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Summary &mdash; Geminiviruses constitute a unique group of plant DNA viruses which produce important diseases both in
mono- and dicotyledonous plants throughout the world. In particular, several members of the geminivirus subgroup I
infect, among others, wheat (wheat dwarf virus, WDV), maize (maize streak virus, MSV) or different species of grasses.
We are interested in identifying regions within the control region of the geminivirus genome which may act as regulato-
ry elements during viral DNA replication and/or transcription. Recently, we have studied the DNA structure of the WDV
large intergenic region by 2-dimensional polyacrylamide gel electrophoresis and by electron microscopy, and we have
characterized a previously unidentified DNA sequence which confers intrinsic DNA bending properties. Here, we
extend this study to other members of the subgroup I (SI) geminiviruses, in particular MSV. In general, DNA curvature
was conferred by the presence of A-tracts separated by an integral number of helical turns. DNA bending within the
regulatory regions of Sl geminivirus DNA appears to be a common, though not general, situation. The possible implica-
tions of DNA bending of WDV as well as other Sl geminivirus DNA as a regulatory element of viral DNA replication
and/or transcription will be discussed in relation to the known effects of DNA curvature in other prokaryotic and eukary-
otic replicons.
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Résumé &mdash; Courbure de l’ADN comme élément de régulation agissant en cis de la région intergénique des
géminivirus. Les géminivirus sont constitués d’un groupe singulier de virus de plantes à ADN, qui provoquent des
maladies importantes chez les mono- et chez les dicotylédones dans le monde entier. En particulier, plusieurs
membres du sous-groupe 1 infectent, entre autres, le blé (virus du nanisme du blé, WDV), le maïs (virus du streak du
mai’s, MSV), ou diverses espèces de poacées. Nous nous sommes intéressés à l’identification de régions incluses
dans la région de contrôle du génome des géminivirus qui pourraient agir comme éléments de régulation pendant la
réplication ebou la transcription virale. Récemment, nous avons étudié la structure de l’ADN de la grande région inter-
génique du VhDV par électrophorèse bidimensionnelle en gel de polyacrylamide, et par microscopie électronique, et
nous avons caractérisé une séquence d’ADN, non identifiée jusque là, qui confère des propriétés intrinsèques de cour-
bure de l’ADN. Dans le présent travail, nous avons étendu cette étude à d’autres membres du sous-groupe 1 (S1) des
géminivirus, en particulier au MSV. En général, la courbure de l’ADN était conférée par la présence de segments poly-
A, séparés par un nombre entier de tours d’hélice. La courbure de I ADN dans les régions de régulation des géminivi-
rus S1 semble être une situation courante, sinon générale. Les implications possibles de la courbure de l’ADN du WDV
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aussi bien que de celui d’autres géminivirus S1, comme éléments de régulation potentiels de la réplication et/ou de la
transcription de l’ADN viral, seront discutées en relation avec les effets connus de la courbure de l’ADN chez d’autres
replicons procaryotiques ou eucaryotiques.
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INTRODUCTION

Geminiviruses constitute a unique group of plant
DNA viruses which infect both mono- and

dicotyledonous plants and produce, in many

cases, significant reductions in important crops
all over the world. Several features of the molec-

ular biology of these eukaryotic DNA viruses
make them a very attractive model system to
understand how the infectious process takes

place as well as to study DNA replication in higher
plant cells. A detailed knowledge of the gemini-
virus molecular biology is necessary before we

can use this basic information for the rational

design of non-coventional strategies for virus
control and for the construction of gene expres-
sion vectors for plant cells (Stanley, 1993).

Geminiviruses are characterized by (i) their
unique twinned quasi-icosahedral particles; (ii)
their small genomes composed of 1 (monopartite)
or 2 (bipartite) circular single-stranded DNA
(ssDNA) molecules of &sim;2 600-3 000 kb; (iii) their
replication process, which occurs entirely in the
nucleus of the host cell via rolling-circle intermedi-
ates; and (iv) the small number of virally encoded
proteins, thereby both viral DNA replication and
transcription must rely largely on host proteins
(see Davies and Stanley, 1989; Lazarowitz, 1992,
for review). In all cases studied so far, transcrip-
tion of geminivirus DNA occurs bidirectionally and
is directed by 2 divergent promoters (Morris-
Krsinich et al, 1985; Townsend et al, 1985). This
genetic organization defines an intergenic region
of about 200-400 bp. In the case of monocot-

infecting geminiviruses, which belong to the sub-
group I (SI; Rybicki, 1994), this non-transcribed
region is called large intergenic region (LIR), to
distinguish it from another small intergenic region
(SIR), located 180° from the LIR and required for
accumulation of viral DNA (Kamman et al, 1991).
In addition to transcriptional control elements, the
LIR contains cis-acting elements required for viral
DNA replication (Kammann et al, 1991; Hofer et
al, 1992). Recently, the initiation site for rolling-cir-
cle DNA replication has been mapped within the
conserved nonanucleotide sequence present in
all the geminiviruses sequenced so far (Heyraud-
Nitschke et al, 1995; Stanley, 1995).

A modular organization of the intergenic region
of tomato golden mosaic virus (TGMV), a bipartite,
dicot-infecting geminivirus belonging to the sub-
group III (SIII), has been proposed and is charac-
terized by the initiation site for rolling-circle DNA
replication and by a binding site for the replication-
associated (Rep) protein (Fontes et al, 1994).
Direct evidence for the presence of a similar cis-

acting signal in monocot-infecting geminiviruses is
still lacking. However, the presence of inverted
repeats, which may be involved in the interaction

with viral (and/or cellular) proteins has recently
been noted (Argüello-Astorga et al, 1994).
To identify cis-acting signals in the LIR of gem-

inivirus DNA, we have looked for the presence of
intrinsic (also called static) DNA curvature, since
this particular DNA structure has been shown to
be necessary in a number of systems for origin
activity, eg, bacteriophage &lambda; (Zahn and Blattner,
1985) or for transcription regulation (Kerppola
and Curran, 1991; Pérez-Martín et al, 1994). In

this work, we report our results on DNA curvature
in members of the monocot-infecting Sl gemini-
viruses in comparison to other well-characterized
eukaryotic DNA replicons. The possible signifi-
cance of DNA curvature in the regulatory region
of geminivirus DNA on viral functions such as
DNA replication and/or transcription will be dis-
cussed.

MATERIALS AND METHODS

DNA manipulations

Restriction endonucleases and other enzymes for DNA

manipulations were from Boehringer Mannheim, New
England Biolabs and Promega. Unlabeled deoxy-
nucleotides were from Pharmacia. Standard DNA

manipulation techniques were applied as described in
Sambrock et al (1989).

Two-dimensional polyacrylamide
gel electrophoresis

The procedure used was essentially as described by
Mizuno (1987). DNA samples were run in the first



dimension on a 5% polyacrylamide gel in TBE buffer at
5 V/cm at 60°C. The gel was then rotated 90° relative
to the first dimension and the temperature was equili-
brated to 4°C. The second dimension was run under
the same conditions except that the temperature was
maintained at 4°C. DNA fragments were visualized by
staining the gel with 0.5 &mu;g/ml ethidium bromide.

RESULTS AND DISCUSSION

One of the simplest and most reliable methods to
determine whether a short piece of DNA contains
a static curvature is the analysis of the elec-
trophoretic behavior of restriction fragments after
2-dimensional polyacrylamide gel electrophoresis
(2D-PAGE), as described initially by Mizuno
(1987). As outlined in figure 1A, after digestion
with restriction endonucleases to produce a con-
venient set of DNA fragments, the first dimension
took place at 60°C. Under these conditions, DNA
fragments were fractionated according to their
sizes since anomalous migration due to shape
was minimized. After rotation of the gel by 90°,
the second dimension occurred at 4°C, which
served to increase the effect of shape. As a

result, non-curved DNA fragments will show the
same mobility in both dimensions and, therefore,
they will appear in the diagonal of the gel. In con-
trast, DNA fragments containing an intrinsic cur-
vature will move more slowly in the second
dimension and will thus deviate from the diago-
nal. An example of such an analysis is shown in
figure 1 B for the case of restriction fragments
derived from a wheat dwarf virus (WDV) clone.
Two fragments clearly deviate from the diagonal:
an internal marker, known to be bent (fig 1 B,
open arrowhead) and a DNA fragment containing
the entire WDV LIR (fig 1 B, closed arrowhead). A
similar analysis was carried out for a mixture of
restriction DNA fragments derived from a maize
streak virus (MSV, another member of the Sl
geminivirus family) clone (fig 1C). In this case, a

DNA fragment containing the MSV LIR (fig 1C,
closed arrowhead) also separates from the diag-
onal of non-curved DNA fragments, indicating the
presence of a static DNA curvature within it. A

more detailed analysis of DNA bending within the
WDV LIR, including the mapping of the DNA
bending center by electron microscopy and circu-
lar permutation analysis (Wu and Crothers,



1984), has recently been published (Suárez-
López et al, 1995).

Intrinic DNA bending is normally associated
with the presence of a series of tracts of 3-4 ade-
nine residues, each separated from the next by
an integral number of helical turns (reviewed in

Crothers et al, 1990). As shown in figure 2, this is
the case for the WDV LIR, where the bending lies
on a region with phased A-tracts, called A1
through A6 (Suárez-López et al, 1995). A closer
inspection of the DNA sequence revealed that
tracts A1 through A4 (fig 2, vertical black bars),
but not A5 and A6 (fig 2, vertical grey bars), coin-
cide precisely with the DNA helical repeat
(10-11 nt per turn). This spatial organization may
suggest the presence of a more complex DNA
curvature formed by 2 different bent regions: one
constituted by tracts A1 through A4, towards the
site for initiation of DNA replication, and the other
formed by tracts A5 and A6, just upstream from
the TATA box. If this is the case, the experimen-
tally determined bending center would be the
result of both bent regions, although this issue
will be addressed in the future. It is worth noting
that the presence of phased A-tracts, located
between the initiation site for rolling-circle DNA
replication and the TATA-box for late viral gene
expression, appears to be a common feature in

most members of the geminivirus SI, in which

only Chloris striate-mosaic virus (CSMV) and
Miscanthus streak virus (MiSV) seem to lack
phased A-tracts in their LIRs (Ramirez and

Gutiérrez, in preparation). Therefore, it might be
that a bent DNA region is a constitutive structural
element of the Sl geminivirus LIR, as it is the
case in well-characterized plasmids such as
pT181 (Koepsel and Kahn, 1986), pLS1 (Pérez-
Martin et al, 1988) and pC194 (Gros et al, 1987),
and animal virus and cellular replicons (Caddle et
al, 1990; Hernández et al, 1993; DePamphilis,
1993). This observation is in agreement with the
modular organization proposed for SIII gemini-
viruses (Fontes et al, 1994).

As mentioned above, the presence of a bent
DNA region between the initiation site for DNA
replication and the TATA-box may play a func-
tional role at different levels during either viral
DNA replication or transcription. First, stabiliza-
tion of a nucleoprotein complex could depend on
the presence of a bent DNA region as described
in other systems (Koepsel and Kahn, 1986;
Stenzel et al, 1987; Pérez-Martín et al, 1994). In
these cases, an increase in DNA bending fre-
quently occurs upon complex formation. Whether
this is the case at the Sl geminivirus LIR must be
determined in the future. Something that has to
be kept in mind is that association of viral pro-
tein(s) with the LIR may be mediated by cellular
proteins which can be targeted to the bent DNA
region. Analysis of this possibility will open a
completely new avenue in geminivirus molecular
biology and may contribute to the identification of
cellular proteins required for viral functions.
Second, it has been shown that the double-



stranded DNA forms of the geminivirus genome
associate with histones to form minichromo-
somes whose structure is indistinguishable from
the host cell chromatin (Abouzid et al, 1988;
Pilartz and Jeske, 1992). Therefore, the pres-
ence of a bent DNA region within the LIR could
also play its role by preventing repression by
chromatin structure of either the DNA replication
origin activity or the late gene transcription, as it

has been demonstrated to occur in polyoma virus
(Martínez-Salas et al, 1989).

In summary, the presence of a bent DNA

region seems to be a common feature of the
structural organization of the LIR within Sl
geminivirures. The assembly of a nucleoprotein
structure with the participation of the viral Rep
protein, and likely cellular trans-acting factors, at
the geminivirus LIR may contribute to one or
more stages during viral DNA replication and/or
transcription. The bent DNA region may have a
role in facilitating the formation of such complex-
es, in their stabilization or their activity, as well as
in preventing repression of viral functions by the
presence of nucleosomes in the LIR. Clearly, our
observations simply serve to pose interesting
possibilities that will have to be addressed exper-
imentally in the future and that will contribute to a
better understanding of the geminivirus molecular
biology, a step absolutely necessary before we
can take advantage of that knowledge for practi-
cal applications in infection control and expres-
sion vector design.
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