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SUMMARY

The ¢cDNA encoding human DNA helicase IV (HDH [V}, a 100-kDa protein which unwinds DNA in the 5 to 3
direction with respect to the bound strand, was cloned and sequenced. It was found to be identical to the human cDNA
encoding nucleolin, a ubiquitous eukaryotic protein essential for pre-ribosome assembly. HDH TV/nucleolin can unwind
RNA-RNA duplexes, as well as DNA-DNA and DNA-RNA duplexes. Phosphorylation of HDH IV/nucleolin by cdc2
kinase and casein kinase Il enhanced its unwinding activity in an additive way. The Gly-rich C-terminal domain
possesses a limited ATP-dependent duplex-unwinding activity which contributes to the helicase activity of HDH

IV/nucleolin.

INTRODUCTION

The different DNA helicases unwind duplex DNA in
an ATP-dependent fashion and thus play essential roles
in DNA replication, repair, recombination and in some
cases transcription (Matson et al., 1994; Thommes and
Hibscher, 1992). Specific functions in different aspects of
DNA metabolism have been ascribed to most of the pro-
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karyotic. yeast and viral DNA helicases, whereas the in
vivo functions of animal cell helicases are still unclear,
including those present in human cells. In this context
we have purified to homogeneity from Hela cells and
characterized five human DNA helicases (HDH), namely
HDH I, HDH II, HDH III, HDH 1V and HDH V (Tuteja
et al., 1990; 1991; 1992; 1993; 1994). Recently, we have
identified HDH II as Ku, an autoantigen recognized by
sera of scleroderma and lupus erythematosus patients
(Tuteja et al., 1994). The aim of the present study was to
clone and sequence the HDH IV gene and eventually
identify its function. We could thus observe that HDH
IV is in fact human nucleolin (NUC), ie., a ubiquitous
protein of eukaryotic organisms which has a certain, if
yet not fully understood, role in the maturation, as well
as in nucleo-cytoplasmic transport processes, of TRNA;
in this context, NUC is capable of destabilizing
rRNA/rRNA helices, a property residing in its C-terminal
domain (Ghisolfi et al., 1992a). Also, NUC is known to
be a substrate for two different protein kinases, even



144

though no clear correlation could be established between
the phosphorylation state and the functional properties
of this molecule. We have thus investigated whether HDH
IV/NUC is also endowed with RNA-unwinding activity,
whether this resides in its C-terminal portion and whether
phosphorylation by cdc2 and CK Il protein kinases has
any effect on helicase activity.

RESULTS AND DISCUSSION

(a) Cloning and sequencing of an HDH [V ¢cDNA

In order to identify the gene and, eventually, the func-
tion of HDH IV, we raised polyclonal Ab in rabbit
against the HDH IV purified to homogeneity (Tuteja
et al., 1991). The immunoglobulins of the anti-HDH IV
serum were purified by protein-A sepharose affinity chro-
matography (Harlow and Lane, 1988) and depleted of
E. coli antigen recognizing molecules by adsorption on
an E. coli protein affinity column (Sambrook et al., 1989).
A human Hela cell cDNA expression library in Agtll
(Clontech, Palo Alto, CA, USA) was immunoscreened
with the anti-HDH TV immunoglobulins, allowing the
isolation of three positive plaques, designated clones 1. 2
and 3, respectively (Fig. 1). EcoRI digestion of plaque-
purified phage DNA demonstrated that they had inserts
of 1051, 727 and 697 bp, respectively. Using the insert
DNA of clone | as a hybridization probe, we screened
the AZAPIl cDNA library (Stratagene, La Jolla, CA,
USA) by the method described earlier (Tuteja and Farber.
1988). This resulted in the 1solation of three additional
clones, 4, 5 and 6, with insert sizes of 1108, 1405 and
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Fig. 1. A schematic representation of the human NU°C ¢cDNA sequence
(top line) and the DNA sequence of clones 1 to 6 of HDH 1V. The
coding region of NUC, nt 115-2391, is shown as a thick line. The
complete cDNA NUC sequence is described by Srivastava et al. {1989).
The size of each ¢cDNA is shown in parentheses. The numbering on
each cDNA refers to the homologous portion of NUC cDNA.

939 bp, respectively (Fig. 1). After subcloning the cDNA
inserts in pUC19, we determined the nt sequences of all
six clones.

(b) The cDNA sequence codes for human nucleolin (NUC)

The computer analysis of the nt sequences showed that
all the clones were completely identical to portions of
human NUC ¢DNA (Srivastava et al., 1989) (Fig. 1). The
human NUC cDNA contains a 2121-bp coding region
with 114- and 332-bp UTR at the 5 and 3’ ends, respec-
tively (Srivastava et al., 1989). A Northern blot analysis
of the Hela cell total RNA, using as a probe the insert
of clone 1, showed a transcript of the same size, i.e., 3 kb
{data not shown), as reported for nucleolin mRNA
(Srivastava et al., 1989).

(¢) Helicase activity of NUC from HeLa cells

Prompted by the above observations, we tested a puri-
fied preparation of human NUC from Hela cells
(Belenguer et al., 1990) for DNA helicase activity and
found that this was, in fact, present (Fig. 2A-I), in accord
with the contention that HDH IV is indeed identical to
NUC. As mentioned in the introduction, NUC was
known to be able to destabilize rRNA/rRNA helical
areas; accordingly, we have observed that both prepara-
tions of HDH IV and of NUC from Hela cells can
unwind RNA-RNA hybrids in an ATP-dependent reac-
tion (Fig. 2A-11), thus showing that HDH IV/NUC also
functions as an RNA helicase. We had already shown
that HDH IV can also unwind DNA/RNA hybrids, as
well as DNA duplexes (Tuteja et al., 1991). Interestingly,
similar findings were reported for the SV40 large
T-antigen, which also acts as both DNA and RNA heli-
case (Scheffner et al., 1991) but with a 3’ to 5 polarity,
opposite to HDH IV/NUC. Conversely, a 100-kDa RNA
helicase, which translocates in the 5’ to 3’ direction and
is present in HelLa cells (Flores-Rojas and Hurwitz,
1993), appears to be different from HDH IV because it
does not contain DNA helicase activity.

(d) Cross-reaction of Ab to HDH IV and NUC

The identity of HDH IV with NUC was further con-
firmed immunologically by Western blotting. The results
show that anti-HDH IV Ab recognizes the 100-kDa band
of NUC and HDH 1V (Fig. 2B-I). Similarly, anti-NUC
Ab also recognizes the 100-kDa protein of HDH IV and
NUC (Fig. 2B-11). Both Ab react with a single 100-kDa
protein in a nuclear extract (Fig. 2B-I and -II). These
findings clearly indicate also that HDH IV and NUC are
one and the same protein.
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Fig. 2. Catalytic and immunologic identity of HDH IV and NUC.
(A) DNA helicase (panel T) and RNA helicase (panel 11 activities of
NUC (lane 2) and HDH IV (lane 3). Lanes | and 4 in both panels arc
controls without enzyme and heat-denatured substrate, respectively.
Lanes § and 6 in both panels are assays without ATP of NUC or HDH
IV, respectively. The structure of the substrate used is shown at the top
of each autoradiogram. The DNA and RNA substrates were prepared
as described previously (Tuteja et al., 1991; 1994). For the helicase
assays 100 ng of each enzyme were used in the presence of 1 ng of
substrate and the products were separated by native 12% PAGE.
Asterisks denote the *?P-labelled end. In the RNA helicase assay, 1 unit
of RNAase block was also included. (B) Western blotting with anti-
HDH TV (panel I) and anti-NUC (pancl 11) Ab. In both panels lane |
is nuclear extract (30 pg), lane 2 is HDH IV (0.5 pg) and lane 3 is NUC
(0.4 pug). The polyclonal Ab against HDH IV and NUC were raised in
rabbit. The procedure used for Western blotting was as described in
Sambrook et al. (1989), with alkaline-phosphatase-conjugated second
Ab. The antisera were used at 1:2000 dilution. Prior to blotting, proteins
were separated on 0.1% SDS-10% PAGE.

(e) Expression and determination of the helicase activity
of the Gly-rich C-terminal domain of NUC

The 85-aa C-terminal domain of NUC is rich in Gly
interspersed with Arg and Phe and has been shown to
modify the RNA-binding properties of the central
domain of NUC (Ghisolfi et al., 1992b). It has also been
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proposed that this domain of NUC has a role in unfold-
ing the regions of rRNA which are recognized by the
central domain of the protein (Ghisolfi et al,, 1992a). In
order to assess whether the C-terminal domain of NUC
exhibits unwinding activity, we have cloned this portion
of NUC ¢cDNA into an E. coli expression vector and
purified a 10-kDa polypeptide (called p10) to homo-
geneity, as described earlier (Ghisolfi et al., 1992b). This
preparation was found to contain both DNA (Fig. 3A-E)
and RNA helicase (Fig. 3F) activities. The DNA helicase
activity of pl0 requires ATP (see Fig. 3D, lane 4) and
also shows DNA-dependent ATPase activity (data not
shown). For all three tested enzyme activities, approx.
20-fold higher amounts of p10 molecules are required to
attain the same activity as HDH TV/NUC. p10 does not
require a fork-like structure of the substrate (Tuteja et al.,
1991) and, like HDH 1V, shows activity whether there is
no tail on the substrate (Fig. 3A) or whether tails are
present on either end (Fig. 3B,C) or both ends (Fig. 3D).
If the duplex region is increased to 41 bp, no unwinding
is observable (Fig. 3E), again similar to HDH 1V. Also,
p10 can unwind DNA-RNA substrates (Fig. 3G), like
HDH 1V (Tuteja et al., 1991).

(f) Phosphorylation of HDH IV by cdc2 kinase and casein
Kkinase I1

NUC has been shown to be a substrate for the cdkl
form of the cdc2 protein kinase family, as well as for the
so-called casein kinase 11 (Caizergues-Ferrer et al., 1987,
Belenguer et al., 1990). As predictable, HDH 1V prepara-
tions are a substrate for both protein kinases (Fig. 4A,B)
and, more importantly, helicase activity is markedly
increased after phosphorylation of HDH IV by both
kinases (Fig. 4C). The effect of the two phosphorylations
seems to be additive, hinting that both kinases are posi-
tive regulators of the helicase activity and act on different
sites of the enzyme. Cdc2 kinase and CKII (Caizergues-
Ferrer et al., 1987; Belenguer et al,, 1990) are known to
phosphorylate NUC at several Thr and Ser residues
located in the N-terminal third of NUC:; it was thus pro-
posed that successive cdc2 and CKII phosphorylations
are required to modulate NUC function in the cell cycle
(Belenguer et al., 1990). At present we have no data on
the exact location and number of phosphorylated resi-
dues affecting the helicase activity; these will have to be
established after quantitative dephosphorylation of the
native protein. pl0 is not a substrate for cdc2 or CKII
(data not shown) in accord with the observation that the
phosphorylatable sites are located in the N-terminal por-
tion (Belenguer et al., 1990). However, the effect of the
two kinases on the helicase activity of the native HDH
IV/NUC molecule is quite pronounced and would seem-
ingly provide the first functional explanation on the role
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Fig. 3. DNA and RNA helicase activitics of expressed and purified C-terminal domain of the HDH IV/NUC protein with different substrates. For
each assay, 200 ng of the polypeptide {p10) and | ng of the substratc were used. p10. corresponding to the Gly-rich C-terminal domain of HDH
IV/NUC, has been synthesized by an E. coli expression vector system and purified to homogeneity, as described by Ghisolfi et al. (1992a). All the
substrates were prepared and helicase assays performed as described previously (Tuteja et al.. 1991; 1994). The asterisks denote the **P-labelled end.
Each panel shows the structure of the substrate used, an autoradiogram of the gel (native 12% PAGE) and the percentage unwound. In each panel,
lane 1 is the control without enzyme, lane 2 is the reaction with enzyme and lane 3 is the heat-denatured substrate. In panel D, lane 4 is the helicase

reaction of pl0 without ATP.

of NUC phosphorylation at the molecular level. These
data, together with the fact that twenty-fold more p10
than HDH 1V/NUC is required to get the same unwind-
ing effect, suggest long range intramolecular interactions
which will require further investigation.

HDH IV/NUC is associated with nascent pre-rRNA
in pre-ribosomes but is not detected in mature r-subunits.
This suggests a role of the protein in pre-ribosome assem-
bly and/or in RNA processing. The RNA helicase activity
is of particular interest in view of the recent discovery
that small nucleolar RNAs, mostly encoded in intron
sequences, hybridized on more than 10 nt with nascent
pre-TRNA and were no longer detected in r-subunits
(Nicoloso et al., 1994). HDH IV/NUC could contribute
to the removal of these snoRNA after the addition of
r-proteins and thus play a crucial role in pre-ribosome
assembly. In addition, HDH 1V could also play a role in
DNA metabolism, since NUC has been shown to bind

to DNA in the non-transcribed spacer, in the vicinity of
DNA replication origin (Olson et al., 1983).

(g) Conclusions

(1) We have cloned and sequenced the HDH IV ¢cDNA
and found that the sequence is identical to that of the
human NUC cDNA.

(2) The identity of HDH IV with NUC was further
confirmed immunologically, since either of these mole-
cules are recognized in Western blotting by the Ab raised
against the other.

(3) HDH IV/NUC contains DNA and RNA helicase
activities.

(4) The Gly-rich C-terminal domain possesses an
ATP-dependent unwinding activity.

(5) HDH IV/NUC is a substrate for cdc2 and CKII
protein kinases; its unwinding activity is stimulated after
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Fig. 4. Action of two different protein kinases on HDH IV/NUC. (A) Phosphorylation of HDH [V/NUC by increasing concentrations of cdc2 kinase.
The assay was performed at 30 C for 30 min in a 10-pl reaction mixture containing 50 mM Triss HCI pH 8/10 nM MgCl,/1 mM DTT/0.8 uM
ATP/0.5uCi [y-2PTATP (> 185 TBq/mmol, Amersham)/100 ng HDH TV/NUC and cdc2. The reaction was stopped with electrophoresis sample
buffer and analyzed by 0.1% SDS-10% PAGE. After staining with Coomassie blue. the gel was exposed for autoradiography. The figure shows the
autoradiogram of the gel. Lanes 1-8 show the phosphorylation of a constant amount (100 ng) of HDH 1V/NUC with varying concentrations of cdc2
(prepared according to Zhang et al., 1994). The amounts of cde2 used were 0.25. 1.5, 3.0, 4.5, 6.0, 7.5, 9.0 and 10.5 ng (lanes 1-8) respectively. The
figure shows the 100-kDa band of HDH IV/NUC. (B) Autoradiogram of the gel (0.1% SDS-10% PAGE) after phosphorylation of HDH IV/NUC
with CKII. The assay was performed in a 10-pl reaction volume as described for panel A, except that the buffer contained 100 mM Tris-HCI
pH 7.5/12 mM MgCl,/100 mM KCL. The incubation was at 37 C for |5 min, Lanes 1-6 show phosphorylation of 100 ng of HDH IV/NUC with
different concentrations of CKII and the amount of CKII was 12.5, 25. 50, 100, 600 and 1200 ng, respectively. The 100-kDa band of HDH IV/NUC
is shown in the figure. CKII was kindly provided by Dr. L. Pinna from Padova. (C) DNA helicase activity of HDH IV/NUC after phosphorylation
with cdc2 or CKII or both. HDH IV/NUC (100 ng) was phosphorylated with 10 ng of cdc2 kinase or 600 ng of CKII or with both in three separate
10-pl reaction mixtures as described above for panels A and B. except that [v-*P]ATP was not included. After the incubation, 2 ul of the reaction
mixture was directly added to a standard DNA helicase assay as described (Tuteja et al.. 1991), with reaction products separated by native 12%
PAGE. Lanes | and 8 are the control without enzyme and heat-denatured substrate respectively. Lane 2 shows the DNA helicase activity of 20 ng
of HDH IV/NUC on its own, while lanes 3, 4 and S show the activity, after phosphorylation, of the same amount of HDH TV/NUC with the indicated
kinases. Lanes 6 and 7 show that cdc2 and CKII preparations do not contain helicase activity.
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