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An RNA duplex unwindase activity has been found by using an in vitro assay with various types of
mammalian, somatic cells, including HeLa, mouse plasmacytoma, and Burkitt lymphoma. The unwindase
activity is very low in mouse fibroblast 3T3 cells arrested into quiescence, but increases when the cells are
released into renewed growth by serum. In addition, a gel retardation assay proved to be specific and sensitive
for detection of RNA duplex-unwindase complexes.

A series of experiments has shown that introduction of an
antisense RNA complementary to a specific mRNA into
cells can effectively create or mimic the null-mutant pheno-
type, which is quite useful for investigating gene products of
unknown physiological function (4, 5, 8, 10-13, 17, 25).
Using this antisense RNA approach, we were also able to
show that c-fos nuclear proto-oncogene expression is a
prerequisite for the transition from Go into renewed cell
growth (21). During the course of these previous studies, we
noticed that the c-fos mRNA levels of antisense c-fos-
transformed clones were not decreased in the continuously
proliferating state. In the same clones, however, the endog-
enous c-fos gene expression was greatly decreased during
the transition from quiescence into the early G1 period,
suggesting that the efficiency of the antisense RNA approach
varies with some specific states of the cell cycle. In addition,
we also obtained antisense c-myc RNA-transformed clones
from various cell lines, including mouse fibroblast NIH 3T3
and mouse Friend leukemia cells. However, despite the
integration of a large number of antisense c-myc DNA
sequences fused to the mouse mammary tumor virus or
methallothionine promoter, these clones failed to exhibit
phenotypic changes.

Recently, two independent groups reported that Xenopus
laevis eggs and early embryos contain an activity capable of
specifically dissociating RNA duplexes (1, 24), which ex-
plained the failure of the antisense RNA approach with early
amphibian embryos. These findings led us to examine
whether a similar unwinding activity can also be found in
mammalian, somatic cell systems, especially where the
application of the antisense RNA approach was unsuccess-
ful. By using an in vitro assay with double-stranded RNA
(dsRNA) and crude extracts from various cells, we found
that a similar unwindase activity is indeed present in various
types of mammalian cells including HeLa, human lympho-
blastoid, mouse plasmacytoma, Burkitt lymphoma, and
mouse F9 teratocarcinoma cells. The mammalian unwindase
activity is specific to dsRNA and identical to that ofXenopus
embryos except that it has an optimum temperature of 37°C
instead of 25°C.

In mouse fibroblast 3T3 cells arrested into quiescence, the
level of unwindase activity is very low, but it increases when
the cells are stimulated by fetal calf serum (FCS). Thus the
RNA unwindase gene, similar to those for dihydrofolate
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reductase (7), thymidine kinase (28), or histone (9), which
exhibits a transient increase in expression during the cell
cycle, may be responding to a cell cycle-specific regulatory
signal.
Using a gel retardation assay, we have detected a pro-

tein(s) which binds specifically to the RNA duplex. Interac-
tion between the protein and RNA duplex is reversible.
Although this is not yet proven, the binding protein detected
is most likely unwindase itself. This fast-binding assay
system may facilitate biochemical purification of unwindase
activities from mammalian tissue culture cell extracts.

MATERIALS AND METHODS

Chemicals and materials. Xenopus laevis (South African
clawed toad) was purchased from Xenopus I (Ann Arbor,
Mich.). SP6 polymerase and RNasin were purchased from
Promega Biotec (Madison, Wis.); RNase A (type IIIA),
RNase T1 (grade IV), mare serum, and human chorionic
gonadotropins were obtained from Sigma Chemical Corp.
(St. Louis, Mo.); ribonucleotides and cap analogs came from
Pharmacia-PL Biochemicals (Piscataway, N.J.); vanadyl-
ribonucleoside complexes were obtained from Bethesda
Research Laboratories (Gaithersburg, Md.); and radionu-
cleotides were obtained from Amersham Corp. (Arlington
Heights, Ill.).

Plasmid construction. The plasmids used for preparation of
sense and antisense RNAs were constructed as follows:
pSP64Mcmyc.s and pSP65Mcmyc.a were constructed from
a mouse c-myc cDNA clone, pMcmyc54 (27). A portion of
the cDNA, the HindIII-PstI fragment, consisting of a large
part of the first exon (423 base pairs [bp]) and 134 bp of the
second exon, was excised from pMcmyc54 and then religa-
ted into the HindIII and PstI sites of pSP64 or pSP65 vector
(18). In the pSP64Mcmyc.s plasmid, the orientation of the
mouse c-myc gene is the same as the SP6 transcription,
whereas it is the opposite in pSP65Mcmyc.a. pSP64RPG.s
and pSP65R,G.a were constructed from a recombinant
plasmid, psp, carrying a part of the rabbit ,-globin gene and
simian virus 40 sequences (A. Buchman and P. Berg, unpub-
lished data) (22). The HindIII-BamHI DNA fragment, con-
sisting of the first (135 bp) and second (339 bp) exons of the
rabbit P-globin gene, was excised from psp and then inserted
into the HindlIl and BamHI sites of the pSP64 or pSP65
vector. In pSP64R,BG.s, the orientation of the rabbit P-globin
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gene is the same as the SP6 transcription, whereas it is the
opposite in pSP65R,G.a.
RNA synthesis and preparation of duplex. Capped sense

and antisense RNAs were transcribed in vitro from
pSP64Mcmyc.s (sense), pSP65Mcmyc.a (antisense),
pSP64RPG.s (sense), and pSP65R,BG.a (antisense) plasmids
using SP6 polymerase according to the method described
previously (1, 18). The reaction contained 40 mM Tris (pH
7.4), 6 mM MgCl2, 2 mM spermidine, 0.5 mM each of ATP,
CTP, GTP, and UTP, 2.5 mM GpppG, 40 U of SP6 poly-
merase, 60 U of RNasin, and 3 ,ug of plasmid DNA that had
been linearized with the appropriate restriction enzyme.
[a-32P]UTP, 200 or 20 p,Ci, was included to label antisense or
sense RNA, respectively. The reaction was carried out at
37°C, and the template DNA was removed by subsequent
DNase digestion (18). The amount of RNA synthesized was
calculated on the basis of counts per minute of [a-32P]UTP
incorporated.

Sense (106 cpm/,lg) and antisense (107 cpm/,Lg) RNAs
were hydbridized at a 1:1 ratio in 80% formamide-40 mM
PIPES [piperazine-N,N'-bis(2-ethanesulfonic acid), pH
6.71-0.4 M NaCl-1 mM EDTA at 47.50C for 12 h after a
5-min denaturation at 950C, and the RNA duplex was further
purified as described previously (24). The duplex was sus-
pended in 20 mM NaCl-10 mM Tris (pH 7.5). Mouse c-myc
transcripts were 583 nucleotides (sense) and 605 nucleotides
(antisense) in length. The RNA duplex formed between the
sense and antisense c-myc RNA has 8-nucleotide (sense) and
30-nucleotide (antisense) overhangs derived from the poly-
linker sequences of pSP64 and pSP65 vectors. RNases trim
these overhangs, resulting in a shorter (575 nucleotides)
duplex (see Fig. 1A). Rabbit P-globin transcripts were 347
nucleotides (sense) and 369 nucleotides (antisense), and the
duplex had 8-nucleotide (sense) and 30-nucleotide (anti-
sense) overhangs. With RNase treatment, the RNA duplex
became 339 nucleotides in length (Fig. 1B).

Cell culture. Burkitt lymphoma Daudi cell line and human
lymphoblastoid cell line GM1500 OUB/6TG (20) were grown
in RPMI 1640 medium supplemented with 10% FCS. HeLa
cells obtained from R. Weinmann were grown in minimal
essential medium with 10% FCS. Mouse plasmacytoma
P3xAg8, obtained from W. Gerhard, and mouse embryonic
teratocarcinoma F9, obtained from C. Howe, were both
grown in Dulbecco modified Eagle medium with 10% FCS.
Mouse fibroblast BALB/c 3T3 cells obtained from the Amer-
ican Type Culture Collection were grown in Dulbecco mod-
ified Eagle medium supplemented with 10% calf serum.

Cell extract preparation. Eggs of X. laevis were prepared
from females that had been injected with gonadotropin 8 to
12 h earlier, and the eggs were decapsulated for 2 min in a
solution of2% (wt/vol) L-cysteine neutralized to pH 7.8 with
0.1 N NaOH (19). S100 extracts of Xenopus eggs were
prepared according to the method described previously (1).
Extracts from somatic cells were prepared by the method of
Manley et al., described previously (16), with a minor
modification. The final cell extracts were dialyzed against a
buffer containing 20 mM HEPES (N-2-hydroxyethylpipera-
zine-N'-2-ethanesulfonic acid, pH 7.9), 0.1 M KCI, 0.1 mM
EDTA, 2 mM dithiothreitol, 17% glycerol, and 2 mM MgCl2
instead of 12.5 mM. Small samples of the S100 and Manley
extracts were stored at -70°C after rapid freezing in liquid
N2. The protein concentration in extracts was determined by
Lowry protein assay and averaged 5 to 10 mg/ml.

All suspension cells were grown in a culture flask with a
stirring bar to exponential growth and were then harvested
for extraction. F9 and BALB/c 3T3 cells were grown in

square (22 by 22 cm) culture dishes and harvested when they
were approximately 50% confluent. To obtain extracts from
cells at a specific point of the cell cycle, BALB/c 3T3 cells
were grown to confluency for 7 days, after which time the
medium was replaced with low-serum medium containing
0.5% calf serum. After 2 days of incubation in this serum-
deprived condition, which synchronizes cells into a quies-
cent state, the cells were stimulated by fresh medium con-
taining 10% FCS and incubated for various times.
RNA duplex unwindase assay and analysis of RNA. RNA

duplex unwindase activity (RNA denaturase) of various cell
extracts was assayed in vitro (1). Unless specified, the
reaction was carried out in 20 ,ul and contained 5 fmol of
32P-labeled dsRNA, 0.5 mM MgCl2, 50 mM Tris (pH 7.8),
25% glycerol, 50 mM KCI, 0.1 mM EDTA, and 0.5 mM
dithiothreitol. The reaction was stopped by adding 200 ,ul of
1-mg/ml proteinase K in 50 mM Tris (pH 7.5)-5 mM
EDTA-0.5% sodium dodecyl sulfate, and the sample was
incubated for 30 min at 37°C, extracted with phenol and
chloroform, and ethanol precipitated. The samples were
electrophoresed in a native 4% polyacrylamide gel as de-
scribed previously (1), and in some cases, half of each
sample was electrophoresed in a denaturing 7 M urea-4%
polyacrylamide gel.
RNase treatment. 32P-labeled RNAs were treated in 200 p.l

of ice-cold 0.3 M NaCl-10 mM Tris (pH 7.5)-5 mM EDTA
containing 2 p.g ofRNase T1 and 40 p.g ofRNase A per ml for
2 h at 15°C, and 200 p.l of 2-mg/ml proteinase K in 0.1 M Tris
(pH 7.5)-10 mM EDTA-1% sodium dodecyl sulfate was
added to the reaction products. After 30 min of incubation at
37°C, the digestion products were extracted with phenol and
chloroform and then ethanol precipitated.
RNA mobility shift binding assay. 32P-labeled c-myc RNA

duplex (50 fmol) was incubated in standard unwindase
reaction mix (20 ,ul) with GM1500 cell extract containing
various amounts of protein at 30°C for 10 min. One half of
the reaction mixture (10 ,ul) was mixed with 2 p.l of loading
buffer (50 mM Tris-glycine [pH 8.8], 20% glycerol, 0.05%
xylene cyanole, 0.05% bromophenol blue) and loaded di-
rectly onto a 4% polyacrylamide-50 mM Tris-glycine (pH
8.8) gel. Electrophoresis was carried out at room tempera-
ture as described previously (14). For competition binding
assays, a 50- to 150-fold excess (relative to RNA duplex) of
various reagents or competitors was pre- or postincubated
with GM1500 cell extracts for 10 min at 30°C before or after
the addition of 32P-labeled c-myc RNA duplex.

Autoradiography. All autoradiography was carried out
with a fluorescent screen and preflashed X-ray film at -70°C
(15).

RESULTS

Unwindase activity in various mammalian cells. An in vitro
assay system (1) was used to investigate RNA duplex
unwindase activity. As a model gene, the mouse mini c-myc
gene (575 bp), which consists of a part of the first and second
exons cloned into pSP64 and pSP65 vectors (18), was used
(Fig. 1A). Capped sense (583 nucleotides) and antisense (605
nucleotides) c-myc RNAs were synthesized in vitro using
SP6 polymerase (18) (Fig. 1A). During in vitro transcription,
these RNAs were labeled with [a-32P]UTP, but antisense
RNAs had 10 to 20 times higher specific radioactivity than
sense RNAs. These "hot" antisense and "warm" sense
c-myc RNAs were hybridized in vitro, and the resultant
RNA duplex was used as a substrate for an in vitro RNA
duplex unwindase assay. We confirmed that X. laevis egg
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FIG. 1. Schematic representation of sense and antisense RNA synthesis and duplex preparation. The stippled boxes mark the SP6
promoters. Open boxes represent exons. Solid lines are a part of the polylinker sequences derived from either pSP64 or pSP65 vectors. The
location of the translation initiation codon ATG of the c-myc gene and 3-globin gene is also indicated. Restriction sites: B, BamHI; H,
HindlIl; P, PstI. Wavy lines and arrows represent the SP6 transcripts and orientations. Fine vertical lines between sense and antisense RNAs
indicate a complementary portion of the RNA duplex formed. Sense and antisense RNA duplexes contain single-stranded overhangs derived
from the polylinker sequences of pSP64 and pSP65 vectors, and these overhangs can be digested by RNases A and Tl. (Top) Synthesis of
mouse sense and antisense c-myc RNAs and formation of the c-myc RNA duplex. The pSP64Mcmyc.s plasmid, linearized with BamHI, and
the pSP65Mcmyc.a plasmid, linearized with HindIII, give 583-nucleotide sense c-myc and 605-nucleotide antisense c-myc transcripts,
respectively. (Bottom) Synthesis of rabbit 3-globin sense and antisense RNAs and formation of the ,B-globin RNA duplex. The pSP64R,BG.s
plasmid, linearized with BamHI, and the pSP65R,G.a plasmid, linearized with HindIII, give 347-nucleotide sense 3-globin and 369-nucleotide
antisense f3-globin transcripts, respectively.

extracts contain an activity which unwinds this mouse c-myc
RNA duplex. The migration pattern of 32P-labeled c-myc
duplex (Fig. 2A, lane e) changed on a native gel after
incubation with cell extracts at 25°C for 3 h (lane g). The
unwound nature of the reaction products was confirmed by
their susceptibility to RNase treatment (Fig. 2A and B, lanes
h). The same RNase treatment did not degrade the intact
duplex, although it trimmed the single-stranded overhangs of
the duplex (Fig. 2A and B, lanes f), thus shortening it (see
Fig. 1A). However, the unwound RNAs must be structurally
different from both duplex and monomer forms of sense and
antisense RNAs, since both duplex and monomer RNAs
migrated to locations much lower and more compact than
the products of the unwindase reaction in the native gel (Fig.
2A, lanes a, c, e, and g). Sense and antisense monomer
c-myc RNAs were both sensitive to RNase treatment, as
expected (Fig. 2A, lanes b and d; Fig. 2B, lanes b and d). We
confirmed a very similar result on another RNA duplex
formed between in vitro-synthesized sense and antisense
rabbit 3-globin RNAs (see Fig. 2C). The duplex could be
unwound by incubation with the Xenopus egg extracts, and
the products migrated differently from the duplex or mono-

mers (Fig. 2C, lanes a, c, e, and g). From these results, we
conclude that in vitro-made mouse c-myc or rabbit P-globin
RNA duplexes can be unwound by an activity in Xenopus
egg extracts. However, it appears that the duplex is not only
being unwound, but also is becoming modified to a form
which is clearly different from the original monomer form as
judged by its migration pattern on a native gel.
We next investigated whether the RNA unwindase activ-

ity could be found in mammalian cells other than amphibian
eggs and embryos. We found (Fig. 3) that the same activity
was present in various mammalian tissue culture cell lines
such as HeLa, human lymphoblastoid (GM1500), and mouse
plasmacytoma (P3xAg8). In addition to these cell lines, we
found that human Burkitt lymphoma (Daudi) and mouse
embryonic teratocarcinoma F9 cells also contained a similar
unwindase activity (data not shown).
Mammalian RNA unwindase activity seems to have an

optimum temperature higher than that of amphibian RNA
unwindase (Fig. 3), although the reaction products of unwin-
dase from Xenopus eggs and mammalian cells appear to be
identical (Fig. 4A and B). The size of unwound 32P-labeled
mouse c-myc RNAs treated with egg (Fig. 4, lanes g), HeLa
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FIG. 2. c-myc and P-globin RNA duplexes are unwound by the activity present in Xenopus egg extracts. RNA duplex was mixed with an

S100 extract ofXenopus eggs containing 40 F.g of protein and 10 mM MgCl2 for 3 h or 0 h of incubation in 20 >1l of reaction mixture at 25°C.
RNA was deproteinized, and then half of the sample was treated with RNases A and T1. All RNA samples were electrophoresed in a native
4% polyacrylamide gel (A and C) or in a denaturing 7 M urea-4% polyacrylamide gel (B). Sense (lanes a and b) and antisense (lanes c and
d) monomer RNAs without (-) or with (+) RNase treatment were also analyzed. (A and B) Sense and antisense c-myc RNAs and the duplex
were analyzed. It was noted that monomer RNA appeared as a doublet band on a native gel (A, lane a), although it migrated to the location
expected from its size as a single band on a denaturing gel (B, lane a). We therefore attribute the doublet to two different secondary structures
of the sense monomer RNA. NT, Nucleotide. (C) Sense and antisense 3-globin RNAs and the duplex were analyzed. Lanes M, 5'-end
32P-labeled +X174 HaeIII digests included as size markers in each autoradiogram.

(lanes i), and GM1500 (lanes k) cell extracts was unchanged
on a denaturing gel, and these reaction products were
equally susceptible to RNase treatment (lanes h, j, and 1).
From these results, we conclude that the RNA duplex
unwindase activity can be found in a wide variety of mam-
malian cells.
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FIG. 3. RNA unwindase activity is also present in a variety of
mammalian cells. Duplex c-myc RNA was incubated with an S100
extract of Xenopus eggs or a Manley extract of various cells

containing 40 Fg of protein and 10 mM MgCl2 for 3 h at either 25 or
37°C. RNA was deproteinized and analyzed in a native 4% poly-
acrylamide gel. As a control, the duplex was incubated with S100
egg extract which had been treated with proteinase K at 37°C for 30
min before the addition of the duplex (lanes a and f).
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FIG. 4. Identical reaction products of Xenopus and mammalian
unwindase. Duplex c-myc RNA (5 fmol) was incubated either with
an S100 extract of Xenopus eggs at 25°C for 0 h (lanes e and f) or 3
h (lanes g and h) or with a Manley extract of HeLa or GM1500 cells
at 37°C for 3 h (lanes i through 1). RNA was deproteinized, and then
half of the sample was treated with RNases A and T1. All RNA
samples were electrophoresed in a native 4% polyacrylamide gel (A)
and also in a denaturing 7 M urea-4% polyacrylamide gel (B). As
controls, antisense c-myc monomer RNAs (lanes a and b) and
duplex RNAs (lanes c and d) were also analyzed.
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the presence of 1 to 10 mM EDTA, which, in fact, stimulated
the activity significantly. Addition of ATP up to 200 ,uM to
the reaction mixture did not stimulate the mammalian un-
windase, as reported for the Xenopus unwindase (1) (data
not shown). The time course suggests that unwinding is a
rather slow process, requiring more than 3 h to complete
with the current assay conditions (Fig. 5C). The activity in
mammalian cell extracts was specifically inhibited by prein-
cubating with excess (50-fold) dsRNAs but not with single-
stranded RNAs (ssRNAs), dsDNAs, ssDNAs, or tRNA.
Interestingly, the double-stranded homopolymer poly(A)
* poly(U) did not inhibit the activity. Cap precursors,
m7GpppG or GpppG, also did not inhibit the unwindase
activity (data not shown), suggesting that the mammalian
unwindase described in this study is likely to be different
from eucaryotic translation initiation factors. For example,
initiation factor eIF-4F, which has ATP-dependent RNA
unwinding activity, is inhibited by cap precursors (23). In
addition, we found that vanadyl-ribonucleoside complexes
(known RNase inhibitors) (2) strongly inhibited the unwin-
dase, whereas another RNase inhibitor, RNasin (26), did not
(Fig. 6B).

Since the smeared unwindase products on the native gels
appeared to be incompletely dissociated forms of the RNA
duplex, we carried out additional experiments to understand
the nature of this effect. Initially, we hypothesized that
either the fully unwound products (monomers) always par-
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FIG. 5. Characterization of the unwindase activity. Duplex
c-myc RNA (5 fmol) was incubated with a Manley extract of
GM1500 cells or an S100 extract of Xenopus eggs containing 40 pLg
of protein. (A) The reaction mixture in 20 ,ul contained 10mM MgCl2
and was incubated for 3 h at various temperatures as indicated. (B)
The reaction mixture contained various concentrations of MgCl2 as
indicated and was incubated for 3 h at 37°C (lanes a through f) or at
25°C (lanes g through 1). (C) The reaction mixture contained 10 mM
MgCl2 and was incubated at 37°C (lanes a through e) or at 25°C
(lanes f through j) for various times as indicated.

Characterization of the unwindase activity and reaction
products. Using the in vitro assay system and extracts from
Xenopus eggs and human lymphoblastoid cell line GM1500,
optimum conditions for amphibian and mammalian RNA
duplex unwindase activities were compared. Unwindase
from GM1500 cell extracts has an optimum temperature of
37°C, while the unwinding activity from frog eggs is optimal
at 25°C (Fig. 5A). We found that the unwindase activity from
mammalian cells as well as frog eggs does not require any
additional Mg2" in the assay mixture (Fig. 5B). Nonrequire-
ment of Mg2+ for unwindase reaction was also confirmed in

1.~~~Il lull
LJ Is,C

GM1500 egg

FIG. 6. Inhibition of unwindase reaction. (A) A standard reac-
tion mixture (20 ,ul) containing 40 ,ug of protein of GM1500 cell
extract was preincubated with 250 fmol of various reagents (unla-
beled) at 37°C for 15 min, and then 32P-labeled c-myc RNA duplex (5
fmol) was added. The reaction mixture was incubated for an
additional 2 h at 37°C. dsRNA, I8-Globin RNA duplex; ssRNA,
sense 3-globin RNA; dsDNA, dsDNA carrying the HindIII-BamHI
fragment of pSP64RI3G.s; ssDNA, single-stranded M13 DNA from
mpl0cfosM.s; tRNA, yeast tRNA. (B) Duplex c-myc RNA (5 fmol)
was incubated for 2 h with cell extract containing 40 ,ug of protein
from GM1500 cells at 37°C (lanes a and b) or with cell extract from
Xenopus eggs at 25°C (lanes c and d). The reaction mixture
contained 100 U of RNasin (lanes a and c) or 10 mM vanadyl-
ribonucleoside complexes (lanes b and d). After deproteinization,
the RNA samples were electrophoresed in a native 4% polyacryl-
amide gel.
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tially renatured upon gel loading or the unwindase could not
fully denature the RNA into monomer forms. To test the
former possibility, both monomers of sense and antisense
RNAs were reacted together with GM1500 cell extract under
standard unwindase assay conditions. When the deprotei-
nized reaction products (i.e., proteinase K treated, followed
by phenol-chloroform extraction) were electrophoresed on a
native gel, the RNAs continued to migrate as monomer
forms (confirmed by RNase susceptibility) with no evidence
of the smeared pattern seen in the case of the RNA duplex
(results not shown).

Since the monomers did not hybridize in the reaction or
during gel loading, we next examined the denaturing capac-
ity of the unwindase itself. Longer incubation of the standard
reaction with excess protein, or inclusion of additional
protein into the assay after 2 h, or incubation of deprotei-
nized assay products with fresh extract for 2 h did not alter
the migration pattern of the RNA on a native gel as com-
pared with the standard assay products (results not shown).
However, treatment of deproteinized reaction products with
90% formamide at 90°C for 3 min before loading on a native
gel fully denatured the products to monomer forms (results
not shown). We were therefore led to conclude that the
unwindase may not fully denature the RNA duplex. In
addition to these experiments, we subjected deproteinized
reaction product RNAs to hybridization protocols (ex-
cluding the initial 95°C heating; see Materials and Methods)
at either 47.5 or 37°C. To our surprise, the smeared migra-
tion pattern of the RNA still did not change, suggesting that
the unwound products cannot rehybridize back to duplex
form (results now shown). The reaction products may be
somehow modified to prevent renaturation. We conclude
that the migration pattern of unwindase reaction products
differs from those of both monomer and duplex RNAs on a
native gel because of these novel forms of incompletely
unwound products.

Cell cycle expression of the unwindase activity in 3T3 cells.
Since various mammalian cell lines containing a high level of
unwindase activity are very actively proliferating cells, we
next investigated the possibility of involvement of this
activity in the proliferation mechanism. Cell extracts were
prepared from BALB/c 3T3 mouse fibroblast cells that had
either been synchronized into quiescence, stimulated with
FCS for various times, or exponentially grown without
synchronization. Using these cell extracts, we found that
very little, if any, of the activity was present in the quiescent
3T3 cells (Fig. 7, lanes e and f). However, after stimulation
of quiescent cells by FCS, the activity increased in cells
stimulated for 6 to 12 h (lanes i through 1) and slightly
decreased in cells stimulated for 24 h (lanes m and n). We
also found that continuously proliferating 3T3 cells con-
tained an intermediate level of the activity (lanes o and p).
Mixing of the extracts from quiescent 3T3 cells and from the
cells stimulated for 12 h with 10% FCS did not decrease the
unwindase activity of the latter alone (data not shown). This
result indicates that the low level of the unwindase activity in
the quiescent 3T3 cells is not due to the presence of an
inhibitor in this resting state of the cell cycle. From these
results, we conclude that the RNA duplex unwindase activ-
ity found in mammalian cultured cells originating from
various tissues increases transiently during the cell cycle.

Detection of RNA duplex-unwindase complexes. We next
examined the possibility of detecting the RNA duplex-
unwindase complexes by a gel retardation assay, using the
low-ionic-strength, native polyacrylamide gel electrophore-
sis system used recently for detection of RNA spliceosome
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FIG. 7. Cell cycle expression of unwindase activity in mouse
fibroblast 3T3 cells. Duplex c-myc RNA (5 fmol) was incubated with
cell extract containing 40 Fg of protein from GM1500 (lanes a

through d) or BALB/c 3T3 fibroblast cells (lanes e through p) at 37°C
for 0 h (lanes a and b) or 2 h (lanes c through p). The GM1500 cell
extract was prepared from exponentially growing cells, whereas the
3T3 cell extract was prepared from cells in various stages of the cell
cycle. Q, Quiescent 3T3 cells; C, exponentially growing 3T3 cells; 3,
6, 12, or 24 h, quiescent 3T3 cells stimulated with 10o FCS for 3, 6,
12, or 24 h. After incubation, RNA was deproteinized, and then half
of each sample was treated with RNases A and T, (+). The relative
activity of unwindase in different cell extracts can be easily deter-
mined by comparing the intensity of the duplex band remaining
intact after RNase treatment: the more the activity, the less the
duplex remained (see, for example, lanes d and f). All RNA samples
were electrophoresed in a native 4% polyacrylamide gel. M, 32P-
labeled, 4X174 HaeIII digests.

complexes (14). Incubation of 50 fmol of RNA duplex with
increasing amounts of extract protein from GM1500 cells
formed a titration curve in which the smeared complex
saturated at 24 ,ug of protein (Fig. 8A, lane e). Due to the
time and temperature of the reaction (10 min at 30°C),
smearing was attributed to an initial binding of cell extract
protein and not to the unwindase reaction (data not shown).
To investigate the specificity of the protein-RNA interaction,
several potential inhibitors/competitors also used for the
unwindase reaction assay were tested. Preincubation with
excess (100-fold) RNA duplex completely inhibited the bind-
ing of this protein in the 32P-labeled RNA duplex (Fig. 8B,
lane e), whereas preincubation with the same concentration
of ssRNA (lane f), dsDNA (lane g), ssDNA, poly(A)
* poly(U) homopolymer, or tRNA (data not shown) did not
affect formation of complexes. Incubation of RNA duplex
with the extract showed that RNA duplex mobility remained
unchanged at low pH (Fig. 8C, lane b). In addition, a

postincubation with excess (50-fold) RNA duplex (Fig. 8C,
lane d) but not dsDNA (lane e) fully disrupted the RNA
duplex-protein complex, suggesting that the interaction is
specific and reversible. Additional evidence has shown
that binding is also not reversed by ssRNA, tRNA,
poly(A) - poly(U), or ssDNA (results not shown). We ob-
tained similar gel retardation results with Xenopus egg
extracts. We conclude that the specific binding of a

protein(s), likely unwindase itself although not yet proven,
to the RNA duplex can be detected as an RNA duplex
mobility shift on a native polyacrylamide gel. The binding
appeared to be reversible.
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FIG. 8. Gel retardation and competition assay for RNA duplex-unwindase complexes. (A) 32P-labeled c-myc RNA duplex (50 fmol) was

incubated with increasing amounts of GM1500 cell extract for 10 min at 30°C before electrophoresis in a 4% polyacrylamide gel with a
Tris-glycine buffer (pH 8.8) (see Materials and Methods). (B) Various amounts of unlabeled dsRNA (rabbit ,B-globin) (lanes a through e),
ssRNA (sense rabbit 3-globin) (lane f), or dsDNA (lane g) were preincubated with 10 ,ug of GM1500 cell extract for 10 min at 30°C, followed
by an addition of 5 fmol of 32P-labeled RNA duplex (mouse c-myc). The reaction was incubated for a further 30 min at 30°C before
electrophoresis. Lanes: a, no competitor; b, 25 fmol of dsRNA; c, 125 fmol of dsRNA; d, 250 fmol of dsRNA; e, 500 fmol of dsRNA; f, 500
fmol of ssRNA; g, 500 fmol of dsDNA. (C) 32P-labeled duplex RNA (2.5 fmol) was incubated with 0.7 ,ug of GM1500 cell extract for 20 min
at 30°C before loading onto a retardation gel. Lane a, Naked RNA duplex in the absence of protein. Lanes b and c, Results of incubation of
protein and RNA at pH 5.2 and at pH 7.8, respectively. Lanes d and e, Protein was incubated with the 32P-labeled c-myc RNA duplex at pH
7.8 for 10 min, followed by a 10-min "cold" chase with 125 fmol (50-fold excess) of dsRNA (rabbit ,B-globin RNA) or dsDNA (rabbit 3-globin
DNA), respectively.

DISCUSSION
In this study, we have shown that an RNA duplex unwin-

dase activity is present in crude cell extracts from a variety
of mammalian tissue culture cell lines. As determined by an
in vitro assay, this activity appears to be identical to that
recently reported in X. laevis eggs or early embryos (1, 24)
except that it has a slightly higher optimum temperature. The
activity is specifically inhibited by dsRNA, but not by
ssRNA, tRNA, dsDNA, ssDNA, or poly(A) - poly(U) ho-
mopolymer. These findings suggest that the unwindase ac-
tivity is specific to dsRNA. The activity is also inhibited by
one type of RNase inhibitor, vanadyl-ribonucleoside com-
plexes, whereas another RNase inhibitor, RNasin, does not
affect the unwindase activity. The products of unwindase
reaction are susceptible to RNases A and T1, yet appear to
be different from original monomer or single-stranded RNAs
on a native polyacrylamide gel. The products also appear to
be modified and somehow prohibited from renaturation,
even after deproteinization.
We have found that the level of unwindase activity in

mouse fibroblast 3T3 cells changes depending on their state
within the proliferative cycle. Cells arrested into quiescence
appeared to have less activity than serum-stimulated cells or
continuously proliferating cells. In addition, our preliminary
results suggest that the unwindase activity decreases when
mouse embryonic F9 stem cells are induced with retinoic

acid and dibutyryl cyclic AMP to differentiate into endoderm
cells (data not shown). It is known that in vitro-induced
differentiation parallels the decline in proliferative activity
(6). Interestingly, a large fraction of the poly(A)+ RNA from
human lymphoblastoid cells, in which we have found a high
level of unwindase activity, was reported to contain repeti-
tive sequences that form intermolecular networks when
annealed in vitro (3). Cells which transcribe RNAs carrying
repetitive sequences may contain more unwindase activity
to keep the mRNAs in free, dissociated forms. The level of
the RNAs carrying repetitive sequences and thus the level of
the unwindase activity may also vary within a cell depending
on the state of cell cycle or differentiation.

It is noteworthy that antisense c-fos RNA expressed in
3T3 cells can effectively lower the sense c-fos mRNA and
protein levels and subsequently block the entry of the cells
into S phase (21). A sharp rise in c-fos gene expression takes
place within a very short period after mitogen stimulation of
quiescent 3T3 cells (i.e., perhaps before the increase in
unwindase activity), and this may be the reason why the
antisense RNA approach was effective in our previous study
(21). Thus, although the antisense RNA seems to be a very
useful tool to investigate vertebrate or mammalian genes
with unknown physiological functions (10, 17), it may not
work efficiently in some cells or specific states of the cells in
which high levels of unwindase activities are present.
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We have also shown here that binding of a protein(s) to the
RNA duplex can be detected by a gel retardation assay using
a low-ionic-strength, native polyacrylamide gel electropho-
resis system. The result of the titration experiment with
increasing amount of extract proteins has indicated that the
protein(s) binds at multiple sites, which appears to saturate
the RNA duplex. In addition, the competition assay revealed
that the binding is specific to dsRNA and that interaction
between the protein(s) and the RNA duplex is reversible.
These results suggest that the protein(s) detected most likely
includes the RNA duplex unwindase. Interestingly, binding
of the unwindase to the RNA duplex appeared to be com-
plete within a rather short time (10 min) and even at low
temperature (4°C, data not shown), whereas by comparison
the unwinding of the RNA duplex is rather slow, taking more
than 3 h at 37°C to complete under the present assay
conditions. The gel retardation assay of the RNA duplex-
protein complexes can be used to facilitate biochemical
purification of this unwindase protein(s). The biochemical
and structural nature of RNA duplex-unwindase complexes
is currently being investigated.
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