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Summary. The rules defining the Asp-Asp do-
main of RNA-dependent polymerases deduced by
Argos (1988) were tested in a set of 53 putative re-
verse transcriptases (RTs) sequences. Since it was
found that some of these rules are not followed by
RTs coded by bacteria, group II introns, and non-
LTR retrotransposons, we present here a more
strict definition of the Asp-Asp domain.
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Introduction

The existence of a highly conserved 14-amino-acid-
residue segment consisting of an Asp-Asp pair
flanked by hydrophobic amino acids was first rec-
ognized by Kamer and Argos (1984) in a set of 15
reverse transcriptases (RTs) and RNA-dependent
RNA polymerases. This motif, also known as the
Asp-Asp (DD) domain, has also been described in
cellular DNA-dependent RNA polymerases (Laz-
cano et al. 1988). Sequence analyses of the primary
structure of viral and cellular DNA-dependent
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open reading frame; mt, mitochondria; pt, plastid
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DNA polymerases have shown the existence of an
equivalent domain, formed by hydrophobic amino
acids surrounding an Asp-Thr-Asp-Ser tetrad (Ar-
gos 1988; Wong et al. 1988; Wang et al. 1989; Ber-
nad et al. 1990).

Although some polymerases lack the DD domain
(DTDS, in the case of DNA-dependent DNA poly-
merases, Argos, 1988), experimental evidence of its
functional role includes the inhibition of enzymatic
activity by (1) antibodies raised against a small
phage protein containing the sequence LIVYSD-
DYLSLM (Zavriev and Borisova 1987); (2) site-
specific mutagenesis of the HIV-1 RT (Larder et al.
1987; Hizi et al. 1988); and (3) amino acid substitu-
tions involving the Qp replicase Asp-Asp motif (In-
okuchi and Hirashima 1987). The existence of a DD
domain in the primary structure of the eubacterial
polynucleotide phosphorylase (Régnier et al. 1987),
a nontemplate-dependent polymerase, suggests that
this motif is involved in interaction with the nucle-
otide substrates and not with DNA or RNA tem-
plates. Since the carboxylic side chain of aspartic
acid can interact with Mg?* (Argos 1988), Zn>™,
and other cations, and can also form hydrogen
bonds with nucleic acid bases (Helene and Maurizot
1981), it is likely that the DD domain is part of the
metal and substrate binding site of both RTs and
RNA polymerases (cf. Lazcano et al. 1992). Similar
conclusions have been reached for the $29 DNA
polymerase YGDTDS motif (Bernad et al. 1990;
Blanco et al. 1991).
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Analysis of a databank formed by sequences of
11 DNA-dependent DNA polymerases, 26 RNA-
dependent RNA polymerases, and 20 RTs led Ar-
gos (1988) to define gualitatively the DD domain by
a set of seven rules. As applied to the DD domain of
RTs, these rules should be read as follows:

Rule 1. Positions 8 and 9 must be occupied by Asp-
Asp.

Rule 2. Position 7 can be occupied by Gly, Met,
Cys, Val, or Leu.

Rule 3. Position 6 can be occupied by Tyr, Ala,
Phe, Ser, Asn, Cys, Gly, Ile, or Met.

Rule 4. At least two of the amino acid residues in
positions 1 to 5, and 10 to 14, must be hy-
drophobic (Ala, Val, Leu, Ile, Cys, Met,
Phe, Tyr, His, Trp or Pro).

Rule 5. If only two amino acid residues in positions
1 to 5 are hydrophobic, then Ser or Gly
must also be present in this segment. If
only two residues in positions 10 to 14 are
hydrophobic, then Ser must be present in
this portion.

Rule 6. Charged amino acids (Lys, Arg, Asp, Glu,
Gln, and Asn) must be absent from posi-
tion 4.

Rule 7. Hydrophobic amino acid residues must be
present in positions 11 and 12.

In recent years the interest in the evolution of
retroviruses and related genetic entities sparked by
the AIDS epidemic has led to an increasingly large
set of RT sequences from different sources, includ-
ing prokaryotes, viruses, transposable elements,
mitochondrial (mt) plasmids, and introns. Analysis
of the DD domains of these additional RT se-
quences has shown that many of them do not follow
completely the rules described here. In this paper
some of Argos’s rules are redefined in order to pro-
vide a more stringent definition of the DD domain of
RTs.

Material and Methods

RT sequences were located and extracted from both the Gen-
bank/EMBL database and the Human Retroviruses and AIDS
1990 and 1991 databases (G.Myers, Los Alamos National Lab-
oratory). Extracted sequences were compiled in a multiple se-
quence file. A number of RT sequences were not found in the
Genbank/EMBL. or Human Retroviruses and AIDS databases
and were hand entered into the sequence set. The aligned DD
domains of the available RT sequences are shown in Table 1.
Unless otherwise noted, the amino acid classification developed
by Taylor (1986) was used throughout this comparison. The DD
domains marked with an asterisk violate at least one of Argos’s
rules. Hydropathy profiles were plotted (Fig. 1) using the hydro-
philicity values of the scale developed by Hopp and Woods
(1981). Equivalent groupings (not shown) were observed when
other scales were used. The electric charge and hydropathy plots

shown in Fig. 1 were smoothed by averaging the values inside a
three-amino-acid-residue sliding window.

Discussion and Conclusions

Analysis of Table 1 shows that with the sole excep-
tion of the human endogenous retrovirus K (HERV-
K) DD domain, Argos’s rules (1988) hold for all
viral RTs. However, the same is not true for all
nonviral RTs. This observation is consistent with
the hydropathy profiles shown in Fig. 1, where it
can be seen that approximately one-third of the DD
domains of cellular, non-LTR, and group II intron
RTs form a coherent group (group B), in which a
significant shift toward positive hydropathy values
can be observed. In our opinion, the most interest-
ing result of Table 1 is the fact that all the DD do-
mains that do not follow Argos’s rules (1988) are
found in the primary structure of RTs that form part
of the cellular, non-LTR retrotransposon, and
group Il intron branches of the RT evolutionary tree
developed by Xiong and Eickbush (1988). The phy-
logenetic clustering of the DD domains that violate
Argos’s rules shows that the exceptions marked
with an asterisk in Table 1 are not the result of an
artifact.

A detailed analysis of Table 1 shows that rule 5 is
partially violated by the Myxococcus (Mx 162, Mx
65), green alga (Ptl), and Podospora mt (I1A-PA)
RTs, which have only two hydrophobic amino acids
in the 1 to 5 positions, but lack Ser and Gly in this
segment. Other Argos rules (1988) can be modified
to account for the greater flexibility of cellular,
group Il introns, and non-LTR retrotransposon RTs
in accepting different amino acids in their DD do-
mains. Some of these additions are easy to under-
stand. For instance, Ala, which is a hydrophobic
amino acid, joins the list of amino acids that can be
present in position 7 (rule 2).The same is true of
Leu, which can be added to the list of hydrophobic
amino acids that can occupy position 6 (rule 3).
Threonine has an hydroxyl group, but its aliphatic
side chain explains its presence with other hydro-
phobic amino acids in position 11 (rule 7).

Four anomalous profiles are easily distinguished
in Fig. 1, corresponding to the DD domains of the
Bsl, RTL-Cr, LaBelle-1b, and T1 putative RTs. In
the latter case, i.e., the Anopheles gambiae T1 ret-
rotransposable element (Besanky 1990), the hump
observed toward the carboxy end is due to the pres-
ence of a lysine in position 11, which according to
Argos (1988) should be occupied by a hydrophobic
residue. An equivalent phenomenon was described
by Argos (1988) for four viral RNA-dependent RNA
polymerases in his database which did not obey his
rule 7; i.e., position 11 and 12 are not occupied by
hydrophobic residues.
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DD domain

Reference

Source

* Escherichia coli Ec67

*E. coli EcB86

* Myxococcus xanthus Mx162

* M. xanthus Mx65

* Trypanosoma brucei INGI-3

* T. brucei TRS

* Chlamydomonas reinhardtii RTL-Cr

* Green alga (pt) Ptl
Dictyostelium discoideum DIRS-1
Yeast Tyl

* Saccharomyces cerevisiae (mt) al-Sc

* S. cerevisiae (mt) a2-Sc

* Schizosaccharomyces pombe (mt) BI1-Sp

* Podospora anserina (mt) al-Pa

* P. gnserina (mt) IA-Pa

* Neurospora intermedia (mt) LaBelle-1b

* Bombyx mori RIBm

* B. mori R2Bm

* Anopheles gambiae T1
Drosophila melanogaster Copia

* D. melanogaster jockey

* D. melanogaster F Factor

* D. melanogaster 1 Factor
D. melanogaster 17.6
D. melanogaster 297
D. melanogaster 412
D. melanogaster GYPSY
D. melanogaster 1731

* Mouse LiMd
Oenothera (mt) mtOe

* Zea mays Bsl
Syrian hamster intracisternal A-Particle IAP-H18
Rous sarcoma virus RSV
Equine infectious anemia virus EIAV
Caprine arthritis encephalitis virus CAEV
Feline immunodeficiency virus FIV
Moloney murine leukemia virus MoMLV
Bovine immunodeficiency-like virus BIV
Bovine leukemia virus BLV
Visna VISNA
Visna-related ovine lentivirus SA-OMVV
Simian retrovirus SRV-1
Simian T-cell lymphotropic virus type III SIVK6W
Mazon-Pfizer monkey virus MPMV
Baboon endogenous retrovirus BaEV
Human T-cell leukemia virus type 1 HTLV-I
Human T-cell leukemia virus type 2 HTLV-II
Human immunodeficiency virus type 1 HIV-1
Human immunodeficiency virus type 2 HIV-2

* Human endogenous retrovirus K HERV-K
Human endogenous retrovirus C HERV-C
Cauliflower mosaic virus CaMV
Carnation etched ring virus CERV

CTYSRYADDITIST
LIYTRYADDLTLSA
FTYTRYADDLTFSW
YTYTRYADDLTFSG
LQHGFFADDLTLLA
LQHGFFADDLTLFS
MDFTIYADNFAGVF
NTYCRYADDMVILT
VSVIAYLDDLLIVG
VTICLFVDDMVLFS
IKYVRYADDILIGYV
AYFVRYADDIITIGV
LMYVRYADDWIVAYV
IYYVRYADDWLIGYV
VRYTRYADDWVIGI
AVGSIYADEGYKKYV
TEMVAYADDVTVLYV
VSALAYADDLVLLA
DGHLLYADDIKIFL
IYVLLYVDDVVIAT
VLIATYADDTAVLT
LTVSTFADDTAILS
IKFNAYADDFFLII
KHCLVYLDDIIVFS
KHCLVYLDDIIIFS
SQAFLYMDDLIVIG
KICYVYVDDVIIFS
MLILVYVDDLILAC
VKISLLADDMIVYI
HFVVVYLDDLVVYT
VRVRFRVDDGCVVE
LIVIHYMDDILICH
LCMLHYMDDLLLAA
VQLYQYMDDLFVGS
IQFGIYMDDIYIGS
LDIYQYMDDIYIGS
LILLQYVDDLLLAA
VMLYQYMDDLLIGS
SLLVSYMDDILYAS
IQFGIYMDDIYIGS
IQFGIYMDDIYIGS
MYIIHYMDDILIAG
VITLVQYMDDILTIAS
MTIIHYMDDILIAG
VITLLQYVDDLLLAA
CTILQYMDDILLAS
STIVQYMDDILLAS
IVIYQYMDDLYVGS
VITIQYMDDILIAS
CYIIHYIDDILCAA
CVLLQYVDDLLLGH
KFCCVYVDDILVES
KYCCVYVDDILVFS

Lampson et al. 1989
Lim & Maas 1989
Inouye et al. 1989
Inouye et al. 1990
Kimmel et al. 1987
Murphy et al. 1987
Boer & Gray 1988
Kiick 1989

Cappello et al. 1985
Clare & Farabaugh 1985
Bonitz et al. 1980

Lang & Ahne 1985
Cummings et al. 1989

Pande et al. 1989
Xiong & Eickbush 1988
Burke et al. 1987
Besansky 1990

Mount & Rubin 1985
Priimiégi et al. 1988

Di Nocera & Casari 1987
Fawcett et al. 1986
Saigo et al. 1984
Inouye et al. 1986

Yuki et al. 1986

Fourcade-Peronnet et al. 1988
Loeb et al. 1986
Schuster & Brennicke 1987
Jin & Bennetzen 1989
Ono et al. 1985
Schwartz et al. 1983
Kawakami et al. 1987
Saltarelli et al. 1990
Olmsted et al. 1989
Shinnick et al. 1981
Garvey et al. 1990
Sagata et al. 1985
Sonigo et al. 1985
Querat et al. 1990
Power et al. 1986
Franchini et al. 1987
Sonigo et al. 1986

Kato et al. 1987

Seiki et al. 1983
Shimotohno et al. 1985
Wain-Hobson et al. 1985
Guyader et al. 1987

Ono et al. 1986

Repaske et al. 1985
Franck et al. 1980

Hull et al. 1986

@ Asterisks indicate domains that violate at least one of Argos’s rules

The three other anomalous DD domains, i.e.,
those corresponding to the BsI, LaBelle, and RTL-
Cr retroelements, may have their peculiarities due
to the fact that they form part of nonfunctional RTs.
As noted by Jin and Bennetzen (1989), the relatively
small Bs! element may have inserted itself in the

null allele of the maize Adhl locus in which it was
discovered, with the aid of a RT function provided
in trans, since the open reading frame (ORF) en-
coded by Bsl lacks convincing sequence similarity
to other RTs. The two other profiles correspond to
the ““DD domains’’ in which the Asp-Asp pair is in
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Hidrophilicity

LaBelle—1b

Electric charge

Amino acid position

fact substituted by Asp-Glu or Asp-Asn; they are
part of the ORF encoded by the Neurospora inter-
media LaBelle-1b mt plasmid (Pande et al. 1989),
and the RTL-Cr from Chlamydomonas reinhardtii
mt (Boer and Gray 1988), respectively. Under other
circumstances, both Glu and Asn would be consid-
ered equivalent to Asp, rendering a DE or DN pair
equivalent to a Asp-Asp. As argued below, it is
likely that the LaBelle and RTL-Cr anomalous DD
domains are part of nonfunctional RTs.

In fact, the RTL-Cr is distantly related to fungal
group Il intron mt RTs, and appears to be a recently
acquired gene (Boer and Gray 1988). This could ex-
plain the presence of its Asp-Asn pair instead of the
typical DD. The Asp-Glu pair of the N. intermedia
LaBelle-1b plasmid may reflect a different phenom-
enon. Although Pande et al. (1989) had suggested
that the long ORF of 1151 amino acids encoded by
the LaBelle plasmid exhibited sequence similarity
to different RTs, recent experiments by Schulte and
Lambowitz (1991) have shown that this polypeptide
is in fact an mt DNA-dependent DNA polymerase
in which no reverse transcriptase activity could be
detected. These results have led Schulte and Lam-
bowitz (1991) to suggest that the LaBelle protein is
actually a DNA polymerase which may be derived
from an RT. This conclusion is consistent with the
LaBelle profile shown in Fig. 1.

12 13 14

Fig. 1. Smoothed hydropathy and electric
charge plots of the RT DD domains of Table 1.

The Asp-Asp domain is so short that the possi-
bility that its almost universal distribution among
RTs and other polymerases is due to convergent
evolution cannot be dismissed altogether (Lazcano
et al. 1992). However, both its presence in func-
tional polymerases and its practical significance in
the theoretical (Argos 1988) and experimental de-
termination of polymerases (Yuki et al. 1986) sug-
gest that it should not be substituted for equivalent
pairs (i.e., Asp-Glu, Asp-Asn, etc.) in the definition
of DD domains. Thus, we suggest that in spite of the
exceptions discussed here, i.e., the RTL-Cr and La-
Belle elements, Argos (1988) rule 1 should be kept
unchanged. We also propose the modification of
rules 2, 3, 5, and 6, which should now read as fol-
lows:

Rule 2. Position 7 can be occupied by Gly, Ala,
Met, Cys, Val, or Leu.

Rule 3. Position 6 can be occupied by Tyr, Ala,
Phe, Ser, Asn, Cys, Gly, Leu, Ile, or Met.

Rule 5. If only two amino acids in positions 10 to 14
are hydrophobic, then Ser must be present
in this segment.

Rule 6. Position 4 can be occupied by a charged
amino acid residue.

The results discussed in this paper suggest that a



detailed characterization of a DD domain should
take into account not only Argos’s (1988) rules with
the modifications discussed here, but also addi-
tional information like the hydrophatic profiles and
secondary structure determinations, which help us
to understand the physicochemical properties of
this motif. Further experimental studies on the
functional and/or structural role on the DD domain
of RTs could benefit from the more stringent defi-
nition of this motif provided in this paper.

Note added in proof. The recently published RT sequence
from Stigmatella aurantiaca (Hsu et al. (1992) J Bacteriol
174:2384-2387) has a DD domain whose composition is consis-
tent with the new rules suggested here.
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