The data showing that the nef product of
one virus (HIV-1gg,) can affect the replica-
tion of other HIV-1 as well as HIV-2 strains
(Fig. 4 and Table 1) suggest that common
sequences in the LTR of these viruses are
responsive to the nef protein. In this regard,
the observed lack of effect of HIV-1gg, nef
on the highly cytopathic and fast replicating
HIV-1gp3; strain and the later sequential
isolates from infected individuals (HIV-
1spi3, HIV-1spai6, and HIV-1ggess) is im-
portant. Since a functional nef'is supplied in
these infections by the plasmid, these more
pathogenic HIV-1 variants that emerged
over time in individuals may have mutated
in the LTR sequences responsive to nef.
Alternatively, other positive regulatory ele-
ments might be more potent in these strains
and outweigh the nefmediated suppression
of replication. A comparison between the
LTR regions of responsive and nonrespon-
sive isolates should provide insight into this
possible mechanism of HIV pathogenesis.

In summary, our observation on the dif-
ferential effect of cell lines expressing the
HIV-1gg; nef protein on replication of HIV
strains strongly suggest a key role for this
viral gene in the establishment and mainte-
nance of latent viral infection and in HIV
pathogenesis. Further studies with these
lymphoid cell lines should allow us to deter-
mine the mechanism by which nef exerts its
negative effect. Moreover, they provide
valuable cell culture systems for defining
factors involved in activating latent infec-
tions. Finally, these results suggest that ma-
nipulation of nef in early stages of HIV
infection may prove effective in therapeutic
approaches.

REFERENCES AND NOTES

1. B. M. Peterlin and P. A. Luciw, AIDS 1988 11, S29
(1988).

. B. Guy et al., Nature 330, 266 (1987).

. L. Poulin and J. A. Levy Fifth International Conference
on AIDS, abstract no. T.C.P. 132 (1989).

. E. Terwilliger et al., J. Virol. 60, 754 (1986).

. P. A. Luciw et al., Proc. Natl. Acad. Sci. U.S.A. 84,
1434 (1987).

6. T. M. Niederman et al., ibid. 86, 1128 (1989).

7. N. Ahmad and S. Venkatesan, Science 241, 1481
(1988).

. J. A. Levy et al., ibid. 225, 840 (1984).

. In plasmid pAM3, the SV40 early promoter and
leader region cloned into the vector pML (10, 11),
was positioned upstream of the HIV-1gg, nef gene
(11). A synthetic oligonucleotide adapter (GATC-
CAAGGCTTTTCCTATAA) joins the SV40 leader
to the start codon for nef. Another synthetic oligo-
nucleotide adapter encodes sequences from the start
codon for nef to the Xho I site within the gene (12).
The remainder of nef is contained in a DNA frag-
ment derived from the biologically active, molecu-
larly cloned proviral form of HIV-1sp, (p9B-18)
(12, 13). This DNA fragment has sequences from
the Xho I site in nef, through the rightward LTR and
into cellular flanking sequences up to an Eco RI site.
The plasmid p3R has the HIV-1gg, LTR positioned
upstréam from the nef gene. The DNA fragment
bounded by BAM HI and Eco RI sites from pAM3
was cloned into a polylinker downstream from the
LTR in the plasmid pLTR-1 (14).

w N

[S20°

O oo

1632

10. M. Lusky and M. Botchan, Nature 293, 79 (1981).

11. C. Pachl et al., J. Virol. 61, 315 (1987).

12. R. Sanchez-Pescador et al., Science 227, 484 (1985).

13. J. A. Levy, C. Cheng-Mayer, D. Dina, P. A. Luciw,
ibid. 232, 998 (1986).

14. B. M. Peterlin et al., Proc. Natl. Acad. Sci. U.S. A.
83, 9374 (1986).

15. G. Chu et al., Nucleic Acids Res. 15, 1311 (1987).

16. L. S. Kaminsky et al., Proc. Natl. Acad. Sci. U.S. A.
82, 5535 (1985).

17. L.-Z. Pan et al., J. Infect. Dis. 155, 626 (1987).

18. S. K. Arya, C. Guo, S. F. Josephs, F. Wong-Staal,
Science 229, 69 (1985).

19. J. Sodroski, R. Patarca, C. Rosen, F. Wong-Staal,
W. Haseltine, ibid., p. 74.

20. G. Franchini et al., Virology 155, 593 (1986).

21. M. Tateno and J. A. Levy, ibid. 167, 299 (1988).

22. L. A. Evans et al., Science 240, 1522 (1988).

23. C. Cheng-Mayer, D. Seto, M. Tateno, J. A. Levy,
ibid., p. 80.

24. A. D. Hoffman et al., Virology 147, 326 (1985).

25. We thank A. Murgia, P. Barry, and R. Unger for
technical assistance, D. Wong for preparation of the
manuscript, and B. M. Peterlin for helpful com-
ments. The polyclonal rabbit anti-p27 antiserum and
the purified yeast p27 were provided by I. Bathurst
and P. Feucht (Chiron Corp., Emeryville, CA). This
work was supported by grants from NIH (RO1 Al-
25284 and RO1 AI-24499) and the California State
Universitywide Task Force on AIDS.

6 July 1989; accepted 31 October 1989

RNA Editing in Plant Mitochondria

RupoLr HIesgL, BERND WISSINGER, WOLFGANG SCHUSTER,

AXEL BRENNICKE

Comparative sequence analysis of genomic and complementary DNA clones from
several mitochondrial genes in the higher plant Oenothera revealed nucleotide sequence
divergences between the genomic and the messenger RNA—derived sequences. These
sequence alterations could be most easily explained by specific post-transcriptional
nucleotide modifications. Most of the nucleotide exchanges in coding regions lead to
altered codons in the mRNA that specify amino acids better conserved in evolution
than those encoded by the genomic DNA. Several instances show that the genomic
arginine codon CGG is edited in the mRNA to the tryptophan codon TGG in amino
acid positions that are highly conserved as tryptophan in the homologous proteins of
other species. This editing suggests that the standard genetic code is used in plant
mitochondria and resolves the frequent coincidence of CGG codons and tryptophan in
different plant species. The apparently frequent and non—species-specific equivalency
of CGG and TGG codons in particular suggests that RNA editing is a common feature

of all higher plant mitochondria.

EQUENCE ANALYSIS OF GENOMIC

and cDNA clones from the mitochon-

drially encoded cytochrome oxidase
subunits II (coxII) and III (coxIII), the cyto-
chrome b (cyth), and the reduced nicotin-
amide adenine dinucleotide—dehydrogenase
subunit I (nadl) loci revealed a number of
discrepancies between the two respective
sequences. One of these instances within the
coding region of coxIII was reported earlier
(1). Several independently derived cDNA
clones contained two adjacent T residues
where the genomic DNA encodes C’s. The
cDNA specifies phenylalanine instead of the
proline specified by the genomic DNA,
where phenylalanine is conserved in the
human, yeast, and Neurospora proteins (Fig.
1).

Further analysis has now shown that such
nucleotide exchanges are not a singular
event at this locus, but occur at many posi-
tions in several different genes. Three addi-
tional nucleotide changes are found in the
analyzed coding region of the coxIII cDNA
sequence, all involving C to T transitions

Institut fiir Genbiologische Forschung, Ihnestrafie 63,
D-1 Berlin 33, Federal Republic of Germany.

(Fig. 1). All four events are nonsilent and
specify amino acids in the cDNA sequence
that are better conserved in other species at
the respective positions than the genome-
encoded amino acids (Fig. 1C).

Artifacts of cDNA cloning had been as-
sumed when the first sequence differences
between genomic and the mRNA-derived
DNAs were observed. This explanation now
seems unlikely since a number of such events
have been observed in apparently physically
“normal” sequence surroundings that give
no indication as to why reverse transcriptase
or the bacterial amplification processes
should introduce these particular modifica-
tions repeatedly. The conservation of the
c¢DNA-specified amino acids between differ-
ent species also indicates that the cDNA
sequence is correct.

These nucleotide divergences between ge-
nomic and mRNA-derived sequences are
not restricted to coding regions, but are also
found, for example, in the trailer sequence of
the coxIII locus (Fig. 1B), which presumably
is not translated. The effect of these untrans-
lated alterations is as yet unclear and needs
further experimental evaluation.
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The functional consequences of the nucle-
otide identity changes within the coding
region can be deduced from comparative
analysis of the altered codon and amino acid
identities in the deduced sequences. Two of
the nucleotide changes alter the second nu-
cleotide of TCA and TCG serine codons,
leading to TTA and TTG leucine codons,
respectively, where leucine is dominantly
specified in other species (Fig. 1B).

Another of the nucleotide alterations
modifies the genomic arginine triplet CGG
in the first position to the tryptophan codon
TGG at amino acid position 252, where
tryptophan is conserved in human, Saccharo-
myces, and Neurospora polypeptides. The ge-
nomic CGG codon has been found in a
number of different plant mitochondrial
genes at conserved tryptophan positions,
and it has been suggested that CGG actually

A  Genomic
G GA

CT C G

PO0>P000000>0
PO0>000S-H0>0

specifies tryptophan in a modified decoding
system in plant mitochondria that diverges
from the standard genetic code of transla-
tion (2, 3). To further investigate the identi-
ty of this codon in other mRNAs, we ana-
lyzed a number of independent cDNA and
genomic clones of different genes in Oenoth-
era mitochondria, notably the coxIII (Fig.
2), cytb, and nad1 loci.

Differences in the investigated coding re-
gion of coxII (Fig. 2) include another exam-
ple of the alteration of an arginine CGG
codon to TGG at a conserved tryptophan
position. A genomic CGG is found only in
Oenothera at this site, whereas standard tryp-
tophan TGG codons are encoded in the
genomic sequences in other higher plants—
for example, maize (2, 3). Additional nucle-
otide changes in this region of the coxII
locus involve two more second position

cDNA 1
GA CT C

cDNA 2
G 7GACT €

changes in TCA and TCG serine to TTA
and TTG leucine codons, respectively, and
two different alterations of proline CCT
codons to serine TCT in one instance and to
leucine CTT in the other.

Further examples of CGG to TGG alter-
ations are found in the cDNA sequences of
the cytochrome b locus, which, like most
other alterations in this locus, also improve
the degree of conservation between the de-
duced plant protein sequence and the ho-
mologous polypeptide sequences from other
organisms (4, 5).

The overall frequency of nucleotide ex-
changes is similar in the loci compared here.
Of 651 analyzed nucleotides of the coxIIT
locus, 11 are altered in the cDNA, equiva-
lent to 1.7% on the average. Changes in 5 of
the 276 nucleotides compared for the coxII
cDNA represent a 1.8% sequence modifica-
tion. The 16 alterations in the total of 927
nucleotides we analyzed give a divergence of
1.73% in the mRNA-derived sequence from
the genome-specified nucleotide identities,
equivalent to one nucleotide alteration for
every 58 nucleotides.

Genomic
G GA CT: G G

COoOHRAHO»ON
COOHHHMR>ON

E; 525
ey e e T e TR TS e (A R R e PR R e

Genomic : CTA GCG GGG AAG GAA AAA CGA GCA GTT TAC GCT TTA GTA GCT ACC GTT|TCA|CTG GCT ATA GTA

cDNA 3 CTA GCG GGG AAG GAA AAA CGA GCA GTT TAC GCT TTA GTA GCT ACC GTT|TTA|CTG GCT ATA GTA
600

NN e e L e S e T R B B e
TTC ACT GGA TTT CAA GGA ATG GAA TAT TAT CAA GCA CCC [CCC|ACG ATT TCA GAT AGT ATT TAT GGT TCG ACC TTT
TTC ACT GGA TTT CAA GGA ATG GAA TAT TAT CAA GCA CCC |TTC|ACG ATT TCA GAT AGT ATT TAT GGT TCG ACC TTT

F
675 i : :

Yol S e i s B e e e N SR o Sl BORRRGRIC c ure  de Tlog Fig. 1. Comparison of genomic and cDNA sequences of
TAT TTA GCA ACT GGC TTT CAT GGT TTT CAT GTG ATT ATA GGT ACT CTT TTC |TCG|ATC ATA TGT GGT ATT CGC CAA 1 e
TAT TTA GCA ACT GGC TTT CAT GGT TTT CAT GTG ATT ATA GGT ACT CTT TTC|TTG|ATC ATA TGT GGT ATT CGC CAA the Oer;(inth%al\;oAxIH locus. (A) Dlgcrcncgs between gcnlo

L mic and ¢ sequences are shown in two examples
750 with the altered nucleotide identities indicated by arrows.

Y L G H L T K E H H v G F E A A A W X W H F v D v 3 $ % 3
TAT CTT GGT CAT CTG ACA AAG GAG CAT CAC GTT GGC TTT GAA GCA GCT GCA TGG TAC TGG CAT TTT GTA GAC GTG (LC&) The substitution of two consccutive  Cyrosines
TAT CTT GGT CAT CTG ACA AAG GAG CAT CAC GTT GGC TTT GAA GCA GCT GCA TGG TAC TGG CAT TTT GTA GAC GTG (positions 564 and 565) by thymidines in the cDNA is

documented in the gel alignment. (Right) The single C

S p e e e i s SR i LEE at position 521 [in (B)] is edited to T in the cDNA.

FEeToTmhs e aE el B it ¢ Ndle oo of seil e B
A A A A . . o
4 and cDNA clones were determined by chemical modifi-

9
AAGACAAGGAGAATCGGGCTTTTCCAAAGAATG ACTGCAGCTTTC@CTCCCTTTGAT@CATATAC AAG AAAGTTTCTTCCACTTTCCTA@AATC
CTCCCTTTGAT

AAGACAAGGAGAATCGGGCTTTTCCAAAGAATGACTGCAGCTTTC

TCTATCTATTCTGGC TAAATGAAGGGATCGAAGAGATTATGGCAGA TGTTCACCAAGAAATAACCCGAAATTGGATCTTGGTCTATTTTAGATT
TGTTCACCAAGAAATAACCCGAAATTGGATCTTGGTCTATTTTAGATT

TCTATCTATTCTGGC. TAAATGAAGGGATCGAAGAGATTATGGCAGA

GTTTATTTTAATCGTAATCAAAGATGTTTTCTTGTCTCTTGTTTATTTTCTGAACAAATTGAAGAACCTAATGGATCGAACCCTTGGCTGCCTCCCGCTA
GTTTATTTTAATCGTAATCAAAGATGTTTTCTTGTCTCTTGTTTATTTTCTGAACAAATTGAAGAACCTAATGGATCGAA

CATATACAAGAAAGTTTCTTCCACTTTCCTA AATC

033

53 cation, by the chain termination method, or by both
(13). (B) Nucleotide sequence alignment of genomic and
cDNA sequences of coxIII. Amino acids are shown above
the genomic sequence. Nucleotide identity differences
are boxed, and the cDNA-encoded deviant amino acids

1133 are indicated beneath the cDNA nucleotide sequence.

Numbering starts from the coxIII initiation codon as

described (1). The terminal cDNA sequences coincide
with the 3' mRNA end as determined by S1 protection (1, 13). (C) Amino
L acid comparison of the protein sequences deduced from the genomic and

c¢DNA sequences of Oenothera (Oe) with the respectively deduced amino acid
sequences from humans (Hs), Saccharomyces cerevisiae (Sc), and Neurospora crassa
(Nc) (1). Only the divergent amino acids are shown for the cDNA-derived

sequence (arrows). In all four instances the amino acid sequence shows a better
degree of conservation with the respective sequences of the other species.
Abbreviations for the amino acid residues are as follows: A, Ala; C, Cys; D,
Asp; E, Glu; F, Phe; G, Gly; H, His; I, Ile; K, Lys; L, Leu; M, Met; N, Asn;

Oe cDNA L F

- - 222
Oe genomic LAGKEKRAVYALVATVSLAIVFTGFQGMEYYQAPPTISDSIYGSTFYLATGFHGTHVIIGTLFSIICG
Hs MENNRNQMIQALLITILLGLYFTLLQASEYFESPFTISDGIYGSTFFVATGFHGLHVIIGSTFLTICF
Sc TAGNRNKALSGLLITFWLIVIFVTCQYIEYTNAAFTISDGVYGSVFYAGTGLHFLHMVMLAAMLGVNY
Ne IKGEREGALYGSIATILLAIIFTGFQGVEYSVSSFTISDGAFGTCFFFSTGFHGIHVIIGTIFLAVAL
Oe cDNA W

-

Oe genomic IRQYLGHLTKEHHVGFEAAAWYWHFVDVVRLFLFLSIYWWGGI
Hs IRQLMFHFTSKHHFGFEAAAWYWHFVDVVWLFLYVSIYWWGS
Sc WRMRNTHLTAGHHVGYETTIIYTHVLDVIWLFLYVTFYWWGV
Nec WRIFATHLTDNHHVGFEGGILYWHFVDVVWLFLYISVYYNGS
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P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr.
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564

v v v P v X T N L R L I v T P A D v P H S
GTG GTT GTA CCA GTC AAA ACG AAT CTC CGT CTT ATT GTC ACA|CCT| GCT GAT GTA |CCT| CAT AGT
GTG GTT GTA CCA GTC AAA ACG AAT CTC CGT CTT ATT GTC ACA|TCT| GCT GAT GTA |CTT| CAT AGT

L

Genomic
CDNA

639

W A v P S S G v X C D A v P G R L N Q I S M S v Q
TGG GCT GTA CCT TCC|TCA| GGT GTC AAA TGT GAT GCT GTA CCT GGT CGT TTA AAT CAG ATC TCC ATG [TCG|{GTA CAA
TGG GCT GTA CCT TCC)TTA| GGT GTC AAA TGT GAT GCT GTA CCT GGT CGT TTA AAT CAG ATC TCC ATG |TTG| GTA CAA

L L

714
R E G v Y Y G Q C S E I C G T N H A F M P I v I E
CGA GAA GGA GTT TAC TAT GGT CAA TGC AGT GAG ATT TGT GGA ACT AAT CAT GCC TTT ATG CCT ATT GTC ATA GAG
CGA GAA GGA GTT TAC TAT GGT CAA TGC AGT GAG ATT TGT GGA ACT AAT CAT GCC TTT ATG CCT ATT GTC ATA GAG
777
A v S A T D Y T N R v S N L F I P P T S *
GCT GTT TCC GCA ACA GAT TAC ACA AAT [CGG{GTC TCA AAT CTT TTC ATC CCA CCA ACC TCA TAA
GCT GTT TCC GCA ACA GAT TAC ACA AAT |TGG|GTC TCA AAT CTT TTC ATC CCA CCA ACC TCA TAA
W

Fig. 2. Genomic and cDNA sequences of the Oenothera coxII coding region. Both DNA sequences are
shown aligned with the sequence divergences indicated by boxes. The corresponding amino acids are
shown above and below the nucleotide sequences. Numbering starts from the first coding nucleotide
(2). The derived amino acids show that the cDNA-encoded sequence is better conserved in evolution

determinants, however, are needed for silent
exchanges, the consequences of which re-
main to be investigated.

The presumably  post-transcriptional
transformation of CGG codons to TGG
suggests that the standard genetic code may
be used in plant mitochondria. The RNA
editing process we described could resolve
the uncertainty about the suggested diver-
gence from the standard genetic code with
CGG coding for tryptophan (2-4). The
apparent free exchangeability of CGG and
TGG codons in different plant species at a
given triplet position conserved as trypto-
phan in the evolution of several different
genes indicates that RNA editing might be a
general feature of higher plant mitochon-

than the polypeptide specified by the genomic DNA. The asterisk indicates the termination codon.

The consequences of alterations in nucle-
otides from coding regions that lead to
amino acid alterations differ from the silent
exchanges in coding regions of the nad1 (6,
7) and cyth loci (4, 5) and the alterations in
the presumably untranslated trailer sequence
of the coxIII transcript (Fig. 1B).

The particular CGG triplet alteration to
TGG at the mRNA level, however, has
wider implications for the decoding and
translation system of higher plant mitochon-
dria. This specific modification in the cDNA
sequence of Oenothera suggests that in these
instances the only tRNA-Trp so far found in
plant mitochondria (8), which specifically
recognizes the UGG codon, is sufficient to
incorporate tryptophan in those positions
highly conserved as tryptophan between dif-
ferent species of higher plants, fungi, and
mammals. It thus seems likely that the stan-
dard genetic code is used in higher plant
mitochondria with the genomic CGGs
changed in those instances to UGG codons
in the mRNA (3). Not all CGG codons
appear to be altered, however, since highly
conserved arginines are found in several
instances of genomic CGG codons (9).

The numerous differences between the
genomic and the mRNA-derived cDNA se-
quences are best explained by an RNA
editing process in plant mitochondria that
introduces the specific sequence alterations
described in this report. Other RNA editing
processes have been observed; the most
extensive example is in trypanosome mito-
chondria, where U residues not encoded by

1634

DNA are inserted with varying frequencies
into the mRNA (10). RNA editing in Phy-
sarum polycephalum involves the insertion of
cytosines in fairly uniform spacing into the
mRNA (11). The mammalian apolipopro-
tein B mRNA is edited by a single C to U
change (10, 11).

RNA editing in plant mitochondria as
investigated in Oenothera appears to involve
most frequently the change (or chemical
modification) of cytosine to uridine. So far
no examples of additionally inserted nucleo-
tides have been found in Oenothera. The
editing process appears to maintain the
number of nucleotides, only changing spe-
cific identities. The parameters that deter-
mine which individual nucleotides will be
edited in higher plant mitochondria are un-
clear, but they do not appear to be simple,
linear sequence motifs. No obvious features
potentially acting as editing signals can be
detected in the sequences surrounding the
edited nucleotides at the primary sequence
or secondary structure level. Extensive sec-
ondary structure, however, might preclude
access of the RNA editing activity in plant
mitochondria, since no nucleotide changes
have been reported between directly se-
quenced termini of the wheat mitochondrial
18S ribosomal RNA and the respective gene
(12).

One of the selection criteria of the editing
specificities might involve pressures on the
incorporation of evolutionarily conserved
and thus supposedly functionally important
amino acids at particular positions. Other

dria.

W
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11.

12.
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