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Virus-Encoded RNA Helicases
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Modulation of RNA structure is an essential step in many
fundamental processes, including RNA synthesis, splicing, rep-
lication, and translation. Recently, an increasing number of
putative RNA helicases from different organisms ranging from
bacteria to yeast, humans, and viruses have been identified.
Based on computer-assisted sequence comparisons, these pro-
teins were grouped into a loosely defined “helicase-like” fam-
ily. Some of the better-characterized members have been
shown to possess nucleotide binding and hydrolysis activities,
the capacity to interact with nucleic acids, and for only a few
members, a nucleoside triphosphate (NTP)-dependent RNA
helicase activity. Helicases are capable of enzymatically un-
winding duplex RNA structures by disrupting the hydrogen
bonds that maintain the two strands together. This is accom-
plished in a reaction that is coupled with the hydrolysis of an
NTP, and thus all helicases described to date also have NTPase
activities. Presumably, during NTP hydrolysis the energy re-
leased is utilized in the unwinding reaction, although it is not
yet known with certainty how the two reactions are coupled.

In view of the importance of modulating RNA structures in
diverse metabolic processes, RNA helicases are probably ubig-
uitous. Furthermore, such enzymes are most likely of key im-
portance in the life cycle of viruses whose genomes are com-
posed of RNA. Paradoxically, the viral helicase-like enzymes
are among the latest newcomers in the vast family of putative
RNA helicases; the information about them is still limited. The
aim of this review is to focus on virus-encoded RNA helicases.

THREE SUPERFAMILIES OF PUTATIVE
RNA HELICASES

Computer-assisted searches for sequence similarities have
identified common amino acid motifs in proteins either dem-
onstrated or postulated to be capable of NTP binding and
hydrolysis and nucleic acid unwinding activities (12, 23). Based
on sequence comparisons, three superfamilies (SF) of heli-
cases have been defined (Table 1); these include the NTP-
binding motif-containing proteins encoded by most positive-
stranded RNA viruses (12, 14, 15). Each of these three SF
includes cellular and viral DNA and RNA helicases, but only
the viral RNA helicases will be discussed here. In SF1 are
classified the alphavirus-like (nsP2-like) proteins; SF2 includes
polypeptides similar to those encoded by the potyvirus-flavivi-
rus-pestivirus groups (NS3-like proteins) and the helicase of
vaccinia virus; SF3 includes the picornavirus-like (2C-like) pro-
teins (14, 33). Interestingly, although the genomic organization
of potyviruses is similar to that of the other members of the
picorna-like viruses, their helicase proteins are more closely
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related to the corresponding flavivirus- and pestivirus-encoded
proteins. Simian virus 40 large tumor antigen (SV40 T antigen)
is also considered to be related to SF3 proteins (15).

The functional predictions have been corroborated by bio-
chemical studies of several viral proteins classified among the
three SF. However, for certain other viruses, such studies so far
failed to confirm the postulated function.

In the alphavirus-like supergroup (members of SF1), the
nsP2 protein of Semliki Forest virus (SFV) has been reported
to possess NTPase activity (49). Similar activities have recently
been shown to be associated with the nonstructural polyprotein
of turnip yellow mosaic tymovirus (26) and of rubella virus
(18). However, RNA helicase activity has thus far not been
demonstrated for any of the NTP-binding helicase motif-con-
taining proteins of viruses belonging to SF1 (references 26 and
49 and our unpublished results). The possibility remains that
these proteins exhibit helicase activity only when complexed
with other viral and/or cellular proteins.

In the picornavirus-like supergroup (members of SF3), the
poliovirus 2C protein exhibits NTPase activity (41, 50), but a
helicase activity could not be demonstrated (50). Mutations of
the NTP-binding motif in the cowpea mosaic virus (another
member of SF3) B polyprotein rendered the virus unable to
replicate in protoplasts (46). The SV40 T antigen is the only
member of SF3 with a well-characterized DNA and RNA
helicase activity (53, 57).

Among the members of SF2 (Table 1), considerable bio-
chemical data are available to substantiate the motif-based
predictions of enzymatic activities. RNA-stimulated NTPase
activity has been demonstrated for the cylindrical inclusion
(CI) protein of plum pox potyvirus (PPV) (32) and tamarillo
mosaic potyvirus (TaMV) (5). It has also been shown for the
NS3 protein of the flaviruses West Nile virus (WNV) (64) and
yellow fever virus (63), the NS3 protein of hepatitis C virus
(HCV) (58), and the NS3 protein of bovine viral diarrhea pesti-
virus (BVDV) (59). A well-studied RNA-stimulated NTPase is
the NTP phosphohydrolase IT (NPH-II) of vaccinia virus (56).
Moreover, an RNA helicase activity has been demonstrated
for all the SF2 viruses mentioned above (5, 25, 27, 32, 62),
except for WNV.

CONSERVED MOTIFS

The clearest common denominator of the three SF is the
NTP-binding motif first characterized by Walker et al. (61).
This motif is composed of the A and B sites (Fig. 1). The A site
consists of a stretch of hydrophobic residues followed by the
conserved sequence GxxxxGKS/T, where x is any amino acid.
The B site consists of an Asp preceded by a stretch of hydro-
phobic amino acids (13). X-ray crystallography data have
shown that the A site is directly involved in binding of the B
and y phosphates of the NTP, while the B site serves to chelate
the Mg?* of the Mg-NTP complex. Mutations in either the A
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TABLE 1. Proposed SF of virus-encoded NTP-helicase motif-containing proteins®
SF1 Protein® SF2 Protein® SF3 Protein”
Positive-stranded plant RNA Alfamovirus la Bymovirus p270 Comovirus p58
viruses Bromovirus la Potyvirus CI° Nepovirus p72
Capillovirus p241 Sequivirus p336
Carlavirus p26 Waikavirus ORF 1
Closterovirus p295
Cucumovirus la
Furovirus p237
Hordeivirus p130
Idaeovirus p190
Potexvirus p180
Tobamovirus p126
Tobravirus pl34
Tymovirus p206
Positive-stranded animal Alphavirus nsP2 Flavivirus NS3¢ Aphtovirus 2C
RNA viruses Arterivirus p159 Hepatitis C virus NS3¢ Calicivirus p257
Coronavirus ORF-1b Pestivirus NS3¢ Cardiovirus 2C
Hepatitis E virus ORF-1 Enterovirus 2C
Rubivirus p220 Hepatovirus 2C
Rhinovirus 2C
Double-stranded RNA viruses HAVY ORF B
DNA plant viruses Geminivirus ALl
DNA animal viruses Herpesvirus BBLF4, gp55, Herpesvirus gp51, UL9C Papovavirus T antigen,” E1
UL5¢
Poxvirus NPH-I, II¢ Parvovirus NS1¢

“ The classification is an updated version of the previously published versions (14, 15, 30). The nomenclature of the virus groups was established by Fauquet and
Martelli (6). For viruses encoding a second helicase-like domain in the TGB, only the helicase within the replicative protein is represented. Adenoviruses, reoviruses,
and coconut foliar decay virus are not included since they do not contain a complete set of helicase motifs.

> The virus protein containing the NTP-helicase motif exemplified by the protein of the type-member virus whenever available.

¢ Established helicase activity.
4 HAV, hypovirulence-associated virus of chestnut blight fungus.

or B site dramatically affected the ATPase and helicase activ-
ities of vaccinia virus NPH-II (19) and the best-characterized
RNA helicase, the eukaryotic translation initiation factor
elF-4A (45). It should be recalled that the presence of the
NTP-binding motif is shared by all helicases and also by a wide
variety of other NTP-utilizing enzymes (12, 61), and thus ad-
ditional motifs are necessary to compose the helicase signature.
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FIG. 1. Diagram representing the conserved motifs of the three SF of heli-
cases. The sizes of the conserved motifs and the distances between them are
drawn to scale based on the average number of aligned amino acids (aa) (30).
Motifs I (A) and II (B) together comprise the purine NTP-binding motif.

Altogether SF1 and SF2 share seven conserved segments
(Fig. 1; Table 2) designated I (or A site), Ia, and II (or B site)
through VI, arranged in a colinear fashion. Segments Ia, III,
and IV are the least conserved; no potential function has yet
been assigned to them. Segment VI, together with segments I,
II, and V, is the best conserved. Based on the abundance of
basic residues, notably Arg, motif VI has been proposed to
bind nucleic acids. In the case of PPV, Fernandez et al. (7)
have shown that this region is indeed necessary and sufficient
to confer RNA-binding capacity to the CI protein. Mutations
in the corresponding region of eIF-4A abolished binding to
RNA and reduced the ATPase activity to low levels. The he-
licase activity of these mutants was severely impaired, suggest-
ing coupling of ATP hydrolysis and RNA unwinding (44).
Individual mutations in motif VI in the NPH-II of vaccinia
virus caused severe defects in ATP hydrolysis and RNA un-
winding but did not affect RNA binding (19). Thus, it seems
the contribution of the conserved helicase motifs to overall
protein function is context dependent. These results are con-
sistent with the implication of motif VI in the ATPase activity
rather than only in interaction with nucleic acids.

SF3 proteins contain only three conserved segments (15),
including in each case the A and B sites and a third consensus
sequence designated C (Fig. 1).

HELICASE ASSAY

The accepted assay for helicase activity includes an RNA
substrate that is susceptible to unwinding, consisting of two
annealed complementary RNA strands, of which one is radio-
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labeled. This substrate is incubated with a (putative) helicase in
the presence of an NTP and a divalent cation (usually Mg>*),
and the products of the unwinding reaction are resolved on a
sodium dodecyl sulfate-polyacrylamide gel. Since single-
stranded RNA migrates more rapidly in the gel than does the
unwound duplex, the displaced strand is directly observed. The
longer of the two strands is usually referred to as the template
strand, the shorter strand is referred to as the released (or
displaced) strand. One of the strands (usually the template
strand) may be circular. The substrate can be altered in differ-
ent ways: the length can be changed, nonhomologous tails can
be added, or a second strand to be displaced can be added to
the first one. In the latter situation, the strands can be com-
posed of RNA, DNA, or of a DNA/RNA hybrid.

CHARACTERISTICS OF VIRAL RNA HELICASES

Nucleic acid-stimulated NTPase activity. All established vi-
ral helicases exhibit NTPase activity. This activity is dependent
on the presence of an NTP and of a divalent cation, commonly
Mg?*. The products of NTP hydrolysis for all helicases studied
are NDP and Pi, and hydrolysis is a sine qua non condition for
the unwinding activity, since substitution of ATP by diverse
nonhydrolyzable ATP analogs cannot support strand displace-
ment (32, 56, 62).

In general the NTPase activity of helicases is stimulated by
the presence of single-stranded nucleic acids. This may be
expected of an enzyme that remains bound to one RNA strand
by the energy generated by ATP hydrolysis to separate hydro-
gen-bonded base pairs of a duplex structure. Furthermore, the
NTPase activity of each kind of helicase (i.e., DNA or RNA
helicase) is preferentially stimulated by the type of nucleic acid
to which it is functionally related.

The bound nucleic acid could induce a protein conformation
characterized by an improved fit of the active center of the
NTPase domain for the NTP, leading to more efficient binding
and hydrolysis of the nucleotide. Interestingly, NTPase activity
is apparently not stimulated at high (100 to 200 mM) salt
concentrations (5, 31, 32, 58, 59, 63). This may be due to the
fact that in conditions of high ionic strength the nucleic acid
cannot remain bound to the enzyme; alternatively, the nucleic
acid remains bound to the enzyme, but the enzyme adopts a
conformation that is no longer suitable for unwinding, as sug-
gested for the helicase of SV40, the T antigen (53).

The level of nucleic acid stimulation of the ATPase activity
varies among the members of the three SF of viral helicases.
The highest stimulatory effect (3- to 15-fold) has been de-
scribed for the enzymes belonging to SF2 (5, 32, 58, 59, 63, 64)
whose helicase activity was firmly established. In contrast, for
the ATPases of SFV, rubella virus, turnip yellow mosaic virus
(members of SF1), and poliovirus (member of SF3), only a
twofold stimulation was observed (18, 26, 49, 50) and no heli-
case activity has been demonstrated for these enzymes thus far.
Could this difference in stimulatory effect merely reflect an SF
feature or could it be related to the absence of a helicase
activity?

Polarity. The polarity of unwinding can be determined by
using an RNA substrate consisting of a linear single-stranded
template RNA with duplex regions near both ends. As op-
posed to DNA helicases which function either in a 5’ to 3’ or
a 3’ to 5’ direction (reviewed in reference 38), the viral RNA
helicases described to date (5, 32, 53, 56, 62) drive unidirec-
tional 3’ to 5" unwinding of the RNA duplex region. (By con-
vention the polarity of an unwinding reaction is defined with
respect to the strand of nucleic acid to which the helicase is
bound.) However, the possibility remains that other putative
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RNA helicases could display a 5’ to 3’ direction of unwinding.
Nevertheless, unidirectionality could constitute an intrinsic
characteristic of RNA helicases of cellular as well as of viral
origin. An interesting exception is eIF-4A, which operates in
both directions (52). However, given that unwinding in both
directions triggered by eIF-4A absolutely requires the presence
of elF-4B, bidirectionality does not seem to be an intrinsic
property of eIF-4A or in general of RNA helicases.

Substrate requirements. The nature of the substrate appears
important for the unwinding reaction. Binding of the RNA
helicase to a region of unpaired nucleic acid is probably a
prerequisite to initiate unwinding (8). Completely duplex re-
gions are not unwound. Viral RNA helicases require a 3’
single-stranded region to which they first bind and then, either
by a processive translocation or a cooperative binding mecha-
nism, progress toward the duplex region of the substrate to
accomplish strand displacement. In the case of the BVDV NS3
helicase (62) it has been elegantly shown that this anchoring
role may be played either by a free 3’ terminus on the template
strand or by an internal unpaired segment on the template
RNA located closer to the 5" end of the template strand.

Template specificity. To date, there have been no reports of
specific RNA sequence requirements for viral RNA helicase
activity in vitro. The viral RNA helicases characterized so far
hydrolyze ATP in the presence of a variety of RNAs, including
synthetic homopolymers, and, curiously, also in the presence of
single-stranded DNA. Moreover, all these enzymes can bind
single-stranded RNA and single-stranded DNA, albeit with
different affinities. This low specificity distinguishes them from
cellular RNA helicases, such as human p68 (22) or eIF-4A
(17), whose ATPase activity is not stimulated by poly(dA) and
for which no binding of single-stranded DNA is observed.
However, even though the viral enzymes can be promiscuously
stimulated and can bind to a range of nucleic acids, they cannot
unwind DNA duplexes. Particular exceptions are provided by
the SV40 T antigen and the vaccinia virus NPH-II that may act
as DNA or RNA helicases depending on the context (1, 53—
56).

Monomeric or oligomeric nature of helicases. Most mecha-
nisms proposed for the helicase action anticipate that a func-
tional helicase requires two features: an ATP-driven confor-
mational rearrangement of the protein that can generate
energy and a minimum of two nucleic acid-binding sites be-
tween which this energy can be exerted to promote unwinding
(reviewed in reference 35). Although multiple binding sites
might exist within a single polypeptide, oligomerization prob-
ably provides a simple mechanism by which helicases acquire
multiple nucleic acid-binding sites. This requirement seems
indispensable for the unwinding reaction, since it enables a
helicase to bind either single-stranded and duplex regions of a
polynucleotide simultaneously or two complementary single
strands of an unwinding fork. Indeed, the majority of DNA
helicases for which the state of protein assembly has been
examined appear to form oligomeric structures (36). Such a
propensity toward a multimeric state may be a general char-
acteristic of RNA helicases as well. A striking illustration is
elF-4A, which functions as an RNA helicase only when dimer-
ized with eIF-4B. On its own, eIF-4A possesses a single RNA-
binding domain and there is ample evidence that eIF-4B serves
to stabilize the eIF-4A/mRNA complex by donating its two
RNA-binding domains (39, 40, 44, 52). Thus, the helicase must
be supplied with additional RNA-binding domains either by
accessory proteins, as in the case of eIF-4B, or by assembling
identical subunits, as in the case of the SV40 T antigen. The
SV40 T antigen helicase forms a double hexamer when bound
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to the origin of replication in the presence of ATP, and it forms
a tetramer in the absence of ATP (37).

The CI RNA helicase of PPV has only one RNA-binding
domain situated in the C-terminal part of the protein (7). In
agreement with the model presented above, this protein puri-
fies as a large complex (32), possibly as a multimer. On the
other hand, two human nuclear RNA helicases, p68 and RNA
helicase A, and the vaccinia virus NPH-II RNA helicase were
reported to be active in a monomeric form in vitro (22, 34, 56).
Since no experimental evidence is yet available concerning the
number of RNA-binding domains of these three helicases, two
hypotheses can be presented. The aforementioned proteins
could possess more than one RNA-binding domain, implying
that they are self-sufficient in acting as helicases in a mono-
meric form. Computer searches for profiles of RNA-binding
domains have indeed highlighted two copies of such domains
in each of the three helicases (9). Alternatively, enzymes that
are monomeric in solution under some conditions could as-
semble to active oligomeric forms upon binding RNA or a
nucleotide cofactor. Studies of DNA helicases strongly suggest
that DNA and/or ATP are allosteric effectors of DNA heli-
cases (35).

ESTABLISHED RNA HELICASE ACTIVITY OF
DNA VIRUSES

Vaccinia virus NPH-II RNA helicase. Vaccinia virus, a large
double-stranded DNA virus, encodes an essential RNA heli-
case with an as-yet-uncertain physiological role. The enzyme
was purified from virions (56) and from cultured mammalian
cells coinfected with two recombinant vaccinia viruses: one
carrying a His-tagged copy of the NPH-II under the control of
T7 promoter and the second expressing the T7 RNA polymer-
ase (19). The biochemical properties of the recombinant pro-
tein were identical to those of the RNA helicase purified from
virions. NTP hydrolysis was indispensable for strand displace-
ment and neither adenosine 5'-[B,y-methylene]triphosphate
nor adenosine 5'-[B,y-imido]triphosphate could substitute for
ATP (56). The helicase activity also depended on the presence
of a divalent cation: Mg>*, Co*>*, and Mn*" were effective
cofactors (51). The enzyme displayed a low basal level (6 to
10%) of NTP hydrolysis in the absence of either single-
stranded DNA or RNA. Recently, it was reported that NPH-II
can also unwind DNA/DNA substrates, although less effi-
ciently than RNA/RNA substrates (1); this however remains
controversial (21), and differences in the structure of the DNA/
DNA substrates used could account for this discrepancy (1).
The polarity of RNA or DNA unwinding was exclusively 3’
to 5'.

The contributions of the different conserved motifs to en-
zyme activity were assessed by targeted mutagenesis of the
recombinant (19) or native protein (20). The Lys-to-Ala mu-
tant (replacement in the A site) and Asp-to-Ala or Glu-to-Ala
mutants (in the B site) bound RNA as well as the wild-type
protein but were severely defective in NTPase and helicase
functions. Interestingly, the His-to-Ala mutant (in the B site)
was active in RNA binding and NTP hydrolysis but was defec-
tive in duplex unwinding, suggesting that His in the B site is
required to couple the NTPase and helicase activities. Individ-
ual point mutations in the conserved residues of motif VI had
a significant negative impact on the NTPase activity per se that
was correlated with defective helicase activity, but apparently
RNA binding remained unaffected (20).

SV40 RNA helicase. The SV40 T antigen is a multifunctional
protein with well-studied NTPase, nucleic acid binding, and
both DNA and RNA helicase activities. It is required for rep-
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lication of the SV40 genome and for regulation of viral and
cellular genes (60).

The DNA helicase activity of the T antigen has been well
characterized and convincingly related to its role in viral DNA
replication. However this activity lies beyond the scope of the
present review and will not be described here. The significance
of its RNA helicase activity is as yet unclear; nevertheless,
certain characteristics of this activity are reviewed here.

The large T antigen was purified from HeLa cells infected
with a hybrid adeno-SV40 virus (57), and the properties of its
DNA and RNA helicase activities were studied in vitro. Sur-
prisingly, a major difference was noted while characterizing
these two nucleic acid unwinding activities: even though the T
antigen preferentially required ATP (or dATP) as the energy
source for DNA unwinding, its RNA helicase was virtually
nonfunctional in the presence of ATP. Conversely, either UTP,
CTP, or GTP (as well as their deoxyribonucleotide counter-
parts) served as an efficient energy source in supporting RNA
unwinding (53). Interestingly, using three different types of
substrates, DNA/DNA, DNA/RNA, and RNA/RNA, it was
shown that the nature of the single-stranded nucleic acid to
which the T antigen helicase bound during initial complex
formation determined whether ATP or non-ATP nucleotides
could be used to fuel the unwinding reaction (53, 54). Sub-
strates with overhanging 3’ single-stranded DNA required
ATP as the energy source, regardless of whether the duplex
region consisted of a DNA/DNA or DNA/RNA hybrid. Simi-
larly, double-stranded regions in substrates with overhanging
3’ RNA tails were unwound in the presence of a non-ATP
nucleotide. When tested in the absence of DNA or RNA, T
antigen possessed a low basal level of ATPase or UTPase
activity. However, single-stranded DNA stimulated hydrolysis
of ATP severalfold, whereas single-stranded RNA strongly
stimulated hydrolysis of non-ATP nucleotides (53).

As an interpretation of these results, Scheffner et al. (54)
proposed a model which includes the following features. (i)
When single-stranded DNA is bound to the T antigen, it could
induce a protein conformation that is characterized by an im-
proved fit of ATP relative to the active center of the helicase
and bound ATP would be efficiently hydrolyzed. (ii) The con-
formational change in the protein caused by bound RNA could
be subtly different, leading to improved binding and more
efficient hydrolysis of UTP (or CTP or GTP). (iii) Finally, the
finding that the anti-T monoclonal antibody Pab 204 inhibits
both the DNA and RNA helicase reactions may indicate that
the active center could be the same or overlap for both activ-
ities.

The RNA helicase activity required a 3’ single-stranded
RNA extension to initiate unwinding in a 3’ to 5’ direction, just
as in DNA unwinding (65). The T antigen seemed to be more
efficient as a DNA helicase in terms of maximal substrate
length capacity: although able to unwind duplex DNA of many
thousand base pairs, it could unwind only short regions (<60
bp) of duplex RNA (53).

ESTABLISHED RNA HELICASE ACTIVITY OF
RNA VIRUSES

All positive-stranded RNA virus-encoded helicases studied
to date, i.e., PPV CI (32), TaMV CI (5), HCV NS3 (58), and
BVDV NS3 (reference 62 and references therein), possess
high levels of NTPase activity in the absence of nucleic acid; in
this respect they differ from most cellular or DNA virus RNA
helicases. Indeed, elF-4A has almost no detectable ATPase
activity in the absence of RNA (45); the same is true of human
p68 (22), SV40 T antigen, and vaccinia virus NPH-II helicase.
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High basal NTPase activity could be an intrinsic characteristic
of the helicases of positive-stranded RNA viruses.

PPV RNA helicase. The CI protein of potyviruses is the first
positive-stranded RNA virus-encoded protein for which exper-
imental evidence of RNA helicase activity was reported (32).
The protein was purified from infected tobacco leaves (31, 32)
and later expressed and purified as a fusion protein from bac-
teria (7). The native enzyme and the recombinant form exhib-
ited indistinguishable biochemical properties.

The NTPase activity of the CI protein was stimulated by
several types of nucleic acids with a preference for single-
stranded RNA (31, 32). The helicase activity was absolutely
dependent on the presence of NTP and Mg?*. NTP hydrolysis
was indispensable for strand displacement since adenosine
5'-[B,y-methylene]triphosphate or adenosine 5'-[B,y-imido]-
triphosphate failed to support unwinding. The enzymatically
separated RNA strands could be reannealed to reconstitute
the initial substrate, indicating that RNA was not chemically
modified during unwinding.

The CI protein was shown to efficiently bind poly(A) as well
as poly(dA), even though the former was bound with higher
affinity. In spite of this indiscriminate binding, the enzyme
failed to unwind a partial DNA duplex in any of the conditions
tested, suggesting that the helicase activity is specific for RNA
substrates.

Substrate requirements of the CI protein were investigated
using three types of RNA substrates: with a 3’, a 5', or 3’
and 5’ overhangs. Only in the case of the substrates with a 5’
overhang was unwinding abolished. Thus, as for other RNA
helicases the polarity of unwinding by the PPV helicase is 3" to 5'.

The CI protein of another potyvirus, TaMV, purified from
infected tobacco leaves (5), was shown to be an RNA helicase
and to possess essentially the same characteristics as the PPV
helicase.

BVDV NS3 helicase. The NS3 protein of BVDV was purified
from baculovirus-infected insect cells (59). The recombinant
protein possessed RNA-stimulated NTPase activity (59) and
also RNA helicase activity (62). The RNA unwinding activity
showed a preference for ATP and Mn?™. Substitution of ATP
by ATP~S eliminated strand displacement.

Although the NS3 protein bound single-stranded RNA and
single-stranded DNA and was able to displace a DNA oligo-
nucleotide from an RNA template, it could not unwind sub-
strates in which the template strand consisted of DNA (62).
This substrate specificity may indicate that the enzyme binds
RNA with greater stability or that the conformation adopted
when the RNA is bound is more favorable to ATP binding and
hydrolysis.

The substrate requirements of the enzyme were evaluated
using three different RNA substrates (62), duplex substrates
possessing 3’ tails, 5’ tails, or no tail. The enzyme did not act
on the two latter substrates, suggesting that the polarity of
unwinding was 3’ to 5’ with respect to the template strand.

HCV NS3 helicase. The C-terminal region of the NS3 pro-
tein containing the NTPase-helicase domain was purified as a
recombinant protein from Escherichia coli; it exhibited RNA-
stimulated NTPase activity (25, 27, 58) and RNA helicase
activity in the presence of ATP and of a divalent cation, either
Mn?* or Mg®" (25, 27). The characteristics of this RNA heli-
case remain to be investigated.

DO VIRUSES NEED A HELICASE?

Helicases are a well-established class of enzymes that un-
wind double-stranded DNA, DNA/RNA hydrids, or double-
stranded RNA structures during replication/transcription of
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cellular and viral genomes. This activity might be involved in
the replication of every virus, irrespective of the nature of its
genome, since (partly) double-stranded polynucleotides have
been shown to be present in the replicative cycle of all studied
viruses. However, sequence analyses revealed a nonrandom
distribution of (putative) helicases by different groups of vi-
ruses (12).

For viruses whose genome is composed of double-stranded
DNA or RNA, the need of a helicase activity to disrupt the
otherwise stable duplex template during replication and/or
transcription elongation is easily conceivable. Indeed, the pres-
ence of a (putative) helicase is typical of all double-stranded
DNA viruses for which the complete nucleotide sequence has
been reported (12, 13). Although the sampling of sequenced
double-stranded RNA viruses is as yet too small to draw rel-
evant conclusions, viruses of this group with large genomes
appear to contain helicase motifs. This is the case for the
reoviruses (4, 43) and for the hypovirulence-associated virus of
chestnut blight fungus (29, 55), as opposed to that for birna-
viruses (12) whose small genomes contain no helicase motifs.
Thus, a curious correlation seems to exist between genome size
and the presence of putative helicases (12, 30).

The situation is somewhat different in the case of single-
stranded viruses, in the sense that their genomes can be par-
tially in duplex form. Moreover, during the replication of pos-
itive-stranded RNA viruses, the replication machinery must
function in such a way that the templates are repeatedly avail-
able for a new round of replication. Thus, one hypothesis is
that the replication machinery might require an RNA unwind-
ing activity both to resolve intramolecular base pairing in the
template RNA and to prevent the formation of extensive base
pairing between template RNA and the nascent complemen-
tary strand.

About 80% of all positive-stranded RNA viruses whose ge-
nome has been sequenced encode at least one potential heli-
case. Only viruses with a relatively small genome (<5.8 kb) do
not appear to encode a helicase (14, 28). It could be that RNA
unwinding is not needed for replication of viruses with a small
genome. There is an interesting exception to this observation:
the human astrovirus (24) whose genome is ~7.2 kb does not
seem to encode a helicase.

Due to the paucity of current information concerning viral
helicases, any attempt to assign a definite function to these
enzymes in the life cycle of the virus remains, unfortunately,
purely speculative. In spite of this hindrance three additional
general hypotheses can be proposed. First, helicases might be
responsible for the fidelity of replication, by involving a proof-
reading energy-dependent mechanism and thus reducing the
error rate of the polymerase (28). This hypothesis might help
to rationalize why viruses with relatively large genomes need a
helicase to replicate efficiently. According to the second hy-
pothesis, a helicase activity might be required for initiation of
(early) transcription to strand separate double-stranded struc-
tures and/or during transcription elongation to prevent R-loop
formation behind the elongating RNA polymerase, as has been
suggested for the vaccinia virus helicase (21). A third hypo-
thetical role for a virus-encoded helicase might be during ini-
tiation of translation. This model is inspired by the behavior of
elF-4A. In combination with eIF-4B, eIF-4A is believed to disrupt
secondary structures in mRNA upstream of the initiation codon,
thereby facilitating attachment of the 40S ribosome (52).

CONCLUSIONS

RNA helicases constitute an expanding group of proteins, as
the signature motifs are observed in newly cloned genes from
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a wide spectrum of organisms. Based solely on sequence sim-
ilarities and in the absence of supporting biochemical data,
such gene products are typically designated putative helicases.
Many of them probably have a helicase activity that depends
on ATP hydrolysis and perform these reactions by very similar
mechanisms. In the cases for which no helicase activity has
been detected, one cannot rule out the possibility that the assay
conditions employed to measure activity in vitro were inade-
quate. Yet in other cases, the enzyme may not be a helicase but
may couple the energy generated from NTP hydrolysis to other
processes, such as RNA encapsidation (41), cell-to-cell move-
ment of the virus (51), or vesicular trafficking of replication
complexes (50).

A group of positive-stranded RNA viruses of plants com-
prising the potex-, carla-, hordei-, and furoviruses, that contain
a homologous triad of genes designated triple gene block
(TGB) (42) constitute a remarkable example. The genome of
these viruses possesses two copies of the helicase domain, one
embedded in the replicative protein, presumably involved in
RNA replication, and one mapping to the first protein of the
TGB. This second helicase-like protein is required for move-
ment of the virus in the infected plant but not for viral repli-
cation (2, 10, 47). Since viral movement is an active process, it
is conceivable that it may involve an energy-dependent step.
Indeed, for the TGB helicase-like protein of foxtail mosaic
potexvirus, ATPase- and RNA-binding activities have been
demonstrated (51). Both activities may be necessary to tag
and/or sequester viral RNA molecules for their subsequent
transport to neighboring cells.

The great diversity of functions achieved by variations of a
common structural theme could be explained by the fact that
helicase-like proteins differ in size and that in some of them
additional N- and C-terminal sequences may determine the
specificity of action of each protein. Such additional sequences
would include membrane-targeting signals, as in the case of the
poliovirus 2C protein (50) or the nuclear localization signals of
the SFV nsP2 protein (48), or regions required to interact with
accessory proteins with modulating roles.

From an evolutionary point of view, it has been proposed
that the helicases of all three SF might comprise a relatively
compact domain within the large class of proteins containing
the NTP-binding motif and that the main branching point
within this domain could have occurred before the eubacterial/
eukaryotic divergence. This hypothesis is based on the fact that
signatures of the three SF are encountered in prokaryotic and
eukaryotic helicases, indicating that their common ancestor
probably existed at a very early stage of evolution (11, 30).

Helicases have been extensively studied, especially DNA
helicases that were discovered some 20 years ago. However, a
number of important aspects of these enzymes remain unre-
solved. For example, the molecular mechanism of unwinding is
still unknown for any helicase. In general, the proposed mech-
anism can be either passive or active (reviewed in references 35
and 36). In active models the protein plays a direct role in
breaking the hydrogen bonds between base pairs, whereas in
passive models the protein merely stabilizes the unwound state
by binding to single-stranded regions of the polynucleotide.
Another puzzling problem is that of energy transduction, i.e.,
the coupling of ATP binding and hydrolysis to polynucleotide
unwinding. Identification of the intermediate helicase-nucleic
acid complex would help to decipher the allosteric nature of
this class of enzymes, the modulation of the relative affinities
for DNA versus RNA as can be observed in the case of the
versatile helicases of SV40 and of vaccinia virus, the interac-
tions with their respective ligands, and how all these interac-
tions are almost certainly modulated by the assembly state of
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the helicase itself. In addition, further understanding of these
and other aspects would require high-resolution structural in-
formation. To date no crystallographic data are available for
any helicase. Hence, such studies would be useful in under-
standing the contribution of each conserved motif in the mul-
tiple biochemical activities displayed by a helicase or the role
of additional domains flanking the core helicase domain.

Neither the retroviruses, the negative-stranded RNA vi-
ruses, nor certain single-stranded DNA viruses appear to en-
code a putative helicase. Because the reverse transcriptase-
associated RNase H activity degrades the RNA strand of
RNA/DNA hydrids (16) (reviewed in reference 3) and because
a cellular helicase is probably responsible for the unwinding of
RNA produced from the integrated proviral DNA, retrovi-
ruses would not require a helicase for their replication. As for
the others, the tantalizing question remains as to whether they
indeed do not require helicase action or whether they recruit
cellular helicases for unwinding. The hypothesis that they may
encode a noncanonical and still unidentified helicase cannot be
excluded. Alternatively, these viruses might have resolved the
problem of replication by a completely original and yet un-
known mechanism without the assistance of helicases.

It will be important to identify the RNA species that in vivo
are substrates for the virus-encoded RNA helicases. Among
the helicases of this group which to date have been studied
biochemically, none appears to require specific sequences. Pre-
sumably, such specificity exists in vivo and may result from a
combination of sequence and secondary/tertiary structure of
the RNA substrate. In this respect, these proteins and their
corresponding substrates offer an exciting potential for drug
development and for designing strategies for interfering with
the viral infection cycle, since many of these proteins have
already been shown to be important for the viability of the
infectious agents.
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ADDENDUM IN PROOF

The crystal structure of the Bacillus stearothermophilus DNA
helicase has recently been reported (H. S. Subramanya, L. E.
Bird, J. A. Brannigan, and D. B. Wigley, Nature 384:379-383,
1996).

REFERENCES

1. Bayliss, C. D., and G. L. Smith. 1996. Vaccinia virion protein I8R has both
DNA and RNA helicase activities: implications for vaccinia virus transcrip-
tion. J. Virol. 70:794-800.

2. Beck, D. L., P. J. Guilford, D. M. Voot, M. T. Andersen, and R. L. S. Forster.
1991. Triple gene block proteins of white clover mosaic potexvirus are re-
quired for transport. Virology 183:695-702.

3. Champoux, J. J. 1993. Roles of ribonuclease H in reverse transcription, p.
103-107. Cold Spring Harbor Laboratory Press, Cold Spring Harbor, N.Y.

4. Dzianott, A. M., and J. J. Bujarski. 1991. The nucleotide sequence and
genome organization of the RNA-1 segment in two bromoviruses: broad
bean mottle virus and cowpea chlorotic mottle virus. Virology 185:553-562.

5. Eagles, R. M., E. Balmori-Melian, D. L. Beck, R. C. Gardner, and R. L. S.
Forster. 1994. Characterization of NTPase, RNA-binding and RNA-helicase
activities of the cytoplasmic inclusion protein of tamarillo mosaic potyvirus.
Eur. J. Biochem. 224:677-684.

6. Fauquet, C. M., and G. P. Martelli. 1995. Updated ICTV list of names and
abbreviations of viruses, viroids and satellites infecting plants. Arch. Virol.
140:393-413.

7. Fernandez, A., S. Lain, and J. A. Garcia. 1995. RNA helicase activity of the
plum pox potyvirus CI protein expressed in Escherichia coli. Mapping of an

10.

11.

12.

13.

14.

15.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31

32.

33.

34.

35.

MINIREVIEW 2589

RNA binding domain. Nucleic Acids Res. 23:1327-1332.

. Geider, K., and H. Hoffmann-Berling. 1981. Proteins controlling the helical

structure of DNA. Annu. Rev. Biochem. 50:233-260.

. Gibson, T. J., and J. D. Thompson. 1994. Detection of dsRNA-binding

domains in RNA helicase A and Drosophila maleless: implications for mo-
nomeric RNA helicases. Nucleic Acids Res. 22:2552-2556.

Gilmer, D., S. Bouzoubaa, A. Hehn, H. Guilley, K. Richards, and G. Jonard.
1992. Efficient cell-to-cell movement of beet necrotic yellow vein virus re-
quires 3" proximal genes located on RNA 2. Virology 189:40-47.
Gorbalenya, A. E. 1992. Host-related sequences in RNA viral genomes.
Semin. Virol. 3:359-371.

Gorbalenya, A. E., and E. V. Koonin. 1989. Viral proteins containing the
purine NTP-binding sequence pattern. Nucleic Acids Res. 17:8413-8440.
Gorbalenya, A. E., and E. V. Koonin. 1993. Helicases: amino acid sequence
comparisons and structure-function relationships. Curr. Opin. Struct. Biol.
3:419-429.

Gorbalenya, A. E., E. V. Koonin, A. P. Donchenko, and V. M. Blinov. 1989.
Two related superfamilies of putative helicases involved in replication, re-
combination, repair and expression of DNA and RNA genomes. Nucleic
Acids Res. 17:4713-4730.

Gorbalenya, A. E., E. V. Koonin, and Y. I. Wolf. 1990. A new superfamily of
putative NTP-binding domains encoded by genomes of small DNA and
RNA viruses. FEBS Lett. 262:145-148.

. Gotte, M., S. Fackler, T. Hermann, E. Perola, L. Cellai, H. J. Gross, S. F. J.

Le Grice, and H. Heumann. 1995. HIV-1 reverse transcriptase-associated
RNase H cleaves RNA/RNA in arrested complexes: implications for the
mechanism by which RNase H discriminates between RNA/RNA and RNA/
DNA. EMBO J. 14:833-841.

. Grifo, J. A., R. D. Abramson, C. A. Satler, and W. C. Merrick. 1984. RNA-

stimulated ATPase activity of eukaryotic initiation factors. J. Biol. Chem.
259:8648-8654.

Gros, C., and G. Wengler. 1996. Identification of an RNA-stimulated
NTPase activity in the predicted helicase sequence of the rubella virus
nonstructural polyprotein. Virology 217:367-372.

Gross, C. H.,, and S. Shuman. 1995. Mutational analysis of vaccinia virus
nucleoside triphosphate phosphohydrolase II, a DExH box RNA helicase.
J. Virol. 69:4727-4736.

Gross, C. H., and S. Shuman. 1996. The QRXxGRxGRxxxG motif of the
vaccinia virus DExH box RNA helicase NPH-II is required for ATP hydro-
lysis and RNA unwinding but not for RNA binding. J. Virol. 70:1706-1713.
Gross, C. H., and S. Shuman. 1996. Vaccinia virus RNA helicase: nucleic
acid specificity in duplex unwinding. J. Virol. 70:2615-2619.

Hirling, H., M. Scheffner, T. Restle, and H. Stahl. 1989. RNA helicase
activity associated with the human p68 protein. Nature 339:562-564.
Hodgman, T. C. 1988. A new superfamily of replicative proteins. Nature
(London) 333:22-23.

Jiang, B., S. S. Monroe, E. V. Koonin, S. E. Stine, and R. I. Glass. 1993. RNA
sequence of astrovirus: distinctive genomic organization and a putative ret-
rovirus-like ribosomal frameshifting signal that directs the viral replicase
synthesis. Proc. Natl. Acad. Sci. USA 90:10539-10543.

Jin, L., and D. L. Peterson. 1995. Expression, isolation, and characterization
of the hepatitis C virus ATPase/RNA helicase. Arch. Biochem. Biophys.
323:47-53.

Kadaré, G., C. David, and A.-L. Haenni. 1996. ATPase, GTPase, and RNA
binding activities associated with the 206-kilodalton protein of turnip yellow
mosaic virus. J. Virol. 70:8169-8174.

Kim, D. W,, Y. Gwack, J. H. Han, and J. Choe. 1995. C-terminal domain of
the hepatitis C virus NS3 protein contains an RNA helicase activity. Bio-
chem. Biophys. Res. Comm. 215:160-166.

Koonin, E. V. 1991. Similarities in RNA helicases. Nature 352:290.
Koonin, E. V., G. H. Choi, D. L. Nuss, R. Shapira, and J. C. Carrington.
1991. Evidence for common ancestry of a chestnut blight hypovirulence-
associated double-stranded RNA and a group of positive-strand RNA plant
viruses. Proc. Natl. Acad. Sci. USA 88:10647-10651.

Koonin, E. V., and V. V. Dolja. 1993. Evolution and taxonomy of positive-
strand RNA viruses: implications of comparative analysis of amino acid
sequences. Crit. Rev. Biochem. Mol. Biol. 28:375-430.

Lain, S., M. T. Martin, J. L. Riechmann, and J. A. Garcia. 1991. Novel
catalytic activity associated with positive-strand RNA virus infection: nucleic
acid-stimulated ATPase activity of the plum pox potyvirus helicaselike pro-
tein. J. Virol. 65:1-6.

Lain, S., J. L. Riechmann, and J. A. Garcia. 1991. RNA helicase: a novel
activity associated with a protein encoded by a positive strand RNA virus.
Nucleic Acids Res. 18:7003-7006.

Lain, S., J. L. Riechmann, M. T. Martin, and J. A. Garcia. 1989. Homolo-
gous potyvirus and flavivirus proteins belonging to a superfamily of helicase-
like proteins. Gene 82:357-362.

Lee, C.-G., and J. Hurwitz. 1992. A new RNA helicase isolated from HeLa
cells that catalytically translocates in the 3’ to the 5’ direction. J. Biol. Chem.
267:4398-4407.

Lohman, T. M. 1992. Escherichia coli DNA helicases: mechanism of DNA
unwinding. Mol. Microbiol. 6:5-14.



2590

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51

MINIREVIEW

Lohman, T. M. 1993. Helicase-catalyzed DNA unwinding. J. Biol. Chem.
268:2269-2272.

Mastrangelo, 1. A., P. V. C. Hough, J. S. Wall, M. Dodson, F. Dean, and J.
Hurwitz. 1989. ATP-dependent assembly of double hexamers of SV40 T
antigen at the viral origin of DNA replication. Nature 338:658-662.
Matson, S. W., and K. A. Kaiser-Rogers. 1990. DNA helicases. Annu. Rev.
Biochem. 59:289-329.

Méthot, N., A. Pause, J. W. B. Hershey, and N. Sonenberg. 1994. The
translation initiation factor eIF-4B contains an RNA-binding region that is
distinct and independent from its ribonucleoprotein consensus sequence.
Mol. Cell. Biol. 14:2307-2316.

Milburn, S. C., J. W. B. Hershey, M. V. Davies, K. Kelleher, and R. Kauf-
man. 1990. Cloning and expression of eukaryotic initiation factor 4B cDNA:
sequence determination identifies a common RNA recognition motif.
EMBO 1J. 9:2783-2790.

Mirzayan, C., and E. Wimmer. 1994. Biochemical studies on poliovirus
polypeptide 2C: evidence for ATPase activity. Virology 199:176-187.
Morozov, S. Y., V. V. Dolja, and J. G. Atabekov. 1989. Probable reassortment
of genomic elements among elongated RNA-containing plant viruses. J.
Mol. Evol. 29:52-62.

Nakashima, N., M. Koizumi, H. Watanabe, and H. Noda. 1996. Complete
nucleotide sequence of the Nilaparvata lugens reovirus: a putative member of
the genus Fijivirus. J. Gen. Virol. 77:139-146.

Pause, A., N. Méthot, and N. Sonenberg. 1993. The HRIGRXXR region of
the DEAD box RNA helicase eukaryotic translation initiation factor 4A is
required for RNA binding and ATP hydrolysis. Mol. Cell. Biol. 13:6789-
6798.

Pause, A., and N. Sonenberg. 1992. Mutational analysis of a DEAD box
RNA helicase: the mammalian translation initiation factor eIF-4A. EMBO J.
11:2643-2654.

Peters, S. A., J. Verver, E. A. A. Nollen, J. W. M. van Lent, J. Wellink, and
A. van Kammen. 1994. The NTP-binding motif in cowpea mosaic virus B
polyprotein is essential for viral replication. J. Gen. Virol. 75:3167-3176.
Petty, I. T. D., and A. O. Jackson. 1990. Mutational analysis of barley stripe
mosaic virus RNA B. Virology 179:712-718.

Rikkonen, M., J. Perinen, and L. Kéiridinen. 1992. Nuclear and nucleolar
targeting signals of Semliki Forest virus nonstructural protein nsP2. Virology
189:462-473.

Rikkonen, M., J. Perinen, and L. Kéiridinen. 1994. ATPase and GTPase
activities associated with Semliki Forest virus nonstructural protein nsP2.
J. Virol. 68:5804-5810.

Rodriguez, P. L., and L. Carrasco. 1993. Poliovirus protein 2C has ATPase
and GTPase activities. J. Biol. Chem. 268:8105-8110.

Rouleau, M., R. J. Smith, J. B. Bancroft, and G. A. Mackie. 1994. Purifica-

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

J. VIROL.

tion, properties, and subcellular localization of foxtail mosaic potexvirus
26-kDa protein. Virology 204:254-265.

Rozen, F., I. Edery, K. Meerovitch, T. E. Dever, W. C. Merrick, and N.
Sonenberg. 1990. Bidirectional RNA helicase activity of eucaryotic transla-
tion initiation factors 4A and 4F. Mol. Cell. Biol. 10:1134-1144.

Scheffner, M., R. Knippers, and H. Stahl. 1989. RNA unwinding activity of
SV40 large T antigen. Cell 57:955-963.

Scheffner, M., R. Knippers, and H. Stahl. 1991. Simian-virus-40 large-T-
antigen-catalyzed DNA and RNA unwinding reactions. Eur. J. Biochem.
195:49-54.

Shapira, R., G. H. Choi, and D. L. Nuss. 1991. Virus-like genetic organiza-
tion and expression strategy for a double-stranded RNA genetic element
associated with biological control of chestnut blight. EMBO J. 10:731-739.
Shuman, S. 1992. Vaccinia virus RNA helicase: an essential enzyme related
to the DE-H family of RNA-dependent NTPases. Proc. Natl. Acad. Sci. USA
89:10935-10939.

Stahl, H., P. Droge, and R. Knippers. 1986. DNA helicase activity of SV40
large tumor antigen. EMBO J. 5:1939-1944.

Suzich, J. A., J. K. Tamura, F. Palmer-Hill, P. Warrener, A. Grakoui, C. M.
Rice, S. M. Feinstone, and M. S. Collett. 1993. Hepatitis C virus NS3 protein
polynucleotide-stimulated nucleoside triphosphatase and comparison with
the related pestivirus and flavivirus enzymes. J. Virol. 67:6152-6158.
Tamura, J. K., P. Warrener, and M. S. Collett. 1993. RNA-stimulated
NTPase activity associated with the p80 protein of the pestivirus bovine viral
diarrhea virus. Virology 193:1-10.

Tooze, J. 1981. DNA tumor viruses: molecular biology of tumor viruses, 2nd
ed. Cold Spring Harbor Laboratory Press, Cold Spring Harbor, N.Y.
Walker, J. E., M. Saraste, M. J. Runswick, and N. J. Gay. 1982. Distantly
related sequences in the a- and B-subunits of ATP synthetase, myosin,
kinases and other ATP-requiring enzymes and a common nucleotide binding
fold. EMBO J. 1:945-951.

Warrener, P., and M. S. Collett. 1995. Pestivirus NS3 (p80) protein possesses
RNA helicase activity. J. Virol. 69:1720-1726.

Warrener, P., J. K. Tamura, and M. S. Collett. 1993. RNA-stimulated
NTPase activity associated with yellow fever virus NS3 protein expressed in
bacteria. J. Virol. 67:989-996.

Wengler, G., and G. Wengler. 1991. The carboxy-terminal part of the NS3
protein of the West Nile flavivirus can be isolated as a soluble protein after
proteolytic cleavage and represents an RNA-stimulated NTPase. Virology
184:707-715.

Wiekowski, M., M. Schwarz, and H. Stahl. 1988. Simian virus 40 large T
antigen DNA helicase. Characterization of the ATPase dependent unwind-
ing activity and its substrate requirements. J. Biol. Chem. 263:436-442.



