML-6 (H|\/||_ = human endogenous quences of human exogenous and endogenous retroviruses analyzed in

MMTV-like sequences) (Li et al. 1996; Medstrand and this study are as as follows: clones M3.8 (accession number: U87587),
. PR HP.1 (U87588), K1.1 (U87589), N8.4 (U87590), P1.1 (U87591), M3.5
Blomberg 1993; Medstrand et al. 1997;"&& et al. ,4750,) "p1 g (Us7593), P1.10 (U87594), D1.2 (U87595), D1.3

1998a,b). So far, an approximately 600-nt fragment of\yg7596), L4.4, H3.1, St.2, and P1.4 from &= et al. (1988a); clones
the RT gene has been sequenced for 34 HERV-K memst.4 (AF030038), P1.6 (AF030039), P1.7 (AF030040), N5.1

bers, allowing a detailed phylogenetic analysis of this(AF030041), M3.1 (AF030042), P1.3 (AF030043), HP.2 (AF030044),

; ~ : M3.9 (AF030045), M3.10 (AF030046), and St.1 (AF030047) from
retrovmés family .(Z?"oshet .al' ;I.Sl)ngS_a,b).h luti Zsros et al. (1998b); HERV-K10 (M14123) from Ono et al. (1986);
In order to gain further insight into the evolutionary 147p (ua7118) from Patience et al. (1996); HERV-(K)27, HERV-

history of these endogenous elements, we performed aR)67, and HERV-(K)73 from Li et al. (1996); HERV-(K)55 (U39936)
analysis of the nucleotide composition of their genomesfrom Li et al. (1995); HM16 (M30520) from Deen and Sweet (1986);
Here we report that the nucleotide composition of thesé=RY MLN (U27242) from Seifarth et al. (1995); HERV-76 and
| ts is strikinaly nonrandom. In particular. all HERV-5O from Li et al. (1996); human mmunodeﬁmencvaus type 1
eiemen aly . p ! isolate LAV (HIV-1) (K02013) from Wain-Hobson et al. (1985); hu-
HERV-K genomes contain an abundance of the Aman T-cell leukemia/lymphoma virus type | (HTLV-I) (302029,
nucleotide (27.9-37.5%) in the coding (+) strand, whichm33896) from Seiki et al. (1983); mouse mammary tumor virus
appears to be counteracted by suppression of the ¢MMTV) (M15122) from Moore et al. (1987); Rous sarcoma virus

: : : RSV) (J02021, J02342, J02343) from Schwartz et al. (1983); intracis-
hucleotide. We also observed a bias against CpG met ernal type A particle (IAP) (M23189) from Mietz et al. (1987); human

ylation site_s find a strong preference for silent Codorkpuma retrovirus (HSRV) (M19427) from Maurer et al. (1988);
changes within the open reading frames (orf). Furthermoloney murine leukemia virus (MoMLV) (M76668) from Shinnick et

more, comparison of the sequences of different HERV-Kal. (1981); Mason—Pfizer monkey virus (MPMV) (M12349) from
members allowed us to estimate the mutational spectrumonigo et al. (1986); and simian SRV-1 type D retrovirus (SRV-1)
of the HERV-K RT enzyme, which is remarkably similar (M11841) from Power et al. (1986).

to that of the HIV-1 RT enzyme. To our knowledge, this

is the first report of a biased nucleotide content of en-Results

dogenous retroviral genomes. We discuss the evolution- . ) »
ary constraints that may have been acting on the precwl?’Iased Nucleotide Composition of HERV-K Genomes
sor exogenous retrovirus that existed some 30 millionThe 34 HERV-K sequences analyzed in this study rep-
years ago. resent four HML groups and are listed in Table 1. First,
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Table 1. Nucleotide composition of HERV-K RNA genonifes

A%) C(%) G(®%) T(%) CG/GC Ratio

HERV-K isolates
HML-1 group
(n=1)

St.4
HML-2 group
(n = 21)

L4.4

H3.1

P1.P

HERVK1(°

N8.4°

HERVK55

HERVK27

HERVK67°

T47DP

P18

M3.5°

St.2

M3.8

HP.1

P1.4

P1.10

D1.3

HM16

D1.2

K1.1

HERVK73

mean

SD
HML-3 group
(n=09)

HERV76

M3.9

P1.3

N5.1

HERV50

HP.2

M3.1

P1.6

P1.7

mean

SD
HML-4 group
(n=23)

St.P

ERVMLN

M3.10°

mean
SD

Other retroviruses
IAP
HIV-1
HTLV-I
MMTV
RSV
HSRV
MPMV
MoMLV
SRV-1

37.5

34.3
34.3
34.3
34.6
34.5
34.2
34.7
34.1
34.5
33.9
34.1
33.9
33.8
33.8
344
34.2
33.6
33.9
33.5
33.7
33.6
34.1
+0.3

314
315
33.7
32.4
33.5
324
33.2
33.8
33.8
32.9
+0.9

28.4
27.0
28.2
27.9
+0.8

30.1
38.3
25.8
35.3
20.6
36.9
34.3
26.4
34.3

18.3

18.5
18.4
19.0
19.0
18.8
18.9
19.0
19.3
18.7
19.2
19.0
19.0
20.0
19.8
19.7
19.8
19.1
19.0
19.4
19.4
19.5
19.2
+0.4

19.8
20.6
19.7
19.7
20.9
20.1
19.9
20.2
20.2
20.1
+0.4

22.9
24.5
22.9
23.4
+0.9

22.0
17.3
34.6
18.3
25.8
15.7
20.2
28.7
20.3

16.5

18.2
18.2
18.0
18.0
18.0
18.2
18.0
18.3
18.0
18.5
18.4
18.3
18.3
18.1
17.9
18.1
17.3
171
18.7
18.4
18.5
18.1
+0.4

16.6
17.3
16.4
16.5
15.8
17.0
15.9
16.0
16.0
16.4
+0.5

16.6
17.8
17.0
17.1
+0.6

18.8
20.8
16.7
17.6

27.4
16.4
16.5
25.0

16.6

27.7

29.1
20.1
28.7
28.4
28.7
28.8
28.3
28.2
28.9
28.3
28.5
28.7
28.0
28.3
28.0
27.9
30.0
30.0
28.5
28.6
28.4
28.6
+0.6

32.1
30.5
30.2
314
29.8
30.5
31.0
30.1
30.1
30.6
+0.7

321
30.8
31.9
31.6
+0.7

29.1
23.6
22.8
28.7
26.2
31.0
29.1
19.9
291

5/28

5/27
5/27
8/27
8/26
8/26
8/26
9/25
8/27
6/27
9/29
8/29
10/29
8/27
9/26
13/24
13/25
5/25
4/25
4/28
3/28
5/28

5/22
7/26
4127
4/25
7126
6/23
2124
1/26
1/26

5/29
7129
7127

2/19
1/15
5/37
5/19
26/44
2/16
5/19
15/29
9/24

0.18

0.19
0.19
0.30
0.31
0.31
0.31
0.36
0.30
0.20
0.31
0.28
0.34
0.30
0.35
0.54
0.52
0.20
0.16
0.14
0.11
0.18

0.23
0.27
0.15
0.08
0.27
0.26
0.08
0.03
0.04

0.17
0.24
0.26

0.11
0.07
0.41
0.26
0.59
0.15
0.26
0.52
0.38

2 All values listed concern the genomic (+) RNA strand.

PHML RT segments with an open reading frame.

we compared the nucleotide composition of the (+)
strand RT segment with that of the equivalent RT frag-
ment of a set of exogenous retroviruses. Like most ret-
roviral species, the HERV-K elements were found to
have an asymmetric and biased genome composition. A
preference for the T nucleotide, and in particular for the
A nucleotide, can easily be recognized in these se-
quences (Table 1). The average A count ranges from
32.9% for HML-3 to 37.5% for the single member of the
HML-1 group (clone St.4). Although the HML-4 group
maintains a preference for the A nucleotide (27.9%), this
group is rather special in having relatively high T and C
counts (31.6 and 23.4%, respectively). In fact, HML-4
represents the first retroviral species with T as the most
abundant nucleotide in the viral genomic (+) strand.
Among the retroviridae, the HML-3 group, together with
the exogenous human spuma retrovirus (HSRV), sets an-
other record, with a minimal G count of only 16.4%.

The nucleotide content of the retroviral genomes is
depicted in Fig. 1. The sequences are ordered according
to their A count, starting with RSV (20.6% A) and end-
ing with HIV-1 (38.3%). This survey indicates that the
base count of the HERV-K elements is dramatically dif-
ferent from that of several other retroviruses such as
RSV (A-poor), HTLV-I (C-rich, G-poor), and MoMLV
(the only retrovirus with a relatively unbiased genome
composition). On the other hand, characteristics of the
HERV-K family (A- and T-rich) are shared by several
retroviral species (SRV-1, MPMV, MMTV, HSRV,
HIV-1) and are the intracisternal type A particles (IAP).
To reveal potential rules for genomes with such a biased
nucleotide composition, we made a pairwise comparison
of the base counts. The variation of the C, T, and G
counts as a function of the A count is plotted in Fig. 2 for
this set of retroviruses. Interestingly, comparison of the
A and C counts revealed that an increase in the number
of A nucleotides correlates with a reduction in the num-
ber of C nucleotides. The notable exception is RSV,
which is the only retrovirus with a relatively unbiased
genome composition, approximately 25% of each
nucleotide. No correlations are evident for other nucleo-
tides (Fig. 2 and data not shown).

It can be argued that the particular nucleotide com-
position of the HERV-K genome is restricted to the 600-
nt RT fragment that was analyzed. We therefore ex-
tended this analysis for the full-length genome of the
prototype HERV-K10 isolate, a member of the HML-2
subgroup (Ono et al. 1986). The graph in Fig. 3 clearly
demonstrates that the A nucleotide is favored over the
complete genome length, with the possible exception of
the extreme 5and 3 ends, where the A count drops to
approximately 25%. A similar trend was described for
HIV-1, in which case it has been argued that the presence
of important regulatory signals in the long terminal re-
peat elements may contribute to this effect (van Hemert
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Fig. 1. Nucleotide composition (percentage A, C, G, T) of retroviral viruses and the four HML groups of the endogenous HERV-K viruses.
genomes. The values represent the relative frequency of the fouThe viruses were ranked according to their A count, from low (RSV,
nucleotides in the genomic (+) strand. The analysis was restricted to th20.6%) to high (HIV-1, 38.3%). The values for individual members of
600-nt RT segment. We analyzed both a set of exogenous retrothe HML groups are listed in Table 1.

40

and Berkhout 1995). Specifically, recognition of the A-
rich transcriptional initiation and termination signals
(TATAA box and AATAAA maotif, respectively) may be
enhanced in an environment that does not have a surpl
of the A nucleotide. Two additional remarks can be 20-
made. First, although some local fluctuation can be ob-
served, all four base counts are relatively stable over the  «
whole genome length. Second, careful examination of .
the graphs in Fig. 3 further strengthens the idea that the‘c;j
A and C counts are inversely correlated. For instance,
peak values of the A content around genome positiong
1100-1700 are compensated for by a decrease in the C  *7
count, whereas the relative frequency of the other 1
nucleotides remains largely unchanged.

Surprinsingly, the preference of the HERV-K genome .
for A nucleotides is not more enhanced at the synony-g a-
mous codon positions (Fig. 4). The A nucleotides are©
distributed almost equally among the three codon posi©
tions and are the dominant base at all positions, except
for the HML-4 subgroup. In contrast, a strong effect of 0 2 26 26 2 @ =@ o 3 % 40
codon position is apparent for C, which is highly sup-
pressed at the third codon position. Codon position ef-
fects are also obvious for G and T. The G suppression i§ig. 2. Inverse correlation between the A and the C content of ret-
most evident at the second codon pOSitiOI’l, whereatpviral genomes. For the retroviral species listed in Fig. 1, we plotted
nearly normal levels are reached at the first codon posith® T: G and C counts of the viral (+) strand as a function of the A
. . count (plotted on the-axis). The ranking order of the retroviruses is
tion. Another pat'gern is observed for the preferred 'Tthe same as in Fig. 1, going from A-poor genome (RSV, 20.6%) to
nucleotide, which is favored only at the second and thirda-rich genomes (HIV-1, 38.3%). Other nucleotide relations were ana-
codon positions. lyzed (not shown) but did not show a correlation.

35
30

-
C
3
(o}

ug 2]

P
7]
<

HIV-1
25

-

20

A-count (percentage)



106

m - 6

- .4

- .2

.6 e - 8

[cl - .6

- .4

{: .2

- 8
6]
4]
2

a—”"”"'l"'””"l'””””""'””'I"'”'”'I”””"'I”””'”l””'”"l'”'"'”

1 10868 208688 3908 4808 5888 68688 7888 8068 988a

Fig. 3. Nucleotide sequence composition along the complete HERV-K10 genome. The nucleotide content of the full-length genome (91
nucleotides) was analyzed with the PBASE program of the PC/Gene package (window setting, 100 nucleotidesled hieegepresent the 0.25
value, which is the expected nucleotide ratio for a random sequence.

CpG Suppression in HERV-K Genomes most exogenous counterparts in having a strong bias
against the CpG dinucleotide.
We analyzed the genome of the endogenous HERV-K

retrovirus for possible CpG suppression. A standardSelective Pressure to Conserve the HERV-K RT Open
analysis of the dinucleotide count is hampered by the facReading Frame

that the relative frequency of both the C and the GTh int ¢ dina f . ficul
nucleotides is very low in these genomes (see Table 1) € maintenance ot open reading frames, in particular

Thus, for calculation of the CpG frequency one shouldt\nat of the RT gene, ina S'gn!f'.c?‘”t number of HERV-K
correct for this bias or, alternatively, compare the fre_elements has raised the possibility that these elements are

quency of the CpG dinucleotide with that of the GpC still active in retrotransposition. Evalya‘qon of synony-
motif. This ratio will be about 1.0 in a gene fragment mous versus nonsynonymous substitutions can provide

with a random nucleotide sequence. Results of the Cp(ﬁ‘dd't'on‘r’“I ||_15|gh_td|nto the evol_Llj_trllonary pressuresdgitlng
analysis of all HERV-K members and the set of exog—On a hucleic acid sequence. 1he synonymous distance

enous retroviruses are listed in Table 1 and presentefnds)’ and nonsynonymous distancg.)(were calculated

graphically in Fig. 5. CpG suppression was evident for:'(/“t_he GOO'NTRJI fr;grll"n_ent ?Otlh twimin and between
the RT fragment of all four HML groups. The effect gro(leps (Table 2). To C;.l culate be mean synony-
appears to be most pronounced for the HML-3 group and"0Us and nonsynonymous distances between two sepa-

least spectacular for the HML-2 group. This bias agains{ate HML groups, each sequence belonging to one group

CpG is a property that extends over the whole HERV-K &S compared with each seéquence frqm the other group.
genome length, as verified for the HERV-K10 isolate.The ratio of these valueslfd,) is listed in Table 2. We

The full-length HERV-K10 genome has a CpG/GpC ra.found that most sequence variation in the HERV-K se-
tio of 0.36, which is very similar to the 0.31 value of the 94€NC¢€S resulted from synonymous nucleotide substitu-

RT fragment (Table 1). Discrimination against CpG ap_tions, pointed out by the higlidd,) ratios. The values of

pears to be very specific, because an extensive analyst%nonly n;](_)ur? sugsututlﬁ nj tbhetv;/eenl tl;e gtrougi_s We_ltﬁ ex
of the HERV-K sequences did not reveal any other di- remely igh and reached the level of saluration. These

nucleotide sequence motifs that are either favored or disr—es‘UItS indicate that purifying selection is currently op-

favored that strongly. For other dinucleotides, the biastrating on the endogenous RT elements or was operating

ranged from 0.78 (TA dinucleotide) to 1.37 (CC di- on the RT gene as part of the corresponding exogenous
nucleotide). A wide variety in CpG suppression levels V"US€S:

was apparent for all other viruses (Table 1), with CpG/ . . i
GpC ratios ranging from 0.07 [HIV-1 (see also Kypr et Mutational Bias of the HERV-K RT Enzyme

al. 1989; Shpaer and Mullins 1990)] to 0.59 (RSV). The typical nucleotide composition of HERV-K ge-
Thus, the endogenous HERV-K retrovirus resemblesiomes may be caused by characteristic misincorporation
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and third codon positions. The HERV-K isolates are ranked according to their A count, from high (St.4, 37.5%) to low (St.1, 28.4%).
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Fig. 5. CpG methylation sites are underrepresented in HERV-K genomes. The total number of CpG and GpC dinucleotides within the appro
mately 600-nt RT fragement [(+) strand only] are listed in Table 1. The CpG/GpC ratio for a random sequence will be about 1.0. HERV-K isolat
with an open RT reading frame are marked withaaterisk.
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Table 2. Synonymous and nonsynonymous distances betweerDjscussion
HERV-K RT genes

All actively replicating exogenous retroviruses have a

HML group Sé?;:gg] g ; S dNizP:X:eo zz)mous dJd, typical genome composition that is both biased with re-
spect to usage of the four nucleotides and asymmetric
1n=1) x X X regarding the two genome strands (Bronson and Ander-
gg _ 3)1) gfi% S:gg’g j‘?? son 1994; Berkhout and van Hemert 1994; Zoubak et al.
4 = 3) 0.394 0.090 238 1992; Kypr et al. 1989). This study indicates that these
1vs 2 0.670 0.156 >4.80 characteristics, as well as several other peculiarities of
1vs3 0.750 0.208 >3.61 retroviral genomes, are not unique properties of exog-
lvs4 0.724 0.192 >3.77  enously replicating retroviruses, as some of them are also
2vs3 0.756 0.221 >3.42 .
2 ys 4 0.763 0.197 2387 observed for the HERV-K family of endogenous retro-
3vs 4 0.814 0.257 -3.p Viral elements. The HERV-K elements are particularly
A-rich and, to a lesser extent, also T-rich. An overview
“Not done (only one sequence in the group). of a large set of retrovirus genomes indicates that the

b As sy_nonymous substitutions bgt\_/veen the groups reached the level ‘éxtent of accumulation of the A nucleotide is inversely
saturationd/d, data represent minimum values. correlated with the C content of the genome, which may
represent a compensation mechanism. Because it is gen-
erally assumed that the HERV-K elements have under-
gone no or only a limited number of replication cycles
properties of the viral RT enzyme. For instance, it hasfollowing their entry into the human germline some 30
been suggested that the ability of the HIV-1 RT enzymemillion years ago, it is likely that the hypothetical, ex-
to extend efficiently G.dT mismatches results in frequentogenous precursor of these HERV-K elements are simi-
G-to-A changes and accumulation of the A nucleo-larly A/T-rich, suggesting that biased genome composi-
tide (see Discussion). We therefore wanted to analyzéion is an ancient property of the retroviridae. These
the pattern of nucleotide substitutions for the HERV-K integrated HERV-K proviruses will also have been sub-
family. Because data on de novo mutations are not availiect to spontaneous mutation as part of the host chromo-
able for this endogenous retrovirus, we relied on nu-some. This process will account for approximately 6%
cleotide sequence comparisons within the differentgenome variation for elements that integrated 30 million
HERV-K groups with more than one member (HML-2, years ago (Li and Grau 1991). By sequence comparison
HML-3, and HML-4). We estimated the pattern of of the different HERV-K members, we present prelimi-
nucleotide substitutions as follows. To infer the direc-nary evidence for a G-to-A and C-to-T mutational bias of
tion of substitution, we took the consensus sequence ahe HERV-K RT enzyme. Thus, in analogy with the
each HML group as the precursor sequence and scoradlV-1 system, this may indicate that the retroviral RT
the substitutions seen in individual members of theenzyme was directly involved in shaping of the HERV-K
HML groups. Each mutation was logged only oncegenome. ldentification of an enzymatically active
to avoid the multiple inclusion of base changes thatHERV-K RT enzyme will allow further testing of this
are identical by descent. Obviously, one cannot for-hypothesis.
mally exclude the possibility that these sites actually Although the molecular mechanism(s) responsible for
do represent truly hot spots of mutation and/or selecthe drift of retroviral genomes toward a particular
tion. nucleotide composition is (are) not known, two possi-
Nucleotide substitution rates, obtained for the 600-nthilities have been suggested (Berkhout and van Hemert
RT fragment of the three HML groups, are depicted in1994). Selection for particular features in either the viral
Fig. 6. As a control, we included the mutational patternRNA genome or the proviral DNA genome may have
of another A-rich retrovirus, the exogenously replicatingbeen the driving force in the generation of biased ge-
HIV-1. The frequency of transitional changes was highnomes. For instance, retroviruses have a pattern of codon
for all HML groups compared with the frequency of usage that is different from that of their host cells, al-
transversions. Among the transitions, a significant prefthough there is currently no evidence that this feature
erence for the C-to-T substitution was observed, consisprovides the virus with a regulatory mechanism (van
tent with the low C count and high T count of these Hemert and Berkhout 1995; Haas et al. 1996). Alterna-
viruses. The HML-2 group, which has the highest Atively, the typical genome composition may be the result
count of the three groups analyzed (34.1%; see Table 1)f biased nucleotide incorporation properties of the viral
demonstrated a dominance of the G-to-A mutation. TheRT polymerase. There is accumulating evidence for this
latter mutational pattern is very similar to that of HIV-1 mutation-driven scenario in the case of the HIV-1 retro-
(Moriyama et al. 1991), for which G-to-A mutation has virus, for which it has been reported that the nucleotide
been implicated in the evolution toward A-rich genomesmisincorporation spectrum of its RT enzyme is respon-
(see Discussion). sible for the A-richness of the HIV-1 genome. In par-
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Fig. 6. Mutational spectrum of endogenous HERV-K elements andin the analysis. Analysis of the HERV-K mutational spectrum was
the exogenous HIV-1 virus. The HIV-1 data were derived from severalperformed as described under Materials and Methods. The total number
long-term tissue culture replication studies with mutant viruses (Klaverof nucleotide substitutions analyzed is listed (e.g., 250 for the HML-3
and Berkhout 1994; Berkhout et al. 1997). A total of 111 nucleotide group). The 12 possible mutations (4 transitions, 8 transversions) were
substitutions was scored in the HIV-1 leader region of TAR- and ranked based on the HIV-1 system, from high (G-to-A) to low (A-
poly(A)-hairpin mutants. Since these mutants do not revert to a parto-C).

ticular sequence (e.g., the wild-type sequence), no bias was introduced

ticular, it has been suggested that a skewed dCTP pooindeed observed for the A-rich genome of HIV-1. This
combined with the stability of G—dT mispairs, eventually exogenous retrovirus has an average A count of 39.0%
leads to the accumulation of A’s in the viral genome but reaches an extreme value of 46.5% at the silent codon
(Vartanian et al. 1994). Strand specificity can be ex-position (Berkhout and van Hemert 1994; van Hemert
plained since such misincorporations became fixatecind Berkhout 1995). Interestingly, no such effect was
during first-strand synthesis (RNA-dependent DNA po-apparent for the abundant A nucleotide of the HERV-K
lymerization) because RNaseH will degrade the RNAgenome, but such a trend was seen for the restricted C
template. However, similar errors during second-stranchucleotide. The T and G nucleotides also show a par-
synthesis (DNA-dependent DNA polymerization) will be ticular distribution over the three codon positions. The
subjected to the DNA repair machinery of the cell uponpreference for G nucleotides at the first codon position
integration of the proviral DNA. This mechanism will may be related to the infrequent use of C nucleotides at
lead to a gradual drift of the genomic RNA (+) strand the third codon position, thereby precluding the forma-
toward A abundance. Obviously, this trend may eventu+tion of CpG methylation sites (see below). The underly-
ally restrain the fitness of the viral progeny. Perhaps toing causes of other codon positional effects, in particular,
cope with such an evolutionary restriction, several A-richthe even distribution of the A nucleotide, remain unclear.
retroviruses such as caprine arthritis—encephalitis virus Differences in the base count and RT mutational spec-
(CAEV) encode a dUTPase activity that can limit this trum were observed for the separate HML groups. Most
drift (Turelli et al. 1997). notably, the two most abundant genomic nucleotides var-
As most nucleotide substitutions at the third positionied among the HML groups (e.g., HML-1, 37.5% A and

of a coding triplet are synonymous, these positions ar@7.7% T; HML-4, 27.9% A and 31.6% T). The G-to-A
relatively free from functional constraints, at least at themutational bias was most evident for the HML-2 group,
protein level. For this reason, a drift toward a particularwhich also has the most extreme A count among the
nucleotide composition can be especially pronounced ahree HML groups for which the mutational spectrum
such “silent” codon positions. This phenomenon was could be estimated. These different genome characteris-
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tics fully support the HML phylogeny proposed for the volved in the evolution of the human genome by retro-
HERV-K family (Medstrand and Blomberg 1993). As- transposition events.
suming that only a limited number of intracellular  Finally, we mentioned previously that the biased ge-
HERV-K replication cycles has taken place, it is likely nome composition of retroviral genomes could bias phy-
that these contemporary HML groups represent differentogenetic analyses that are based solely on similarity in
clades of an exogenous HERV-K family that becamenucleotide sequence (Berkhout and van Hemert 1994).
fixated in the genome by independent viral introductions Specifically, it was argued that similarity in sequence
As shown in this study, ancient retroviral sequencedetween two virus groups may not necessarily indicate a
display significant suppression of CpG methylation sites close evolutionary relationship but, instead, may reflect
Paucity of the CpG dinucleotide sequence is common t&onvergent evolution driven by unrelated RT enzymes
all small eukaryotic DNA and RNA viruses, including with comparable misinsertion properties. The problem is
the current exogenous retroviruses (Karlin et al. 1994)particularly evident for the many retroviruses that share
Several mechanistic explanations have been propose#’® HERV-K-like genome composition (A- and T-rich,
Selection against CpG sites may be driven by their prop®- @nhd C-poor). This group includes many exogenous
erty to be hypermutable upon methylation. 5-Methyl- SPeCies (SRV-1, MPMV, MMTV, HSRV, HIV-1; see
cytosine (5mC) occurs predominantly in CpG dinucleo-Fig- 1). Biased genome cpmposmon should bq taken mto
tides and is prone to deamination to form thymidine (T)_account when the mutation rates and evolutionary d|§—
Alternatively, there is some evidence that methylationt@nces of these exogenous and endogenous retroviral
can interfere with transcription of viral genes (ShpaerSPecies are calculated.
and Mullins 1990). Suppression of the CpG methylation
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