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FIG. 4 Effect of serum from a post-irradiated pig on human CFU-MK
colony formation. Mononuclear human bone marrow cells were seeded
at a concentration of 2 x 10> cells per ml in plasma clot cultures in
the presence of human aplastic serum or post-irradiated pig serum,
untreated or pre-adsorbed on fusion proteins. On day 11 of culture, CFU-
MK-derived colonies were visualized by an immunochemical reaction as
described”. a, MK colonies numbers in each culture conditions
(mean +s.d. of 3 experiments in duplicate). b, Absolute numbers of MK
in a total of 12 culture dishes (mean +s.d.).

anti-CD61 monoclonal antibody, stained with propidium iodide
and analysed by flow cytometry. The mean absolute number of
MK found in cultures with untreated or mu-Mpl/Fc-adsorbed
serum was 16,400 and 1,900 per 1x10° cells, respectively (4
replicate experiments). However, there was no noticeable differ-
ence in the modal ploidy distribution because only rare MK
(<1%) reached a ploidy level above 16N, as previously
reported' (data not shown). Thus, on purified CD34-positive
cells, Mpl-L in irradiated pig serum appears to act mainly as a
potent MK proliferation factor.

In summary, we have demonstrated that the recombinant
Mpl-R directly binds a ligand that is present in sera from irradi-
ated animals and transmits a mitogenic signal. However, this
observation does not exclude the possibility that other subunits
might be needed for full function of Mpl-R as has been demon-
strated for other haematopoietin receptors'*'®. The data provide
evidence that Mpl-L is a humoral factor that induces prolifera-
tion and differentiation of megakaryocyte progenitors and
strongly suggest that Mpl-L plays a pivotal role in regulating
platelet homeostasis. The full spectrum of activities of Mpl-L
will be precisely defined when the recombinant molecule becomes
available and can be used in single cell assays. U]
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The p21 inhibitor of
cyclin-dependent kinases
controls DNA replication
by interaction with PCNA

Shou Waga, Gregory J. Hannon*, David Beach*
& Bruce Stillman

Cold Spring Harbor Laboratory, and * Howard Hughes Medical Institute,
PO Box 100, Bungtown Road, Cold Spring Harbor,
New York 11724, USA

THE pS3 tumour-suppressor protein controls the expression of a
gene encoding the p21 cyclin-dependent protein kinase (CDK)
regulator' ™. Levels of p21 protein are increased in senescent cells
and p21 overexpression blocks the growth of tumour cells"*’. Tn
normal human cells, but not in many tumour cells, p21 exists in a
quaternary complex with a cyclin, a CDK, and the proliferating-
cell nuclear antigen (PCNA)*®, p21 controls CDK activity, thereby
affecting cell-cycle control> ¢, whereas PCNA functions in both
DNA replication®™” and repair'®. Here we use simian virus 40
DNA replication ir vitro to show that p21 directly inhibits PCNA-
dependent DNA replication in the absence of a cyclin/CDK. Fur-
thermore, p21 blocks the ability of PCNA to activate DNA poly-
merase J, the principal replicative DNA polymerase. This
regulation results from a direct interaction between p21 and
PCNA. Thus, during p53-mediated suppression of cell prolifera-
tion, p21 and PCNA may be important for coordinating cell-cycle
progression, DNA replication and repair of damaged DNA.

To understand how p21 suppresses cell proliferation, we inves-
tigated whether p21 would affect SV40 DNA replication in vitro
(reviewed in ref. 14-16). This cell-free system models eukaryotic
DNA replication (reviewed in refs 14-17) and enzymatic synthe-
sis of DNA dependent on the SV40 ori has been reconstituted
using SV40 T-antigen and human DNA replication proteins'>'®,
We expressed histidine-tagged p21 (His-p21; Fig. la) and p21
fused to glutathione S-transferase (GST) (GST-p21) (data not
shown) in Escherichia coli. Both purified forms of p21 inhibited
CDK (data not shown) and DNA replication from the SV40 ori
in a crude extract from human 293 cells'® (Fig. 15, and data not
shown). This latter inhibition was dose-dependent and incom-
plete, even with large amounts of protein. Heat-treated His-p21,
which still functions as a CDK inhibitor®, could also inhibit
DNA replication, arguing that inhibition was not due to a con-
taminating nuclease or other enzyme.

Circular DNA topoisomers (the final replication product) and
DNA replication intermediates (which migrate more slowly dur-
ing electrophoresis) disappeared as His-p21 was increased (Fig.
lc). Saturating amounts of His-p21 gave rise to a smear on the
gel corresponding to a size of ~2.3 kilobases, which represents
accumulation of early DNA-replication intermediates'™"" (Fig.
lc, lanes 5 and 6). This indicated that p21 could be inhibiting
elongation but not initiation of DNA replication. A specific
inhibitor, p16, of the cyclin D-dependent kinase CDK4 (ref. 20),
did not prevent DNA replication in vitro, so this effect must be
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specific to p21; moreover, it was also prevented by GST-p21 but
not by unrelated GST-fusion proteins (data not shown).

To identify the specific target for p21-mediated inhibition of
DNA replication, purified replication proteins were added to
the reactions to determine whether they could counteract the
inhibition by His-p21. Of these proteins, only PCNA could
restore DNA replication in a dose-dependent manner (Fig. 2a).
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FIG. 1 p21-mediated inhibition of SV40 DNA replication in crude cell
extracts. a, Analysis of purified His-tagged p21 (0.48 ug) and human
PCNA (0.4 ug) by 15% SDS-PAGE and staining with Coomassie brilliant
blue. b, Titration of p21 into SV40 DNA replication reactions containing
SV40 T-antigen and a crude cell extract from human 293 cells. Increas-
ing amounts of untreated (@) or heat-treated (100 °C, 10 min) (O) His-
p21 were added to replication reactions, using an equivalent amount
of buffer as a control ([J). The amount of DNA synthesis is expressed
as picomoles of dAMP incorporated in- a 50-ul reaction in 1 hour. c,
Analysis by electrophoresis on 1% agarose gels and autoradiography
of products purified from each reaction in b. Lane 1, buffer control of
same volume as p21 in lanes 6 and 11. Arrow indicates form-I relaxed
DNA; other bands are form-l topoisomers. d, Comparative effects on
DNA replication of His-p21 and His-p16 CDK inhibitors: increasing pro-
tein was added to replication reactions reconstituted with crude cell
extract from human 293 cells.

METHODS. DNA was replicated from the SV40 origin in 10 pl containing
6ugml™ pSVO11 plasmid DNA'™, 44pugml™ SV40 T-antigen,
1.5 mgmi~* protein of a crude $S100 cell extract from 293 cells as
described™®. Crude extracts were preincubated on ice for 30 min with
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Ncither DNA polymerase 6 (pol §) nor replication factor C
(reviewed in refs 15, 16) altered the His-p21 effect (Fig. 2a), even
though enough of each protein was used to support SV40 DNA
replication (see later). When PCNA was added to reactions con-
taining His-p21, circular DNA topoisomers were recovered (Fig.
2b, lanes 3-6), indicating that replication was fully restored.
Replication protein A (refs 15, 16) stimulated DNA synthesis
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His-p21 or His-p16 without SV40 T-antigen or plasmid DNA, then incu-
bated at 37 °C for 1 h with T-antigen and DNA template. Measurement
of incorporated radioactivity and the analysis of replication products
have been described*®?°. His-p21 contained an insertion (Gly-Hisg)
between amino acids 1 and 2 of the p21 sequence. It was expressed
in bacteria and purified on fast-flow S-Sepharose (0-1 M NaCl gradient
in 20 mM Tris, pH 8.0). p21-containing fractions were diluted 3-fold with
20 mM Tris, pH 8.0, 10% glycerol, and passed through fast-flow Q—
Sepharose. Flow-through material was loaded onto Ni-NTA agarose
(Qiagen) and His-p21 was eluted with 100 mM imidazole in 20 mM
Tris, pH 8.0. Baculovirus-expressed, His-tagged p16 was provided by M.
Serrano and D.B. (ref. 20). Human PCNA was expressed in E. cofi and
purified as before'®; the other DNA replication proteins have been
described'>182%22,

575

© 1994 Nature Publishing Group



LETTERS TO NATURE

in the presence of His-p21, but only early intermediates were
formed (S.W. and B.S., unpublished results). These results indi-
cated that p21 was interfering with PCNA function during DNA
replication. The human cell crude extract contained cyclin-CDK
activity and therefore, it was possible that the p21 inhibition of
DNA replication was indirect and involved its CDK inhibitory
activity.

This possibility was investigated by examining the effect of
p21 on SV40 ori-dependent DNA replication reconstituted with
purified replication proteins, which did not include cyclins and
CDKs, instead of the crude cell extract. Coordinated replication
of both lagging and leading DNA strands occurs in this
system'""'%. We found that His-p21 again inhibited DNA replica-
tion (Fig. 3a) and that this inhibition could be reversed by the

addition of excess PCNA (Fig. 3b). These results indicate that
p21 and PCNA interact with one another directly, which was
confirmed by analysis of DNA polymerase §-directed DNA syn-
thesis using an oligo(dT)/poly(dA)primer-template DNA.
DNA polymerase & needs PCNA for processive polymerase
activity’?', and both are required for replication of the lagging
and leading DNA strands'® '*. Purified PCNA stimulated DNA
synthesis by purified pol § more than 10-fold in the absence of
p21, but this was dramatically suppressed by His-p21 (Fig. 3¢)
and by GST-p21 (data not shown). Even with saturating
amounts of His-p21, however, DNA synthesis by pol & did not
fall below the level achieved without PCNA, suggesting that p21
does not affect pol J itself. An excess of PCNA, but not of pol
8, reversed this inhibition (Fig. 3d).
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FIG. 3 Inhibition by His-p21 of DNA synthesis using puri- a
fied replication proteins. a and b, Analysis of the reconsti- 50 253
tuted SV40 DNA-replication system. Purified proteins were —e— pol § + PCNA
used for reconstituted replication including replication 40 20 :gg'ﬂg
protein (RPA), topoisomerases | and Il, RFC (fraction V),
DNA polymerase-a/primase complex (pol a/primase), 30
PCNA and pol §. These proteins were preincubated on ice
with His-p21 (a) or with PCNA and 19 ug ml" * His-p21 (b), S 201 <
T-antigen and plasmid DNA were then added and replica- 2 £
tion assayed as for Fig. 1. ¢ and d, Analysis of PCNA- g ‘;
activated DNA synthesis by purified DNA polymerase & g0 o
with oligo(dT)/poly(dA) as primer—template. DNA synthesis g §
is expressed as picomoles TMP incorporated in a 25-pl £ Oo 5 10 15 20 25 2 05 5 10
reaction in 20 min. ¢, His-p21 was preincubated with £ p21 {ug mi-1) 2 p21 (ug mi-Y)
1ugmi~* PCNA and 1 pg mi~* pol § (filled circles), pol § g, a
alone (circles) or control buffer (triangles) on ice for 3 £ d
30 min, then incubated with TTP and the homopolymer 2 50 E
primer-template DNA at 37 °C for 20 min. d, PCNA and 2 £60
pol & were incubated with or without 6 ug mi? His-p21 B 40 2 59
on ice before DNA synthesis. 2 E
METHODS. Reconstituted replication and DNA synthesis @ 30 @ 40
reactions with pol § were carried out as described®2%2°, g % 30
The standard reconstituted replication reaction contained 20
6 ug mi~* pSVO11 template plasmid, 80 pug mi~* T-anti- 20
gen, 4 ug ml~* topoisomerase |, 1.8 ug mi~" topoisomer- 10
ase Il, 50 pg mi~* RPA, 8 pg ml* PCNA, 72 pg ml~* RFC 10
(fraction1IV), Tugml™ pol a/primase complex and 0 {ug mi~) 0 (”gl ';‘"1)
Spgml * pol 5. These proteins were purified as 8 8 16324864 PINA L -4
before®2e, - + : p21 B — ;21
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These results encouraged us to determine whether p21 and
PCNA could form a complex in solution in the absence of CDKs
or cyclins using glycerol gradient sedimentation. His-p21 sedi-
mented at the same position as a marker protein of relative
molecular mass 12,500 (M, 12.5K) (fraction 6 in Fig. 4a); PCNA
co-sedimented with a 68K marker protein (fraction 12 in Fig. 4b)
(PCNA forms a torus-like homo-trimer in solution®>**). When
PCNA and His-p21 were mixed before applying to the gradient,
the PCNA peak shifted to fraction 14 and cosedimented with
part of the His-p21 (Fig. 4¢). Note that a contaminating E. coli
protein present in this His-p21 preparation did not bind PCNA.
Immunoblotting with p21 antiserum confirmed that the PCNA-
associated protein was His-p21 (Fig. 4d). The increased sedi-
mentation constant of PCNA when bound to His-p21 or GST-

NATURE - VOL 369 - 16 JUNE 1994

FIG. 4 Analysis of a His-p21/PCNA complex by glycerol gradient sedi-
mentation. His-p21 (a), PCNA (b) or both proteins combined (c, d) were
sedimented in parallel in 15-35% glycerol gradients containing 0.25 M
NaCl. Proteins in every second fraction (out of 27 per gradient) were
precipitated with trichloroacetic acid, separated by 15% SDS-PAGE,
and stained with silver (top three panels). Alternative fractions contain-
ing both His-p21 and PCNA were analysed by western blotting with
rabbit anti-p21 antiserum (G.H. and D.B., unpublished) (panel d). The
fraction numbers are shown above each gel. Protein in the ‘Load’ lanes
is equivalent to one fifteenth of the total protein in each gradient. Sedi-
mentation positions of the marker proteins, cytochrome ¢ (Cyt; 12.5K),
chymotrypsinogen A (Chy; 25K), ovalbumin (Ova; 45K), serum albumin
(Alb; 68K), aldolase (Ald; 158K) and catalase (Cat; 240K) are indicated
in a. Migration positions of size markers in SDS-PAGE are shown on
the left. Arrows in a, ¢ and d indicate His-p21. The protein migrating
faster than His-p21 is an unrelated E. coli protein that serves as an
internal control; bands at ~66K in b and ¢ are contaminants introduced
in the gel electrophoresis.

METHODS. A mixture of PCNA and His-p21 (0.8 pg each, giving a molar
excess of p21) or each protein alone was preincubated on ice for 2 h in
a buffer consisting of 0.25 M NaCl, 25 mM Tris-HCI, pH 7.5, 5% glycerol,
1 mM EDTA, 1 mM dithiothreitol, 0.01% Nonidet P-40 and protease
inhibitors, before sedimentation in 5-ml 15-35% glycerol gradients in
the same buffer in a Beckman SW55Ti rotor for 21.5 h at 55,000 r.p.m.
at 4 °C. A duplicate gradient was run in parallel with protein markers.
Immuno biotting with rabbit anti-p21 antiserum followed the manufac-
turer's recommended protocol (ECL, Amersham).

p21 (data not shown) suggests that one molecule of p21 is bound
to one molecule of a trimeric PCNA.

In normal non-tumorigenic human cells, p21 exists in a quat-
ernary complex with a cyclin, a CDK and PCNA®*. Because
p21 binds to PCNA directly, a complex of p21 with only PCNA
may exist in normal cells. The activity of the kinase in the quat-
ernary complex depends on the amount of p21 in the complex
(H. Zhang, G.J.H. and D.B., manuscript submitted), so in nor-
mal cells p21 probably controls both CDK/cyclin and PCNA
activity. Thus p21 could provide a regulatory link in normal
diploid cells between DNA replication and those CDK /cyclin
complexes required for the execution of S phase. It has been
proposed that PCNA in S. pombe participates in a replication
checkpoint that affects entry into mitosis®, so an alternative role
for the p21/PCNA complex or the quaternary complex at the
replication fork might be in mediating this checkpoint.

The level of p21 is controlled by the tumour-suppressor pro-
tein p53 (refs 1, 4), and our observations suggest a mechanism
whereby p53 could modulate and perhaps coordinate cell-cycle
progression and DNA replication. In tumour cells that have
either lost the p53 protein or contain an altered form of p53,
p21 levels are greatly reduced or the protein is absent
altogether'*>. The consequences of this could be abnormal
DNA replication control or loss of coordination between DNA
replication and cell-cycle progression. Both could lead to genome
instability, a characteristic of tumour cells.

Following DNA damage by ultraviolet light, y-rays or chemi-
cals, cells respond by activating DNA repair processes that are
partly controlled by p53*® **. Induction of p21 by p53 could be
one mechanism by which the cell cycle’**® and DNA replication
are transiently arrested. As PCNA is required for DNA-excision
repair'?, we assume either that the PCNA and DNA polymerase
involved in DNA repair are refractory to inhibition by p21, or
that there is a damage-induced programme that allows DNA
repair before resumption of replication.

In addition to its established role as a CDK inhibitor, our
results demonstrate a previously unrecognized function for p21
in the control of DNA replication. This suggests that p21 may
be a key governer of DNA replication, DNA repair and the cell
cycle machinery. O
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RAD25 is a DNA helicase
required for DNA repair and
RNA polymerase Il
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THE RAD?25 gene of Saccharomyces cerevisiae functions in nucleo-
tide excision repair of ultraviolet-damaged DNA and is also
required for cell viability'. The RAD2S5 protein shows remarkable
homology to the protein encoded by the human nucleotide-excision-
repair gene XPB (ERCC3), mutations in which cause the cancer-
prone disease xeroderma pigmentosum and also Cockayne’s
syndrome'. Here we purify RAD25 protein from S. cerevisiae and
show that it contains single-stranded DNA-dependent ATPase and
DNA helicase activities. Extract from the conditional lethal mut-
ant rad25-ts,4 exhibits a thermolabile transcriptional defect which
can be corrected by the addition of RAD2S protein, indicating a
direct and essential role of RAD25 in RNA polymerase II
transcription. The protein encoded by the rad25 99, allele is defec-
tive in DNA repair but is proficient in RNA polymerase II
transcription, indicating that RAD25 DNA-repair activity is
separable from its transcription function. The rad25 Arg-392
encoded product, which contains a mutation in the ATP-binding
motif, is defective in RNA polymerase II transcription, suggesting
that the RAD25-encoded DNA helicase functions in DNA duplex
opening during transcription initiation.

The RAD25 (SSL2) protein was overproduced in S. cerevisiae
(Fig. la), and purified almost to homogeneity (Fig. 14). RAD25
protein in the overproducing extract (Fig. la, lane 2) and
RAD25 protein immunoprecipitated from wild-type extract
(Fig. 3a, lane 1) both show an apparent molecular size of 105K
in SDS-PAGE analysis, which is consistent with the predicted
size of 95.3K'. The identity of purified RAD25 protein was
established by immunoblotting (Fig. 1a, lane 3).

To examine whether RAD25 protein has ATPase activity, it
was incubated with [2,5,8->H]ATP in the absence of DNA and
with either double-stranded (ds) or single-stranded (ss) DNA as
cofactor. As shown in Table 1, RAD2S hydrolyses ATP to ADP
in the presence of DNA but not in its absence, with ssDNA
being much more effective than dsDNA in activating ATPase
activity. The ssDNA-dependent ATPase activity of RAD2S5 pro-

* To whom correspondence should be addressed.
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TABLE 1 RAD25 protein is a ssDNA-dependent ATPase

Conditions ATPase activity (%)
No DNA 0
Single-stranded DNA

M13 mpl8 100
OX174 100
X174 (—Mg”") 0
Duplex DNA
pBR322 5
M13mp18 7
X174 8
dX174 (—Mg*") 0

Reaction mixtures (10 ul final volume) containing 20 ng RAD25 pro-
tein, 200 ng of the indicated DNA co-factor, and 0.25 mM [2,5,8-3H]ATP
(10° c.p.m. total) were assembled in 30 mM Tris-HCI, pH 7.25, contain-
ing 5 mM MgCl,, 1 mM dithiothreitol and 100 ug mi~* BSA and incuba-
ted for 30 min at 36 °C. The duplex DNA contained 80% supercoiled
form and 20% nicked circular form. Conversion of ATP to ADP was
determined by thin layer chromatography in polyethyleneimine cellulose
sheets; 100% activity corresponds to the hydrolysis of 35% of the input
ATP.

tein requires Mg”" (Table 1), is maximal at pH 7.25 (data not
shown), and has k., = 140 min ™" at this pH. The level of ssDNA-
dependent ATPase activity in the Mono-Q fractions from the
last step of RAD2S5 purification was found to parallel closely
the amount of RAD235 (Fig. 2a), indicating that this activity is
intrinsic to RAD25 protein. RAD2S protein also hydrolyses
dATP with similar efficiency and the same DNA cofactor
requirement (data not shown).

Many ssDNA-dependent ATPases have the ability to unwind
duplex DNA?. To examine whether RAD25 has DNA helicase
activity, we incubated it with ssM13 circular DNA to which
a ¥P-labelled 17-nucleotide complementary fragment had been
annealed. Figure 2b shows that RAD25 protein unwinds the
partial duplex (lanes 4 and 5) in an ATP-dependent manner
(compare lane 3 with lane 5). Replacing ATP with the non-
hydrolysable ATP analogue ATP-¥S inactivates DNA unwind-
ing (lane 6), suggesting that the energy derived from hydrolysing
the B-y phosphodiester bond in ATP drives the helicase func-
tion. Whereas dATP (lane 7) substitutes for ATP in supporting
DNA unwinding, CTP (lane 8), GTP (lane 9), UTP (lane 10)
and ADP (data not shown) are ineffective. As shown in Fig. 2¢,
RAD?25 protein also catalyses the ATP-dependent unwinding of
another helicase substrate which contains a 41-base-pair (bp)
duplex region. The helicase activity requires Mg*", hasa pH 7.25
optimum, and co-elutes with RAD25 protein during chromato-
graphy in Mono-Q (data not shown).

Our previous studies with the recessive temperature-sensitive
(ts) conditional lethal mutation rad25-ts,, have indicated a gen-
eral requirement for RAD25 in RNA polymerase IT transcrip-
tion in vivo®, Here we determine whether RAD25 functions
directly in RNA polymerase II transcription. Using immunopre-
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