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MCMs are a family of proteins related to ATP-dependent helicases that bind to origin recognition complexes
and are required for initiation of DNA replication. We report that antibodies against MCM2(BM28) specif-
ically inhibited transcription by RNA polymerase II (Pol II) in microinjected Xenopus oocytes. Consistent with
this observation, MCM2 and other MCMs copurified with Pol II and general transcription factors (GTFs) in
high-molecular-weight holoenzyme complexes isolated from Xenopus oocytes and HeLa cells. Pol II and GTFs
also copurified with MCMs isolated by anti-MCM3 immunoaffinity chromatography. MCMs were specifically
displaced from the holoenzyme complex by antibody against the C-terminal domain (CTD) of Pol II. In
addition, MCMs bound to a CTD affinity column, suggesting that their association with holoenzyme depends
in part on this domain of Pol II. These results suggest a new function for MCM proteins as components of the
Pol II transcriptional apparatus.

Transcription by RNA polymerase II (Pol II) is carried out
with the aid of many accessory proteins, including the general
transcription factors (GTFs) TFIIA, -B, -D, -E, -F, and -H
(45). Large pol II holoenzyme complexes, which contain GTFs,
have been isolated from both yeast and mammalian cells (28,
38, 46, 47). In addition to GTFs, the holoenzyme contains
many other components, some of which make contacts with the
C-terminal domain (CTD) of the pol II large subunit. Anti-
bodies against the CTD disrupt the yeast holoenzyme into core
Pol II and a mediator subcomplex, which contains the Srbs and
other proteins (20, 27, 42). Temperature-sensitive alleles of the
SRB4 and SRB6 genes showed that these mediator subunits are
essential for expression of most mRNAs in budding yeast (56).
Other holoenzyme components, such as Srb2, -5, and -7 to -11,
and SWI/SNF proteins, Sin4, Rgr1, Med2, Med9/Cse2, Med10/
Nut2, Med11, Gal11 and Pgd1 (18, 20, 34, 43, 63, 18), are not
essential for transcription of most genes but do contribute to
the response to transactivators and repressors (reviewed in
references 6 and 17). In addition to its role in the response to
transcriptional regulators, the holoenzyme may also integrate
transcription with RNA processing, DNA repair, and replica-
tion. In support of this idea, the DNA repair factors DNA Pol
ε, XPC, XPF, XPG, Ku, and RAD51 (38); BRCA1 (52); RNA
helicase A (1); the replication factors RP-A and RP-C (38);
and the cleavage/polyadenylation factors CPSF and CstF (40)
have been identified in Pol II holoenzyme preparations. Ho-
loenzyme purified by different procedures differs in its compo-
sition, indicating that there are multiple forms of this complex
in vivo (7). It has been estimated that HeLa cells contain
approximately 8,000 copies of a 2- to 4-MDa Pol II holoen-
zyme complex, which corresponds to 10% of the total Pol II
and 0.5% of soluble protein in cell extracts (47). The complex-

ity of the mammalian Pol II holoenzyme suggests that many of
its components remain to be identified.

Replication of genomic DNA is limited to a single round per
cell cycle by a licensing factor, which binds to origins of repli-
cation in M phase and is released after the origins have fired in
S phase (4). One component of licensing factor is a complex of
six MCM proteins which bind to the origin recognition com-
plex (ORC) (reviewed in references 25 and 44). The MCM
genes were originally identified in budding yeast, where they
are required for minichromosome maintenance (37). As pre-
dicted by the licensing model, most MCMs are released from
chromatin during S phase and reassociate at the end of mitosis
(2, 8, 35, 53, 58). In addition to promoting replication, MCMs
may also aid replication fork movement (2). The precise bio-
chemical function of MCMs remains unclear; however, they
have a conserved DNA-dependent ATPase domain shared
with DNA helicases (29), and they copurify with helicase ac-
tivity (23). They also bind with high affinity to core histone
H3-H4 dimers (24), indicating a possible chromatin-remodel-
ing function (2). In both yeast and mammalian cells, MCMs
are far more abundant than replication origins (10, 67). Mam-
malian cells have at least 106 copies of the MCMs per nucleus,
which is at least an order of magnitude greater than the num-
ber of replication origins (5, 58). The excess of MCMs over
origins suggests that these proteins may have functions in ad-
dition to replication licensing. Indeed, a role in transcriptional
activation is suggested by the recent report that MCM5 inter-
acts with the activation domain of Stat1a and that overexpres-
sion of MCM5 stimulates transcription (68).

In this paper, we demonstrate a functional and physical
interaction between MCM proteins and the general Pol II
transcription machinery. Antibodies against MCM2, originally
termed BM28 (59), specifically inhibited Pol II transcription in
injected Xenopus oocytes. Furthermore, MCM proteins copu-
rified with holoenzyme complexes containing Pol II and gen-
eral transcription factors.
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MATERIALS AND METHODS

Oocyte injection and RNase protection. The mouse c-myc (pSX943) and the
adenovirus VA1 (pSPVA), pGal5-P2mycCAT (65), and pHIV2-LTR-CAT-556/
1156) (11) plasmids have been described previously. Template DNAs were
injected at 0.46 ng/oocyte, and Gal4-AH was injected at 4.6 ng/oocyte in 46 nl.
Seven to sixty nanograms of antigen affinity-purified immunoglobulin (Ig) was
injected per oocyte. These amounts of antibody are expected to saturate most of
the endogenous antigen pools. Total protein in injection samples was made up to
1 mg/ml with bovine serum albumin (BSA). The injected antibodies were con-
centrated, if necessary, and dialyzed against 10 mM HEPES (pH 7.5)–70 mM
NaCl–0.2 mM EDTA–0.1 mM ZnCl2.

RNase protection of pSX943, pGal5-P2mycCAT, and pHIV2-LTR-CAT-556/
1156 transcripts has been described previously (65). One oocyte equivalent of
total RNA (;5 mg) was hybridized to 50,000 cpm of each antisense probe
(specific activity, 80 Ci/mmol of [32P]UTP). Hybridization was in 0.4 M NaCl, 0.5
mM EDTA, 20 mM PIPES (piperazine-N,N9-bis(2-ethanesulfonic acid) (pH
6.4), 80% formamide at 50°C. RNase digestion was in 0.3 M NaCl, 10 mM Tris
(pH 7.5), 5 mM EDTA, 5 mg of RNase T1/ml, 1 mg of RNase A/ml for 30 min
at 37°C. Scanned autoradiographs were quantified with NIH Image version 1.61.

Antibodies. The following rabbit antibodies were used: anti-BM28-N, anti-
BM28-C, and anti-BM28-P against amino acids 1 to 591, 592 to 892, and 1 to 412
of human MCM2(BM28), respectively (59); anti-Xenopus MCM3 (36); anti-
human MCM5 (50); anti-Xenopus MCM7 (50); and anti-Xenopus ORC1 and
ORC2 (49). Anti-GST, -TFIIB, -p34(TFIIE), and -rap74(TFIIF) were raised
against recombinant proteins. Anti-CstFp77 and -CPSFp160 were raised against
the peptides VPPVHDIYRARQQKRIR and TPDIILDDLLETDRVTAHF.
Anti-Pol Ib, anti-Pol III RPC62 and RPC82, and anti-CDK8 antibodies (61)
were provided by L. Rothblum, R. Roeder, and E. Lees. Anti-TBP was from
Upstate Biotechnology. All polyclonal antibodies except the anti-Pol I and anti-
Pol III antibodies were affinity purified.

The following monoclonal antibodies were used as purified IgG: anti-Pol II
CTD (8WG16) (57); anti-c-myc (9E10) (12); anti-TFIIH p62 (3C9) (13); anti-
CDK7 (2F8) (51); and anti-RP-A p34 (34-A) and anti-RP-A p70 (70-C) (26).

The three antibodies against MCM2(BM28) and the antibodies against
MCM3, MCM5, MCM7, ORC1, ORC2, TFIIB, Pol II CTD, and p70(RP-A)
reacted with both the human and Xenopus homologous peptides, and all recog-
nized a single major band in Xenopus extracts as determined by Western blotting
(data not shown) (36, 49, 66).

Western blotting. Proteins were transferred to Immobilon P membrane by
semidry electroblotting. Blots were developed by ECL (Amersham) with horse-
radish peroxidase coupled to protein A (Sigma) or to secondary antibody
(Dako).

Recombinant proteins. For blocking of injected anti-MCM2(BM28) antibod-
ies (Fig. 1A and B), soluble MCM2(BM28) was expressed with recombinant
baculovirus and purified from Sf9 cells by Q-Sepharose and Phenyl Sepharose
chromatography. In experiments not shown, antibodies were blocked by incuba-
tion with renatured bacterially expressed, His6-MCM2 coupled to Affigel-10
(Bio-Rad) at 1 to 2 mg/ml.

Glutathione S-transferase (GST), GST-VP16(410-490), GST-TFIIS (residues
1 to 301 of mouse TFIIS), and GST-mutant CTD were expressed in Escherichia
coli with derivatives of the pGEX2T vector (Pharmacia). The GST-mutant CTD
fusion protein contains 15 consensus CTD repeats with a Ser-to-Ala substitution
at position 5 (62). The GST fusion to full-length mouse CTD was cloned into
pET21a. Purification of Gal4-AH has been described previously (65).

HeLa cell whole-cell extract. HeLa cell whole-cell extract was prepared by lysis
in hypotonic buffer (20 mM HEPES 7.9, 10 mM KCl, 1 mM EDTA, 1 mM
EGTA, 15 mM 2-glycerophosphate, 1 mM Na3O4, 2 mM NaF, 2 mM benzami-
dine, 0.4 mM dithiothreitol [DTT], 0.2% Nonidet P-40 (NP-40), 1 mM micro-
cystin, 1 mg of pepstatin/ml, 1 mg of leupeptin/ml, 2 mg of aprotinin/ml, 50 mg of
phenylmethylsulfonyl fluoride PMSF, 0.2% NP-40) and subsequent extraction
with 0.41 M (NH4)2SO4. The extract was buffer exchanged with PD10 columns
(Bio-Rad) against chromatography buffer (CB) (10 mM HEPES 7.9, 0.2 mM
EDTA, 0.2 mM EGTA, 5 mM 2-glycerophosphate, 1 mM Na3VO4, 1 mM NaF,
1 mM benzamidine, 1 mM DTT, 50 mM ZnCl2, 1 mM microcystin, 1 mg of
pepstatin/ml, 1 mg of leupeptin/ml, 2 mg of aprotinin/ml 12% glycerol, 0.05%
NP-40) plus 50 mM NaCl and clarified by centrifugation (40 min at 50,000 3 g)
prior to the chromatography experiments presented in Fig. 3, 6, and 7. For the
preparation of holoenzyme in the experiment shown in Fig. 5, whole-cell extract
was prepared by extraction with 0.41 M (NH4)2SO4 and dialysis against 20 mM
Tris acetate (pH 7.9), 0.1 M K acetate, 1 mM EDTA, 5% glycerol, 2 mM DTT
(52).

Xenopus laevis oocyte extract. Oocytes were defolliculated with 1 mg of colla-
genase/ml in MBS buffer (10 mM HEPES [pH 7.6], 88 mM NaCl, 1 mM KCl, 2.4
mM NaHCO3, 0.8 mM MgSO4, 0.7 mM CaCl2, 50 mg of gentamicin/ml), washed
with XL extraction buffer (30 mM Tris HCl [pH 8], 100 mM KCl, 10 mM
2-glycerophosphate, 2 mM EGTA, 1 mM DTT, 2 mM benzamidine), and snap
frozen. Frozen oocytes were combined with an equal volume of XL extraction
buffer plus 2 mg of pepstatin/ml, 2 mg of leupeptin/ml, 2 mg of aprotinin/ml, and
2 mM DTT and broken by two strokes of a loose Dounce homogenizer. The
homogenate was overlaid with one-fifth volume of mineral oil and centrifuged
for 15 min at 25,000 3 g. The translucent midphase was recentrifuged for 15 min

at 25,000 3 g, and the supernatant was cleared by centrifugation for 90 min at
225,000 3 g. Glycerol was added to 15%, and aliquots were snap frozen.

Purification of Pol II holoenzyme. Affinity columns containing 5 to 10 mg of
immobilized GST, GST-VP16(410-490), or GST-TFIIS per ml of resin were
loaded in parallel with HeLa or Xenopus whole-cell extract (100 to 200 mg/ml of
resin), washed extensively with CB plus 50 mM NaCl, and eluted with CB plus
0.325 mM NaCl (40, 47). Some experiments were performed in the presence of
0.4 mg of ethidium bromide/ml (31). GST-TFIIS 0.325 M NaCl eluate (1.5 to 2
ml) was chromatographed on a Sepharose CL-2B column (60 by 1.6 cm; 0.4
ml/min) equilibrated in CB with 8% glycerol and 50 mM NaCl. Four-milliliter
fractions were collected and concentrated by trichloroacetic acid TCA precipi-
tation. The column was calibrated with dextran blue 2000 (2-MDa) and thyro-
globulin (660-kDa) markers before each run.

In the experiment shown in Fig. 5, HeLa Pol II holoenzyme was purified by
chromatography of whole-cell extract (150 mg) on Biorex 70 (5 ml) as described
previously (52), and the 0.3 to 0.6 M K acetate fraction (6 ml) was loaded on a
30-ml 10 to 60% sucrose gradient and centrifuged for 16 h at 25,000 rpm
(Beckman SW28 rotor), and 1-ml fractions were collected. The pooled peak of
fractions containing Pol II (15 to 20) was chromatographed on GST and GST-
TFIIS columns in the presence of 0.4 mg of ethidium bromide/ml as described
above.

Immunoaffinity chromatography. Affinity-purified rabbit anti-MCM3 and con-
trol rabbit IgG were coupled to 100 ml of protein A-Sepharose 4B (Pharmacia)
at 2.9 mg of antibody/ml of resin. The columns were loaded with 14 mg of HeLa
cell extract, washed seven times with 1 ml of CB plus 50 mM NaCl, and eluted
with 0.9 ml of CB plus 1 M NaCl. The eluates were concentrated by TCA
precipitation.

GST-CTD affinity chromatography. Glutathione-Sepharose 4B resins con-
tained GST (17 mg/ml of resin), GST-mutant CTD (3 mg/ml), or GST–wild-type
CTD (3 mg/ml). HeLa nuclear extract (16 mg) in 20 mM HEPES (pH 7.9), 0.1
M NaCl, 0.1 mM EDTA, 2 mM DTT, 20% glycerol, 0.1% NP-40, 0.5 mM
microcystin, 1 mM 2-glycerophosphate, 0.4 mg of ethidium bromide/ml was
chromatographed on 250-ml columns as described previously (40). Bound pro-
teins were eluted in buffer containing 1 M NaCl.

RESULTS

Anti-MCM2(BM28) antibodies inhibit Pol II transcription
in Xenopus oocytes. We analyzed transcription from three dif-
ferent promoters on plasmids injected into X. laevis oocytes:
the human immunodeficiency virus type 2 (HIV-2) long termi-
nal repeat (LTR), the mouse c-myc P11P2 promoters, and a
minimal c-myc P2 promoter with five upstream binding sites
for Gal4 (pGal5-P2mycCAT). The HIV-2 LTR and c-myc pro-
moters were activated by endogenous oocyte factors, whereas
pGal5-P2mycCAT was activated by coinjected recombinant
Gal4-AH (14). Under the conditions used (0.92 ng of DNA/
oocyte), the plasmid DNA is all assembled into chromatin (16)
and the promoters are transcribed exclusively by Pol II (3). The
adenovirus VA1 gene, which is transcribed by Pol III, was
included as a control for injection efficiency and RNA recov-
ery. Affinity-purified antibodies against MCM2(BM28), Pol II
general transcription factors, and replication factors were coin-
jected with the DNA templates. Any effect of the antibodies is
independent of replication, since oocytes do not replicate dou-
ble-stranded plasmid DNA.

Figure 1A demonstrates the effects of two antibodies against
different regions of MCM2(BM28) on expression of a murine
c-myc reporter gene. Correctly initiated transcripts from the P2
promoter were detected by RNase protection (Fig. 1). Both
anti-MCM2(BM28) antibodies virtually eliminated both
readthrough and terminated transcripts from this promoter
(Fig. 1A, compare lanes 1, 3, and 5). The antibodies also
abolished transcripts starting at the P1 promoter and tran-
scripts that read around the plasmid (Fig. 1A). Note that this
plasmid lacks a poly(A) site. The reduction in c-myc transcripts
was completely reversed by blocking the antibodies with re-
combinant MCM2(BM28) (Fig. 1A, lanes 4 and 6), verifying
that the effect is indeed due to reactivity with the antigen.
Injected recombinant MCM2(BM28) alone had no effect on
c-myc transcripts (Fig. 1A, lane 2). In contrast to c-myc, VA1
transcripts made by Pol III were not significantly reduced by
the anti-MCM2(BM28) antibodies (Fig. 1A, lanes 3 and 5).
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The relative levels of c-myc and VA1 transcripts are quantified
in the bar chart in Fig. 1A.

The effect of anti-MCM2(BM28) antibody on transcription
from the c-myc P2 basal promoter activated by Gal4-AH is
shown in Fig. 1B. Anti-BM28-N severely inhibited accumu-
lation of transcripts from this template, and the effect was
reversed by blocking the antibody with recombinant MCM2
(BM28) (Fig. 1B, lanes 3 and 4). The magnitude of the effect
of anti-BM28-N was comparable to that of antibody against
Pol II itself (Fig. 1B, lane 5). In contrast, the antibody against
replication protein A (RP-A; p70) did not affect Pol II tran-
scription relative to the BSA control (Fig. 1B, lanes 1 and 6).
The antibodies had little or no effect on the amount of VA1
RNA made by Pol III (Fig. 1B).

To address whether the effect of anti-MCM2(BM28) anti-
bodies was peculiar to c-myc promoters, we also tested the
HIV-2 LTR fused to chloramphenicol acetyltransferase (CAT)
(pHIV2-LTR-CAT-556/1156) (11). This plasmid was coin-
jected into oocytes with antibodies against ORC1, ORC2, Pol
II CTD, TFIIB, MCM2(BM28), or GST (Fig. 1C, lanes 1 to 7).
Two anti-MCM2(BM28) antibodies both inhibited HIV-2
LTR transcription relative to the anti-GST control (Fig. 1C,
compare lanes 5 to 7). In this experiment, inhibition of Pol II
transcription was less complete than that shown in Fig. 1A and
B, but the effects of the anti-MCM2(BM28-C) antibody was
still comparable to those of anti-Pol II and anti-TFIIB (Fig.
1C, compare lanes 3 to 5). In contrast, anti-ORC1 and -ORC2
antibodies had little effect (Fig. 1C, lanes 1 and 2). None of the
antibodies significantly affected Pol III transcription of the
VA1 gene. As we observed for c-myc, anti-MCM2(BM28) an-
tibodies reduced both readthrough and prematurely termi-
nated transcripts from the HIV-2 template.

To evaluate the state of the DNA templates in antibody-
injected oocytes, the same samples used for RNase protection
(Fig. 1C) were also analyzed by Southern blotting (Fig. 1D).
The recovered VA1 and HIV-2 CAT plasmids (Fig. 1D, lanes
3 to 7) comigrated with uninjected supercoiled marker plas-
mids (Fig. 1D, lanes 1 and 2) as expected for chromatinized
plasmids (64). Furthermore, the amounts of recovered plas-
mid were not affected by the coinjected antibodies. Southern
blots of plasmids recovered from the injected oocytes in Fig.
1A showed similar results (data not shown). The anti-MCM2
(BM28) antibodies therefore did not reduce the accumulation
of Pol II transcripts by destabilizing the microinjected template
DNAs. The simplest explanation for these results is that the
anti-MCM2(BM28) antibodies inhibited transcription by Pol II
but not Pol III.

MCM proteins copurify with Xenopus and HeLa Pol II ho-
loenzyme. Inhibition of transcription by antibodies against
MCM2(BM28) indicates that this protein may interact with the

Pol II transcription apparatus. We therefore investigated wheth-
er Xenopus MCMs copurified with Pol II holoenzyme com-
plexes prepared by GST-TFIIS affinity chromatography (47).
Oocyte extract was loaded on GST and GST-TFIIS columns,
and the columns were extensively washed with low-salt buffer
and eluted with 0.325 M NaCl. Western blots of the load,
flowthrough, final wash, and high-salt eluate fractions are
shown in Fig. 2. The high-salt eluates from the GST-TFIIS but
not the GST control column contained Pol II, TFIIH, TFIIE,
the TATA binding protein TBP, and the cleavage/poly(A) fac-
tor CPSF (Fig. 2, lane 7) as previously observed for HeLa Pol
II holoenzyme (40, 47). Significantly, the holoenzyme fraction
also contained MCM2 and MCM3 (Fig. 2, lane 7). Further-
more, the efficiency of retention of oocyte MCM2 and -3 on the
TFIIS column (approximately 1 to 5%) was comparable with
that of TFIIE and TFIIH (Fig. 2, lanes 1 and 7). Because
oocytes contain very small amounts of DNA relative to total
protein, it is unlikely that MCMs artifactually copurify with
holoenzyme by binding to DNA. As a further precaution
against this possibility, the TFIIS affinity chromatography was
performed in the presence of ethidium bromide, which effi-
ciently disrupts protein-DNA interactions (31). In summary,

FIG. 2. MCM2 and MCM3 copurify with Xenopus oocyte Pol II holoenzyme.
Affinity columns (250 ml) containing GST or GST-TFIIS at 10 mg/ml were
loaded in parallel with 50 mg (2 ml) of X. laevis oocyte extract in the presence of
ethidium bromide, washed five times with 1 ml of CB plus 50 mM NaCl, and
eluted with 1.2 ml of CB plus 0.325 mM NaCl. A total of 0.25% of the load and
the flowthrough (FT), 8% of the final wash, and 10% of the eluate fractions were
analyzed by Western blotting with the indicated antibodies.

FIG. 1. Anti-MCM2(BM28) antibodies inhibit Pol II transcription in Xenopus oocytes. (A) RNase protection analysis of c-myc and VA1 transcripts from injected
oocytes. Anti-BM28-N (0.15 mg/ml; lanes 3 and 4) and anti-BM28-C antibodies (0.22 mg/ml; lanes 5 and 6) were coinjected with mouse c-myc exon I plasmid pSX943
and adenovirus VA1 plasmid pSPVA. Full-length recombinant MCM2(BM28) was coinjected at 0.55 mg/ml (lanes 2, 4, and 6). C, control oocytes injected with 1 mg
of BSA/ml. Readthrough (RT) and terminated (TM) transcripts and VA1 Pol III transcripts are indicated. Transcripts from the P1 promoter and those which read
around the plasmid protect the full-length probe (P). The RNase protection strategy is diagrammed with P1 and P2 promoters and the T2 terminator. RNase protection
signals were quantified from scanned images, and the ratios of myc to VA1 are shown in the histogram, with the control normalized to 100%. (B) RNase protection
analysis of pGal5-P2mycCAT and VA1 transcripts. Transcription was activated by injection of recombinant Gal4-AH. Anti-BM28-N (0.15 mg/ml; lanes 3 and 4),
anti-Pol II CTD (0.15 mg/ml; lane 5), and anti-RP-A p70 (0.15 mg/ml; lane 6) were coinjected as indicated. Recombinant MCM2(BM28) was coinjected at 0.55 mg/ml
(lanes 2 and 4). C, control oocytes injected with 1 mg of BSA/ml. The results were quantified as in panel A. (C) RNase protection analysis of HIV-2 CAT and VA1
transcripts. Anti-ORC1 (1 mg/ml), anti-ORC2 (1.3 mg/ml), anti-Pol II CTD (0.15 mg/ml), anti-TFIIB (0.5 mg/ml), anti-BM28-C (0.15 mg/ml), anti-BM28-P (0.25
mg/ml), and anti-GST (1 mg/ml) antibodies were coinjected with the pHIV2-LTR-CAT-556/1156 and pSPVA1 plasmids as indicated. Undigested HIV and VA probes
marked P (10% of total) are shown in lane 8. Readthrough (RT) and terminated (TM) transcripts and VA1 Pol III transcripts are indicated. The results were quantified
as in panel A. Size markers in the left-hand lane are MspI-digested pBR322, from 404 to 67 bases. (D) Southern blot of pSPVA1 and pHIV2-LTR plasmids recovered
from injected oocytes. One oocyte equivalent of the samples, analyzed in panel C, lanes 3 to 7, was RNase treated, electrophoresed on an agarose gel, blotted, and
hybridized to RNA probes complementary to pSPVA1 and pHIV2-LTR-CAT-556/1156. Lanes 1 and 2 were loaded with a mixture of uninjected supercoiled plasmids
(U).
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these results suggest that MCMs associate with Pol II holoen-
zyme in oocytes and that anti-MCM2 antibodies could there-
fore be inhibiting transcription (Fig. 1) by binding to this pro-
tein complex.

We addressed whether association with MCMs is a general
property of Pol II holoenzyme by asking whether they also
copurify with Pol II from HeLa cells. HeLa Pol II holoenzyme
was enriched by three different procedures: (i) GST-VP16 af-
finity chromatography (20), (ii) GST-TFIIS affinity chromatog-
raphy (47) (Fig. 3), and (iii) a combination of Biorex 70 cation-
exchange chromatography and sucrose gradient sedimentation
(52) followed by GST-TFIIS chromatography (see Fig. 5). The
VP16 activation domain and the elongation factor TFIIS are
unrelated proteins which probably bind to different surfaces of
the holoenzyme. Whereas VP16 is highly acidic (pI, 3.30),
TFIIS is slightly basic (pI, 8.40). HeLa whole-cell extract was
chromatographed in parallel on GST, GST-TFIIS, and GST-
VP16 affinity columns. The resins were eluted with 0.325 M
NaCl, which was previously shown to elute the holoenzyme but
not core Pol II from TFIIS (47). Western blots of the peptides
in the load, flowthrough, final wash, and 0.325 M NaCl eluate
fractions are shown in Fig. 3. As expected, the TFIIS and VP16
columns, but not the GST control, retained Pol II, TFIIB, -E,
-F, and -H, TBP, and CDK8, but not Pol I or Pol III (Fig. 3,
lanes 7 and 10). In agreement with previous reports, the ex-
periment shown in Fig. 3 shows that the cleavage/poly(A) fac-
tors CPSF and CstF bound to GST-TFIIS (41) but not to
GST-VP16. Conversely, CDK8 bound better to GST-VP16
than to GST-TFIIS (15, 47) (Fig. 3, lanes 7 and 10) and RP-A

bound efficiently to VP16 (19, 32) but not to TFIIS. Impor-
tantly, MCM2(BM28), MCM3, MCM5, and MCM7 were re-
tained on both the VP16 and TFIIS affinity resins but not on
the GST control (Fig. 3, lanes 7 and 10). MCM2(BM28) also
did not bind to a mutant of the VP16 activation domain in
which four Phe residues were replaced with Ala (data not
shown). We do not know if these fractions also contain MCM4
and -6. The possibility of artifactual binding of MCMs to the
columns via association with contaminating chromatin is un-
likely because binding was resistant to 0.4 mg of ethidium
bromide/ml (data not shown) and because the holoenzyme
fractions did not contain ORC2 (Fig. 3, lanes 7 and 10), a
subunit of the protein complex that tethers MCMs to DNA at
replication origins.

MCMs could bind to VP16 and TFIIS as a complex with Pol
II holoenzyme, or alternatively, MCMs could bind these pro-
teins independently of holoenzyme. Pol II holoenzyme com-
plexes have apparent molecular masses of 2 to 4 MDa (38, 47),
whereas previously characterized MCM complexes have much
lower molecular masses. The MCM2-MCM7 complex RLF-M
is about 400 to 600 kDa, and other complexes of MCM3-
MCM4-MCM5 and MCM2-MCM4-MCM6-MCM7 are pre-
sumably even smaller (30, 48, 54). If MCMs and Pol II holoen-
zyme bind independently to the TFIIS column, they should be
easily separated by gel filtration. Fractionation of the GST-
TFIIS 0.325 M NaCl eluate on a Sepharose CL-2B column
demonstrated precise copurification of Pol II, TFIIF, TFIIH,
CstF, MCM2(BM28), MCM3, and MCM7 in a single peak
with an apparent molecular mass greater than 2 MDa (Fig. 4).
Although a relatively small fraction of total MCMs was present
in the GST-TFIIS eluate (Fig. 3, lanes 8 and 10), essentially all
the MCMs in this fraction copurified with Pol II during gel
filtration (Fig. 4). In contrast, other proteins in the TFIIS
eluate, including the SR family of splicing factors, migrated at
significantly lower apparent molecular mass (data not shown).
The migration of MCM proteins in the gel filtration column
rules out the possibility that previously characterized MCM
complexes bind to TFIIS independently of Pol II holoenzyme.
Instead, the results are consistent with the model in which Pol
II holoenzyme and MCMs associate with one another in a

FIG. 3. HeLa MCMs and Pol II holoenzyme components bind to VP16 and
TFIIS affinity columns. Affinity columns (1 ml) containing GST (10 mg/ml),
GST-VP16 (6 mg/ml), or GST-TFIIS (10 mg/ml) were loaded in parallel with 240
mg of HeLa whole-cell extract, washed five times with 3 ml of CB plus 50 mM
NaCl, and eluted with 5 ml of CB plus 0.325 mM NaCl. A total of 0.025% of the
load (L) and the flowthrough (FT) fractions and 0.5% of the final wash (W) and
eluate (E) fractions were analyzed by Western blotting with the indicated anti-
bodies. The data are representative of five independent experiments.

FIG. 4. TFIIS-bound MCMs and Pol II holoenzyme comigrate on a gel
filtration column. The holoenzyme fraction from a GST-TFIIS affinity column
(0.325 M NaCl eluate) was fractionated on a Sepharose CL-2B column. A total
of 0.5% of the load (L) and 5% of each fraction (fraction numbers are at the top
of each lane) were analyzed by Western blotting with the indicated antibodies.
The migrations of dextran blue 2000 (2-MDa) and thyroglobulin (660-kDa) mass
markers are indicated. This experiment is representative of four independent
fractionations.
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single complex, which binds to GST-TFIIS. These results do
not eliminate the possibility, however, that a previously undis-
covered high-molecular-weight form of MCM fortuitously
binds to TFIIS and comigrates with Pol II holoenzyme on a gel
filtration column.

To reduce the possibility of such coincidental copurification,
we purified Pol II holoenzyme by an independent procedure
involving ion-exchange chromatography and sucrose gradient
sedimentation (52). Fractionation on Biorex 70 separates Pol
II holoenzyme (0.3 to 0.6 M K acetate eluate) from core Pol II
(0.6 to 1.5 M K acetate eluate) (52). In our experiments about
30% of Pol II was present in the 0.3 to 0.6 M K acetate
fraction, with the remainder in the 0.6 to 1.5 M K acetate
fraction (not shown). Sucrose gradient sedimentation of the
0.3 to 0.6 M K acetate fraction demonstrated that a minor
portion of TFIIE, TFIIF, TFIIH, CPSF, and CstF and a sub-
stantial fraction of MCM2 and MCM3 cosedimented with Pol
II (Fig. 5A). The Pol II-containing sucrose gradient fractions
(15 to 20) were pooled and chromatographed on parallel GST
and GST-TFIIS affinity columns as described in the legend to

Fig. 2. Western blots of the load, flowthrough, final wash, and
0.325 and 1 M NaCl eluates from the columns are shown in
Fig. 5B. Consistent with the properties of holoenzyme (47),
most of the Pol II in sucrose gradient fractions 15 to 20 was
retained by the GST-TFIIS but not by the GST resin and
eluted at 0.325 M NaCl (Fig. 5B, lanes 4 and 5). As expected
for a fraction that is enriched for holoenzyme, significant
amounts (more than 25%) of CstF, CPSF, TFIIF, and TFIIH
(Fig. 5B) bound to GST-TFIIS and eluted together with Pol II.
Importantly, more than 25% of MCM2 and MCM3 in the
sucrose gradient-purified holoenzyme preparation also bound
to GST-TFIIS and coeluted with Pol II (Fig. 5B, lanes 1 and 4).
In contrast, only 2 to 4% of MCM2 and -3 in whole-cell extract
bound to GST-TFIIS (Fig. 3, lanes 8 and 10). This experiment
indicates that MCMs do not bind GST-TFIIS independently of
Pol II and GTFs but together in the context of a holoenzyme
complex.

Coimmunopurification of Pol II and GTFs with MCMs. If
MCMs are tightly associated with the holoenzyme as predicted
by the results shown in Fig. 2 to 5, then Pol II and GTFs would
be expected to immunoprecipitate with anti-MCM antibodies.
To test this idea, HeLa cell extract was passed through immu-
noaffinity columns containing control rabbit IgG or rabbit anti-
MCM3 antibodies. The columns were washed extensively with
low-salt buffer and eluted with high salt. Load, flowthrough,
final wash, and high-salt eluates from the columns were ana-
lyzed by Western blotting. MCM2, -5, and -7 bound to the
anti-MCM3 affinity column as expected, since MCMs associate
with one another (Fig. 6, lane 7). In contrast ORC1, ORC2,
RP-A, Pol I, and Pol III were not retained on the anti-MCM3

FIG. 5. Copurification of Pol II holoenzyme and MCMs by cation-exchange
chromatography, sucrose gradient sedimentation, and TFIIS affinity chromatog-
raphy. (A) HeLa whole-cell extract was fractionated on Biorex 70, and the 0.3 to
0.6 M K acetate fraction (L) was separated on a 10 to 60% sucrose gradient (see
Materials and Methods). The Load (L) and alternate fractions from the gradient
were analyzed by Western blotting with the indicated antibodies. Note the comi-
gration of Pol II with MCM2 and -3. (B) Pol II-containing sucrose gradient
fractions (15 to 20) were chromatographed on GST and GST-TFIIS affinity
columns (125 ml) in the presence of ethidium bromide. The columns were
washed five times with 0.5 ml CB plus 50 mM NaCl and eluted with CB plus 0.325
M NaCl and CB plus 1 M NaCl. A total of 2.5% of the load (L) and the
flowthrough (FT) fractions, 12% of the final wash (W), and 10% of the 0.325 and
1 M NaCl eluates were analyzed by Western blotting with the indicated anti-
bodies.

FIG. 6. Coimmunopurification of Pol II holoenzyme and MCMs with anti-
MCM3 antibody. Anti-MCM3 and control rabbit IgG immunoaffinity columns
were loaded with HeLa whole-cell extract, washed, and eluted with 1 M NaCl. A
total of 0.25% of the load (L) and flowthrough (FT) and 10% of the final wash
(W) and eluate (E) fractions were analyzed by Western blotting with the indi-
cated antibodies (Ab).
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column (Fig. 6, lane 7). Remarkably, Pol II and the general
transcription factors TFIIB, -E, -F, and -H and TBP were all
specifically retained on the anti-MCM3 column but not on the
control IgG column (Fig. 6, lanes 4 and 7). The apparent
efficiency of Pol II and GTF retention on the anti-MCM3
column was two- to fourfold lower than that of MCM retention
on VP16 or TFIIS columns (Fig. 2 and 3). This discrepancy
could be due to destabilization of the holoenzyme by anti-
MCM3 or to incomplete elution from the antibody column.
We did not detect CPSF or CstF binding to anti-MCM3, pos-
sibly because MCMs and polyadenylation factors occur in dis-
tinct holoenzyme complexes. The presence of Pol II and GTFs
in anti-MCM3 immunoprecipitates provides further indepen-
dent evidence that MCMs are components of a form of Pol II
holoenzyme.

CTD-dependent binding of MCMs to holoenzyme. The Pol
II CTD plays a central role in maintaining the integrity of the
Pol II holoenzyme. We assayed whether the interaction of
MCMs with mammalian Pol II holoenzyme was dependent on
the CTD. The experimental strategy is shown in Fig. 7A. HeLa
extract was chromatographed on GST-TFIIS columns to purify
holoenzyme. The complex immobilized on the affinity resin

was then challenged with monoclonal anti-CTD (8WG16) or
control anti-myc (9E10) antibody. Proteins, which associate
with the holoenzyme in a CTD-dependent manner, are ex-
pected to be displaced specifically by the anti-CTD antibody
(27). Proteins remaining bound to the resin after antibody
treatment were eluted with high salt. Anti-myc antibody did
not displace any of the analyzed holoenzyme components (Fig.
7B, lane 4). Instead, Pol II, GTFs, polydenylation factors, and
MCMs were present exclusively in the high-salt eluate (Fig. 7B,
lane 5). In contrast, the anti-CTD monoclonal antibody dis-
placed significant amounts of TFIIE, TFIIH, CstF, CPSF,
MCM2(BM28), and MCM7 (Fig. 7B, lane 6). MCM3 and
MCM5 were also eluted by the anti-CTD antibody (data not
shown). The anti-CTD antibody did not displace TFIIB,
TFIIF, TBP, or Pol II itself (Fig. 7B, lane 6). A significant
amount of anti-CTD antibody was retained on the affinity
column and eluted by high salt (Fig. 7B, lane 7), consistent with
binding to the immobilized Pol II. These data indicate that the
association of MCM proteins, as well as CPSF, CstF, TFIIE,
and TFIIH, with the Pol II holoenzyme is at least partly me-
diated by direct or indirect contacts with the CTD. A signifi-
cant portion of MCMs, CPSF, CstF, TFIIE, and TFIIH were
not displaced by anti-CTD antibody (Fig. 7), either because of
incomplete antibody binding or because there are additional
CTD-independent contacts between these factors and the ho-
loenzyme. The displacement of MCMs by anti-CTD antibody
argues that these proteins are not contaminants that coinci-
dentally copurify with Pol II holoenzyme but rather are genu-
ine subunits of the complex.

The displacement of MCMs from Pol II holoenzyme by
anti-CTD antibodies suggests a direct or indirect physical in-
teraction with the CTD. We investigated this possibility by
chromatography of HeLa nuclear extract on mutant and wild-
type GST-CTD affinity columns. The high-salt eluates from the
columns were analyzed by Western blotting (Fig. 8). In agree-
ment with previous reports (40, 60), we observed specific bind-
ing of TBP, CstF, and CPSF to the wild-type CTD resin (Fig.

FIG. 7. Anti-CTD antibody disrupts association of MCMs with the holoen-
zyme. (A) Diagram of the antibody disruption experiment. GST-TFIIS and GST
control columns (100 ml) were loaded with HeLa extract and washed with CB
plus 50 mM NaCl. Control (anti-myc; 9E10) or anti-CTD (8WG16) antibody (6
mg in 50 ml of CB plus 50 mM NaCl) was added to the GST-TFIIS resins. The
GST column was eluted with buffer only. After 1 h, the antibody eluates were
collected and the columns were washed and eluted with CB plus 0.325 M NaCl.
(B) Western blots of holoenzyme components displaced by anti-CTD antibody.
A total of 0.25% of the load (L), 16% of the control (a-myc) and anti-CTD
antibody eluates, and 20% of the high-salt eluates (E) were analyzed with the
indicated antibodies. The buffer eluate of the control GST column is shown in
lane 2.

FIG. 8. MCM proteins bind to recombinant CTD. HeLa nuclear extract was
chromatographed on GST (lane 2), GST-mutant CTD (mut; lane 3), and GST–
wild-type CTD (wt; lane 4) affinity resins. Western blots with the indicated
antibodies of 0.05% of the load and 1% of the eluates are shown.
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8, lane 4). Notably, we also observed specific binding of
MCM2(BM28), MCM3, and MCM7 to the wild-type CTD
(Fig. 6, lane 4) above background binding by the GST and
mutant CTD control columns (Fig. 8, lanes 2 and 3). TFIIH
also bound to the wild-type CTD resin; however, under these
conditions, we did not observe binding of RP-A, ORC2,
TFIIB, or TFIIF (Fig. 8, lane 4). For reasons we do not un-
derstand, TFIIE binding to GST-CTD was not detected (Fig.
8), although this factor was displaced from the holoenzyme by
anti-CTD antibody (Fig. 7). These results show that MCMs
bind directly or indirectly to recombinant CTD. We suggest
that this interaction contributes to the association of MCMs
with Pol II holoenzyme.

DISCUSSION

Anti-MCM2 antibodies inhibit Pol II transcription. We re-
port functional and biochemical evidence for a role of MCM
proteins in the Pol II transcriptional apparatus. The functional
data demonstrates a specific inhibition of Pol II transcript
accumulation in vivo by three antibodies against different re-
gions of the MCM2 protein (Fig. 1). In injected Xenopus oo-
cytes, anti-MCM2 antibodies were approximately as effective
as antibodies against Pol II and TFIIB in reducing transcript
levels from three different promoter constructs. The effect of
anti-MCM2 antibodies was specific to Pol II, as there was no
significant decrease in Pol III transcripts from a coinjected
reporter gene. The effect of anti-MCM2 on accumulation of
Pol II transcripts was reversed by incubating the antibodies
with purified recombinant MCM2, proving that it was caused
by reactivity with this antigen rather than a contaminant in the
antibody preparations. The anti-MCM2 antibodies did not de-
stabilize the template DNA or inhibit its supercoiling due to
chromatin assembly (Fig. 1D). The simplest explanation of
these results is that anti-MCM2 antibodies specifically inhibit
transcription by Pol II.

We performed biochemical experiments to seek an explana-
tion for the unexpected effect of anti-MCM2 antibodies on Pol
II transcription. The results of these studies show that MCM2
and other MCMs are in fact components of high-molecular-
weight Pol II holoenzyme complexes isolated from Xenopus
oocytes and HeLa cells by several different procedures. It is
therefore plausible that anti-MCM2 inhibits transcription in
injected oocytes by interfering with Pol II holoenzyme. Al-
though MCM3, MCM5, and MCM7 are found in Pol II ho-
loenzyme complexes (Fig. 2 to 4), antibodies against these
peptides did not affect transcription in oocytes (data not
shown). This negative result may mean that in contrast to
MCM2, the association of MCM3, MCM5, and MCM7 with
the holoenzyme is not important for Pol II transcription. Al-
ternatively, it could simply reflect poor antibody accessibility in
vivo.

Pol II holoenzyme contains MCM proteins. MCM proteins
copurified with Pol II and GTFs on two unrelated affinity
columns with the immobilized activation domain of herpes
simplex transcription factor VP16 or the Pol II-associated
elongation factor TFIIS (Fig. 2 and 3). The holoenzyme frac-
tion of Pol II is specifically eluted from both affinity resins at
0.325 M NaCl (47), along with about 2 to 4% of the MCM2, -3,
-5, and -7 present in extracts from both HeLa cells and Xeno-
pus oocytes (Fig. 2 and 3). Note that oocytes contain far less
DNA relative to protein than HeLa cells, yet MCM proteins
from both sources bound equally well to the TFIIS affinity
resin. It is therefore highly unlikely that the binding is an
artifact of chromatin contamination. Essentially 100% of the
detectable MCM proteins in the eluate from a TFIIS column

precisely comigrated with Pol II holoenzyme in a single peak
with an apparent molecular mass of 2 to 4 MDa on a Sepha-
rose CL-2B gel filtration column (Fig. 4). The apparent mo-
lecular masses of the MCMs in this fraction are much greater
than that of previously reported MCM complexes (30, 48, 54).
This experiment shows that a novel protein complex of MCMs
binds to TFIIS and comigrates with Pol II holoenzyme by gel
filtration. Because MCMs are about 100-fold more abundant
than Pol II holoenzyme (5, 47), it is not surprising that the
small fraction which copurifies with Pol II in the 2 to 4 MDa
range has not been detected previously. The most likely expla-
nation of these results is that MCMs are in fact associated with
holoenzyme and bind to TFIIS as a complex with Pol II and
GTFs. Alternatively, Pol II holoenzyme and a novel minor
form of MCM could have coincident molecular masses and
bind independently to TFIIS.

We performed three experiments to eliminate the latter
possibility: (i) additional purification of holoenzyme by cation-
exchange chromatography and sucrose gradient sedimenta-
tion, (ii) immunoprecipitation with anti-MCM3 antibody, and
(iii) displacement of holoenzyme-associated factors by anti-
body against the CTD of the Pol II large subunit.

Holoenzyme can be significantly enriched by chromatogra-
phy of whole-cell extract on Biorex 70 followed by sucrose
gradient sedimentation (52). We observed that a fraction of
MCMs cofractionated with Pol II and GTFs through these two
purification steps and that holoenzyme isolated by this proce-
dure bound specifically to TFIIS (Fig. 5). It is significant that
the percentage of MCMs which bound to the TFIIS resin was
much higher for the sucrose gradient-purified holoenzyme
fraction than it was for whole-cell extract (Fig. 5B). This ob-
servation is not consistent with independent binding of MCMs
and holoenzyme to the TFIIS affinity column. Rather, it sup-
ports the hypothesis that a single complex containing MCMs,
Pol II, and GTFs binds to TFIIS.

The copurification of MCMs with holoenzyme was observed
not only with the two affinity resins that bind components of
the Pol II transcriptional apparatus (VP16 and TFIIS) but also
with a resin that binds directly to MCMs. An anti-MCM3
immunoaffinity column specifically retained not only MCMs
but also Pol II, TBP, and TFIIB, -E, -F, and -H (Fig. 6). The
observation that affinity resins designed to bind either MCMs
or basal transcription components retain a common set of
proteins provides independent support for the idea that MCMs
and Pol II holoenzyme are parts of the same complex.

The exact composition and stoichiometry of MCMs associ-
ated with holoenzyme is not clear, however, we have detected
MCM2, -3, -5, and -7 in these complexes (Fig. 3). There is
heterogeneity among yeast and mammalian holoenzymes iso-
lated in different ways (7), and MCMs may not be present in all
forms of holoenzyme. Such heterogeneity is suggested by the
fact that holoenzyme complexes purified by Biorex 70 chroma-
tography, sucrose gradient sedimentation, and TFIIS binding
procedure contain both MCMs and polyadenylation factors
(Fig. 5), whereas the complexes purified by anti-MCM3 chro-
matography lack polyadenylation factors (Fig. 6).

The CTD and association of MCMs with Pol II holoenzyme.
The specificity of the protein-protein contacts that tether
MCMs to holoenzyme was investigated by asking if the inter-
action required the CTD of the Pol II large subunit. The
importance of the CTD for the integrity of holoenzyme com-
plexes was demonstrated by the fact that anti-CTD antibody
specifically displaces the mediator complex from yeast Pol II
holoenzyme (27). We applied the same strategy to probe mam-
malian holoenzyme and observed that a subset of associated
factors, including TFIIE, TFIIH, CstF, and CPSF, was specif-
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ically displaced. Notably, MCM proteins were among those
proteins displaced from holoenzyme by anti-CTD antibody
(Fig. 7B). The reversal of binding between MCMs and Pol II
holoenzyme by anti-CTD antibody eliminates the possibility
that a nonspecific interaction is responsible for this association.
Furthermore, this experiment strongly suggests that a protein
contact with the CTD is required for association of MCMs with
holoenzyme. Consistent with this conclusion, we observed that
MCMs bind specifically to a CTD affinity column (Fig. 8).
These experiments do not distinguish whether MCM binding
to the CTD is direct or indirect, however.

What is the function of MCM proteins in Pol II holoen-
zyme? MCM proteins were previously identified as compo-
nents of the replication licensing factor, and their exact func-
tion in the holoenzyme complex is not clear. The presence of
MCMs could reflect some function of the Pol II holoenzyme in
replication. In agreement with this idea, proteins which func-
tion primarily in DNA repair and replication have been found
previously in mammalian holoenzyme complexes (38, 52). In
addition, transcriptional activation domains, which presumably
recruit Pol II holoenzyme, can stimulate DNA replication
when tethered to viral or cellular origins of replication (9, 39).
A link between Pol II transcription and DNA replication is also
suggested by the tight correlation between the potency of
transactivators in enhancing transcription and replication (21,
33). The mechanism underlying this phenomenon is poorly
understood, but there is evidence that transactivators recruit
chromatin-remodeling factors (21) to origins, probably by a
mechanism similar to the way that they recruit holoenzyme to
promoters. Our experiments suggest that transactivators could
recruit MCM proteins to origins of replication via contacts
with Pol II holoenzyme and thereby stimulate DNA replica-
tion. The possibility that the MCMs in the Pol II holoenzyme
function in DNA replication is not inconsistent with inhibition
of transcription by anti-MCM2 antibodies (Fig. 1). Antibody
binding anywhere on its surface could sequester holoenzyme or
prevent its assembly, thereby inhibiting transcription even if
the epitope recognized is in a subunit that does not directly
participate in the transcription reaction.

Although a role of Pol II holoenzyme in control of replica-
tion remains possible, the most straightforward interpretation
of our data is that MCMs have a previously unsuspected role in
transcription. This hypothesis is in agreement with recent ob-
servations of a correlation between transcriptional activation
by Stat1a and its ability to bind MCM5 (68). Our results imply
that the interaction between Stat1a and MCM5 may serve to
recruit Pol II holoenzyme to promoters, which are targeted by
Stat1a. A transcriptional function of MCMs is also indicated
by the fact that mcm5 mutants in budding yeast show genetic
interactions with mutants in the RPB1 gene encoding the Pol II
large subunit (7a). MCMs bind to histones and have sequence
homology with ATP-dependent DNA helicases (22, 23, 29).
On the basis of their apparent movement with DNA polymer-
ase at replication forks, it has been suggested that MCMs
facilitate fork movement by remodeling chromatin (2). Such a
remodeling activity associated with Pol II holoenzyme could
facilitate transcription of chromatin templates. More needs to
be learned about the interaction of MCM proteins with chro-
matin in order to address this question.
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