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Yeast cells synthesize �3–6 million molecules of tRNA
every cell cycle at a rate of�2–4 transcripts/gene/s. This high
rate of transcription is achieved through many rounds of
reinitiation by RNA polymerase (pol) III on stable DNA-
bound complexes of the initiation factor TFIIIB. Studies in
yeast have shown that the rate of reinitiation is increased by
facilitated recycling, a process that involves the repeated
reloading of the polymerase on the same transcription unit.
However, when nutrients become limiting or stress condi-
tions are encountered, RNA pol III transcription is rapidly
repressed through the action of the conserved Maf1 protein.
Here we examine the relationship between Maf1-mediated
repression and facilitated recycling in a human RNA pol III in
vitro system. Using an immobilized template transcription
assay, we demonstrate that facilitated recycling is conserved
from yeast to humans.We assessed the ability of recombinant
human Maf1 to inhibit different steps in transcription before
and after preinitiation complex assembly. We show that
recombinant Maf1 can inhibit the recruitment of TFIIIB and
RNA pol III to immobilized templates. However, RNA pol III
bound to preinitiation complexes or in elongation complexes
is protected from repression byMaf1 and can undergo several
rounds of initiation. This indicates that recombinant Maf1 is
unable to inhibit facilitated recycling. The data suggest that
additional biochemical stepsmaybenecessary for rapidMaf1-
dependent repression of RNA pol III transcription.

Efficient in vitro transcription of tRNAgenes and other genes
with internal (type 2) promoters requires two multi-subunit
transcription factors, TFIIIC and TFIIIB, in addition to RNA
polymerase (pol)3 III (1, 2). These factors assemble onto the
promoters of type 2 genes in an ordered and concerted process
that involves conformational changes in both the DNA and the

proteins (1, 3). The basic stepwise assembly pathway entails the
binding of split promoter elements by each of the two globular
domains of TFIIIC followed by the recruitment of TFIIIB,
which envelops the DNA upstream of the transcription start
site. The resulting complex is exceptionally stable and is able to
recruit the polymerase for multiple rounds of transcription (4).
Template competition experiments have shown that after the
first cycle of transcription, the polymerase is committed to
reinitiate on the same gene and does so more rapidly because it
does not dissociate into the bulk solution (5, 6). This phenom-
enon is referred to as facilitated recycling and contributes to the
high rate of RNA pol III transcription in yeast. Indeed, after the
first round of transcription, the rate of subsequent rounds
increases at least 5-fold (5). Facilitated recycling couples the
termination of transcription with reinitiation in a manner that
is not fully understood. However, the coupling of these two
steps requires proper termination and is transcription factor-
dependent. Transcription assays that employ run-off termina-
tion on truncated RNA pol III genes or factor-independent
transcription of tailed linear templates do not allow efficient
recycling (5, 7). Promoter-bound TFIIIB is sufficient for facili-
tated recycling of RNA pol III on short genes (�100 bp). How-
ever, longer transcription units (�300 bp, e.g. the 7SL RNA
gene) also require TFIIIC to achieve the high rates of reinitia-
tion that characterize facilitated recycling (6). In humans, sev-
eral activities have been shown to contribute to RNA pol III
reinitiation. The transcript release factor La was found to facil-
itate RNA pol III transcription and template reutilization (8),
whereas the NF1 protein acts through interactions with TFIIIC
at the terminator region of the VA1 template to promote mul-
tiple rounds of transcription (9). Similarly, topoisomerase I and
PC4 both enhance TFIIIC interactions with downstream pro-
moter regions and stimulatemultiple but not single round tran-
scription from preformed preinitiation complexes (10). How-
ever, it is not yet known whether the fundamental mechanism
of reinitiation in higher eukaryotes is analogous to the facili-
tated recycling pathway described in yeast.
Eukaryotic cells coordinately regulate transcription by all

three nuclear RNA polymerases to maintain the appropriate
protein synthetic capacity for cell growth and proliferation.
Among the different mechanisms used to achieve coordinate
control in higher eukaryotes, theMyc oncoprotein directly acti-
vates RNA pol II transcription of ribosomal protein genes and a
wide variety of growth and cell cycle regulators alongwith tran-
scription of rRNA and tRNA genes by RNA pols I and III (11,
12). In nondividing cells, positive signals for cell growth and
proliferation are opposed by the action of numerous tumor
suppressor proteins that repress transcription by RNA pols I
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and III (e.g. Rb, p53, ARF, PTEN) and regulate different subsets
of protein coding genes. Notably, inactivation of these tumor
suppressors in different types of cancer leads to the up-regula-
tion of RNA pol I and RNA pol III transcription (11, 13, 14).
Rather than being a simple consequence of cell transformation,
a growing number of studies indicate that deregulation of RNA
pol I and RNA pol III transcription plays an important role in
the development of cancer and in the growth of tumors (11, 15,
16). Recent work has shown that several properties of tumor
suppressors are shared by the Maf1 protein. In mammalian
cells, Maf1 functions to directly repress transcription by RNA
pol III and a subset of RNA pol II transcribed genes including
the TATA-binding protein, TBP (17). Through its affect on
TBP levels, Maf1 indirectly regulates transcription by RNA pol
I (17). The transcription of many protein coding genes whose
expression is limited by TBP is also likely to be affected indi-
rectly by Maf1. Importantly, overexpression of Maf1 inhibits
the growth of glioblastoma cells in soft agar, indicating that
Maf1 is able to function as a tumor suppressor (17). Maf1 was
identified genetically in yeast (18, 19) and was subsequently
shown to function as an essential mediator of diverse nutri-
tional and stress signaling pathways that repress transcription
by RNA pol III (20). Although the protein is conserved from
yeast to humans and functions as a repressor of RNA pol III
transcription in these organisms, its ability to repress TBP gene
transcription and thereby influence rDNA synthesis is not
observed in yeast (20). This function appears to have evolved in
higher eukaryotes. Much of what we currently know about the
mechanism of repression by Maf1 derives from studies in the
RNA pol III system (21).
The primary targets for Maf1 repression of RNA pol III

transcription in yeast are TFIIIB and the polymerase.
Recombinant Maf1 from budding and fission yeast binds to
the Brf1 subunit of TFIIIB and blocks TFIIIB assembly
directed by TFIIIC on tRNA gene promoters (22). The
recombinant Maf1 proteins from yeast also inhibit RNA pol
III transcription from preassembled TFIIIB-promoter com-
plexes, presumably as a result of the direct interaction
between Maf1 and the polymerase (22). Similarly, recombi-
nant humanMaf1 interacts with both Brf1 and RNA pol III in
in vitro binding assays (23). The biological importance of
these conserved interactions is demonstrated by the coim-
munoprecipitation of endogenous yeast and human Maf1
proteins with Brf1 and RNA pol III from cell free extracts
(19, 22, 24). Yeast and mammalian Maf1 proteins are phos-
phorylated under normal growing conditions and become
dephosphorylated under repressing conditions (23–27).
This process is important for the interaction of Maf1 with
the polymerase (23, 26, 27). However, additional, as yet
unknown steps are required to affect repression of RNA pol
III transcription in vivo. This was first indicated by the prop-
erties of a nuclear-localized multi-phosphosite mutant of
Maf1 (6SA) (25). Rather than being constitutively active, this
mutant allele still requires the activation of cellular signaling
pathways to effect repression.
In this study, we have investigated themolecular mechanism

by which human Maf1 represses RNA pol III transcription in
vitro. Using fractionated HeLa cell components and an immo-

bilized template transcription assay, we demonstrate facilitated
recycling by humanRNApol III. Recombinant humanMaf1 is a
potent inhibitor of RNA pol III transcription in HeLa cell
extracts. However, we find that human Maf1 is not capable of
repressing single or multiple rounds of transcription in our
reconstituted system once the polymerase has engaged the
transcription factor-template complex. We show that Maf1
represses transcription primarily by preventing the recruit-
ment of the polymerase to the TFIIIB-TFIIIC-DNA complex.
To a lesser extent, human Maf1 also inhibits the binding of
TFIIIB to promoter-bound TFIIIC.

EXPERIMENTAL PROCEDURES

Purification of Full-length Recombinant HumanMaf1—Full-
length human Maf1 was PCR-amplified from a pcDNA3.1
clone (17) and ligated into NdeI- and HindIII-digested pET-
30a-(�) (Novagen) to produce a C-terminal hexahistidine-
tagged hMaf1 protein. The plasmid was transformed into Esch-
erichia coli BL21 (DE3) (Novagen), grown to an A600 of �0.7 at
37 °C, and induced with 0.1 mM isopropyl �-D-thiogalactopy-
ranoside for 16 h at 15 °C. The hMaf1 protein was purified
under native conditions on nickel-nitrilotriacetic acid-agarose
(Qiagen) following the manufacturer’s recommendations. The
protein was dialyzed intoQ100 buffer (20mMTris-actetate, pH
7.0, 5 mM magnesium acetate, 100 mM (NH4)2SO4, 0.1 mM
EDTA, 1mM dithiothreitol, 1�g/ml leupeptin, 1�g/ml pepsta-
tin). The dialyzed protein was mixed with an equal volume of
Q0 (no salt) buffer just before injection onto a Resource Q col-
umn (Amersham Biosciences). hMaf1 was eluted with a linear
gradient from 50 mM (NH4)2SO4 to 500 mM (NH4)2SO4. The
peak fractions were dialyzed into Q200 buffer and stored at
�70 °C. Maf1 concentration was determined by absorbance at
280 nm using the calculated molar extinction coefficient.
Extract Preparation and Factor Purification—HeLa cells

were grown in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal calf serum at 37 °C in a 5% CO2 atmo-
sphere. Nuclear extract and soluble S100 extract were prepared
as described (28). The nuclear extract was fractionated by phos-
phocellulose chromatography (Whatman P11) as described
previously (29) into fractions containing TFIIIB along with
RNA pol III (P11:0.35) and TFIIIC (P11:0.6). S100 extract was
applied to the phosphocellulose P11 column and eluted in one
step at 0.35 M KCl as described (29). This eluate was subse-
quently loaded onto a DEAE Sephadex A25 column, and frac-
tions containing TFIIIB (DEAE 0.15) and RNA pol III (DEAE
1.0) were separated as described (30). All of the fractions were
dialyzed against KBC100 buffer (20 mM HEPES-KOH, pH 7.9,
100 mM KCl, 0.2 mM EDTA, 20% glycerol, 2 mM dithiothreitol,
0.2 mM phenylmethylsulfonyl fluoride, 1 �g/ml leupeptin, 1
�g/ml pepstatin, 1 mM benzamidine) containing 5 mM MgCl2.
In Vitro Transcription—Standard 50-�l transcription reac-

tions contained HeLa nuclear extract or protein fractions, 20
mM HEPES-KOH, pH 7.9, 60 mM KCl, 7 mM MgCl2, 10% glyc-
erol, 600�Mof eachATP,GTP, andUTP, 25�MCTP, 10�Ci of
[�-32P]CTP (GE Healthcare), 10 units of RNasin ribonuclease
inhibitor (Promega), and 0.5 �g of plasmid tRNALeu3 (YEp13)
or 60 ng of immobilized VA1 DNA fragment (see below) as
templates.Where indicated, the nuclear extract or protein frac-
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tions were preincubated with various concentrations of Maf1,
BSA, or poly(dA-dT) for 10 min at room temperature. In single
round reactions, Sarkosyl was added to 0.05% (final concentra-
tion). After transcription for various times at 30 °C, the RNA
was subjected to electrophoresis in denaturing 6%polyacrylam-
ide gels. The gels were dried and exposed to phosphorimaging
screens (Molecular Dynamics) for capturing digital images and
quantitation (ImageQuant).
Assembly of Complexes and Transcription on Immobilized

Templates—The pUC18-VA1 construct contains a 0.28-kb SalI-
SmaI fragment of the Adenovirus 2 VA1 gene from the parental
transcription construct pVA1 (31) between the HindIII and
EcoRI sites of pUC18. A 650-bp fragment containing the VA1
gene was generated from pUC18-VA1 by PCR using a 5� end-
biotinylated upstream primer (gctggcttaactatgcggcatatgagca-
gattgtac) and a downstream primer (cgcaacgcaattaatgtgagt-
tagct). The fragment was immobilized on Streptavidin-coupled
Dynabeads M-280 (Invitrogen) as described by the manufac-
turer. The Dynabead-immobilized VA1 template will be
referred to subsequently as IT-VA1. For experiments in which
stalled ternary complexes (TC) were used, IT-VA1 was prein-
cubated inKBCM60 (KBCbuffer containing 60mMKCl and 7.5
mMMgCl2) with P11:0.35 � 0.6 fractions and ATP, CTP, GTP,
but not UTP. TCs were washed three times with 200 �l of
KBCM500/0.015 (KBCM with 500 mM KCl, 0.015% Nonidet
P-40, and 0.1 mg/ml BSA) and subjected to one equilibrium
wash with KBCM60/0.015. Preinitiation complexes (PICs)
were formed by incubating IT-VA1 with P11:0.35 � 0.6 frac-
tions in KBCM60 without NTPs. The complexes were washed
three times with KBCM100/0.015 before a final wash with
KBCM60/0.015. TFIIIC-DNA and TFIIIC-TFIIIB-DNA com-
plexes were formed by incubating IT-VA1 with the P11:0.6
fraction alone or in the presence of the DEAE:0.15 fraction,
respectively, in KBCM60. Washing conditions for these com-
plexeswere the same as for immobilizedPICs.All of the binding
reactions were carried out for 29min at 30 °C, and immobilized
complexes were transferred to fresh tubes after the first wash.
BSA (0.1mg/ml, RNase andDNase-free;GEHealthcare) carrier
protein was included in all reactions in which preformed com-
plexes were used. After binding reactions were complete,
immobilized complexes were resuspended in KBCM60. As
indicated in individual experiments, the reactions were supple-
mented with various concentrations of Maf1, BSA, or poly(dA-
dT), and preincubations were allowed to proceed as described
in the figure legends and text. When appropriate, Sarkosyl was
added to a final concentration of 0.05%. For the experiment
shown in Fig. 5, the DEAE:0.15 fraction was preincubated with
Maf1 or Y for 10 min at room temperature before addition to
the IT-VA1-bound TFIIIC. In the corresponding control reac-
tion, IT-VA1 was preincubated with Maf1 or BSA and washed
as described for the immobilized PICs. Where indicated, the
reactions were supplemented with the RNA pol III DEAE:1.0
fraction. Transcription was initiated with complete set of
nucleotides (NTPs) along with [�-32P]CTP. The reactions were
carried out at 30 °C for the times indicated and then processed
as described above.

RESULTS

Human Maf1 Differentially Inhibits Transcription from
Unassembled and Preassembled PICs—In vitro studies have
shown that the addition of recombinant Maf1 to yeast and
human cell-free systems represses RNA pol III transcription
(22–24). To investigate the biochemical mechanism of repres-
sion byMaf1 in a human in vitro system,we initially used a yeast
tRNALeu3 gene template (type 2 promoter) that is efficiently
transcribed in aHeLa cell extract (32). Full-length humanMaf1
was expressed in bacteria and purified to near homogeneity (see
“Experimental Procedures”). Increasing amounts of this prepa-
ration were first assayed to determine its ability to inhibit RNA
pol III transcription prior to the formation of a PIC (defined
here as a promoter-bound complex of TFIIIC, TFIIIB, and pol
III). When added to a HeLa nuclear extract before the template
(Fig. 1A), theMaf1 protein efficiently inhibited transcription in
a concentration-dependent manner (Fig. 1, B and C). Repres-
sion activity was specific to Maf1 because at the upper end of
the titration, an equivalent amount of nuclease-free BSAhadno
effect on transcription (Fig. 1B, lane 7). We then used an
amount of Maf1 that maximally inhibited transcription under
these conditions (Fig. 1C; 0.5 �g) to test whether the formation
of a PIC prior to Maf1 addition would affect the efficiency of
repression. PICs were assembled under equilibrium conditions
during a 30-min incubation of the nuclear extract with the tem-
plate DNA (Fig. 1D). Maf1 was then added (or not) followed by
nucleotides to initiate transcription and the reactions were
stopped at various times over a 60-min time course. In contrast
to the absolute effect of Maf1 on transcription before PIC
assembly (Fig. 1B), Maf1 addition after PIC assembly reduced
but did not abolish transcription (Fig. 1E, compare lanes 5–8
with lanes 1–4). To determine the number of transcription
cycles occurring under these conditions, we performed the
same experiment in the presence of the nonionic detergent Sar-
kosyl. Sarkosyl at a final concentration of 0.05% has been found
to selectively inhibit the reassembly of PICs and reinitiation
of transcription when it is added prior to the initiating nucleo-
tides. Thus, these conditions allow only a single round (SR) of
transcription (33). By titrating the amount of Sarkosyl in our
reactions, we confirmed that a concentration of 0.05% was suf-
ficient to limit transcription consistent with a single inititation
event for each functional PIC (supplemental Fig. S1). In pro-
longed incubations, the absolute level of transcription
remained essentially constant in the presence of 0.05% Sarkosyl
(Fig. 1E, lanes 9–12). This defines the SR transcription value.
Accordingly, multiple round (MR) reactions generated 24 and
33 cycles of transcription after 35 and 60 min, respectively, at a
rate of �1 transcript every 90–110 s (Fig. 1F). In contrast, the
reduced absolute level of transcription in reactions containing
Maf1 (to �20% of the untreated control; Fig. 1E) resulted in
only six cycles of transcription after 60 min (Fig. 1F). This may
reflect an ability of Maf1 to decrease the overall rate of the
transcription cycle on functional PICs. Alternatively, it could
reflect some heterogeneity in the reactions with respect to the
inhibition of transcription by Maf1. For example, the reassem-
bly of PICs involving RNA pol III molecules in solution might
be differentially sensitive to Maf1 relative to reinitiation by po-
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lymerase molecules that remain bound to the template follow-
ing termination (i.e. facilitated recycling). We note however
that although facilitated recycling is well established in yeast in
vitro systems (5, 6), it has not been reported in a mammalian
system.
Facilitated Reinitiation of Transcription by Human RNA pol

III on an Immobilized VA1 RNA Gene—To determine whether
human RNA pol III is capable of facilitated recycling and to
examine the effect of Maf1 on transcription of PICs, we devel-
oped an immobilized template transcription system. A linear
VA1 promoter DNA fragment was generated by PCR using a
biotinylated upstreamoligonucleotide primer and immobilized
on streptavidin-coatedmagnetic beads (IT-VA1).HeLa nuclear
extract was fractionated on Phosphocellulose P11 to obtain
fractions containing TFIIIB � pol III (P11:0.35) and TFIIIC
(P11:0.6) that are able to actively transcribe the VA1 gene when
combined (29). Importantly, these fractions are devoid of con-
taminating nucleotides, which is a prerequisite for stalling RNA
pol III downstream of the transcription start site. Using the
P11:0.35 � 0.6 fractions and ATP, GTP, and CTP but not UTP,
we verified that transcription arrests after synthesis of the first
six nucleotides on the VA1 template (data not shown). Two
preliminary experiments were performed prior to analyzing the
effect ofMaf1 on transcription from purified stalled TCs. In the
first, Maf1 was preincubated with the P11:0.35 � 0.6 fractions
to determine its ability to repress reconstituted transcription
from the immobilized VA1 template (Fig. 2A). Consistent with
the experiment shown in Fig. 1B, IT-VA1 transcription was
specificallyandcompletelyinhibitedbyMaf1inaconcentration-
dependent manner (Fig. 2B). In the second experiment, we
determined the ability of a nonspecific competitor DNA,
poly(dA-dT), to sequester nonassembled transcription factors
and polymerase, thereby preventing them from binding to the
promoter. Inclusion of poly(dA-dT) into the P11:0.35 � 0.6
fractions before IT-VA1 addition (Fig. 2A) completely abol-
ished transcription at the upper end of titration (Fig. 2C).
To establish a transcription system that supports MR tran-

scription only from recruited factors and polymerase, immobi-
lized stalled ternary complexes were preassembled from the
P11:0.35 � 0.6 fractions, washed in 0.5 M KCl, equilibrated in
transcription buffer, and supplemented with all four NTPs,
including [�-32P]CTP (Fig. 2D). RNA pol III-transcribed RNAs
from this template were 156 and 200 nucleotides in length (the
latter results from read-through of the first termination site)
and were identical in size to the transcripts generated by HeLa
extracts using VA1 plasmid templates (data not shown). A
comparison of untreated and Sarkosyl-treated reactions
revealed a small but reproducible difference in IT-VA1 tran-
scription (Fig. 2E, lanes 1 and 5). Quantitation confirmed that
the untreated reaction had completed two or three transcrip-
tion cycles during the 15-min incubation (Fig. 2F). We then
examined the effect of adding excess amounts of Maf1 or
poly(dA-dT) (Fig. 2, B and C) on transcription of the immobi-
lizedTCs (Fig. 2D). Importantly, transcription remained at sim-

FIGURE 1. Maf1 represses multiple round but not single round transcrip-
tion by human RNA pol III. A, scheme to test the effect of Maf1 on HeLa
nuclear extract (NE)-supported tRNALeu3 gene transcription. NE was preincu-
bated with Maf1 or BSA for 10 min at room temperature. Cold nucleotides,
[�-32P]CTP (C*), and plasmid tRNALeu3 template (0.5 �g) were added, and
transcription was allowed to proceed for 50 min at 30 °C. B, lanes 1– 6 show
transcription supplemented with increasing amounts of recombinant human
Maf1, (0 – 0.5 �g/reaction). Lane 7 contained NE with BSA (0.5 �g) as a nega-
tive control. C, the data in B were quantified and plotted relative to the
unsupplemented NE. Rel Txn, relative transcription. D, as outlined, after pre-
incubation of the plasmid template and NE, Maf1, or Sarkosyl and nucleotides
were added, and the reactions were stopped after the times indicated. E, lanes
1– 4 represent conditions that allow multiple round transcription (MR); lanes
5– 8 were supplemented with Maf1 (0.5 �g); and lanes 9 –12 contained Sarko-
syl at a final concentration of 0.05% (SR Sark). F, transcript levels from E were
quantified relative to the Sarkosyl-treated reaction (E, lane 9). Open bars, MR

transcription; filled bars, Maf1-repressed transcription; shaded bars, SR tran-
scription. One microgram of recombinant hMaf1/50-�l reaction corresponds
to a concentration of 0.7 �M.
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ilar levels as in the unsupplemented or BSA-supplemented
reactions (Fig. 2,E, lanes 1–4, and F), indicating that neither the
factors nor the polymerase were released from the template in
the course of transcription. Two to three rounds of transcrip-
tion were also observed in the presence of Maf1 after a 50-min
incubation (supplemental Fig. S2). This indicates that the
15-min reactions (Fig. 2, D–F) have reached a stable end point.
Taken together, these data indicate that humanRNApol III can
undergo facilitated recycling. Moreover, our data suggest that
recombinant human Maf1 is unable to inhibit this type of pro-
cessive reinitiation.
Maf1 Does Not Repress Facilitated Recycling of Human RNA

pol III from Preinitiation Complexes—We next asked whether
Maf1 is able to inhibit transcription from purified PICs. To
assemble PICs, IT-VA1 was incubated with the P11:0.35 � 0.6
fractions containing the transcription factors and polymerase
(Fig. 3A). We then determined the stability of the resulting
complexes by subjecting them to extensive washes with various
concentrations of KCl (0.06–0.5 M). Finally, nucleotides were
provided to initiate transcription. Consistent with the antici-
pated lower stability of PICs comparedwith ternary complexes,
these assays revealed that a maximum of 0.1 M KCl could be
used for washing the PICs without diminishing transcription
activity (data not shown). Ternary complexes, on the other
hand, could withstand a 5-fold higher washing stringency. In
subsequent reactions, washed PICs were preincubated with
BSA or varying amounts of Maf1 in the presence of excess of
poly(dA-dT) to ensure that any DNA-binding factor that disso-
ciated from the template would not rebind (Fig. 3A, PIC
scheme). A direct comparison of transcription from these PICs
with transcription from stalled ternary complexes (assembled
as in Fig. 3A,TC scheme) showed a very similar pattern (Fig. 3B,
compare lanes 1–7with lane 8 in both panels). Regardless of the
amount of Maf1 tested (up to 5 �g), two or three transcription
cycles were reproducibly completed (Fig. 3C). Collectively, the
data demonstrate that polymerase stalling is not required to
make transcription complexes resistant to Maf1. Rather, once
polymerase-containing complexes are formed on the pro-
moter, Maf1 is unable to inhibit RNA pol III transcription.

FIGURE 2. Maf1 does not repress facilitated reinitiation by human RNA
pol III on an immobilized VA1 DNA template. A, preincubation mixtures
consisted of P11 fractions containing TFIIIC (P11:0.6), TFIIIB and RNA pol III

(P11:0.35) together with Maf1, or nonspecific competitor DNA, poly(dA-dT).
The immobilized VA1 DNA fragment (IT-VA1, 0.14 pmol of DNA) was added,
and transcription was initiated with nucleotides. B, Maf1-mediated repres-
sion of IT-VA1 transcription. Recombinant Maf1 (0.0, 0.02, 0.1, 0.5, 2.5, and 5
�g) or BSA (5 �g) was tested as depicted in A. The transcripts initiated from
the VA1 promoter are indicated at the left. One microgram of recombinant
hMaf1/50-�l reaction corresponds to a concentration of 0.7 �M. C, competitor
poly(dA-dT) (0.0 0.1, 0.3, and 1 �g) was tested as depicted in A. The asterisk in
B (lane 6) and arrowhead in C (lane 4) indicate the amounts of Maf1 and
poly(dA-dT), respectively, used in E. D, effect of recombinant Maf1 on tran-
scription of TCs. IT-VA1 was preincubated with TFIIIC, TFIIIB, and RNA pol III
fractions (P11: 0.35 � 0.6) in the presence of ATP, CTP, and GTP for 29 min at
30 °C. The supernatant was removed, and TCs were washed with KBCM500/
0.015. The purified TCs were divided into aliquots and supplemented with
transcription buffer only, BSA (5 �g), Maf1 (5 �g), or poly(dA-dT) (1 �g). The
reactions were incubated for 10 min at room temperature. After 9 min, Sar-
kosyl was added (final concentration, 0.05%) to a buffer-supplemented reac-
tion, and the incubation continued. Transcription in all of the reactions was
resumed following addition of a complete set of NTPs and [�-32P]CTP (C*).
E, IT-VA1 transcription in the presence of BSA, Maf1, poly(dA-dT), or Sarkosyl is
compared with an unsupplemented reaction. F, data in E were expressed
relative to the value obtained for the Sarkosyl-treated reaction.
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Maf1 Efficiently Inhibits Transcription from Preassembled
TFIIIC-TFIIIB-DNA Complexes—To examine the effect of
Maf1 on different steps in PIC assembly, we prepared separate
RNA pol III and TFIIIB fractions. HeLa S100 extract was
applied to Phosphocellulose P11 to obtain the P11:0.35 fraction
that was further chromatographed on DEAE-Sephadex A25 to
yield fractions DEAE:0.15 (TFIIIB) and DEAE:1.0 (pol III) (30).
TFIIIC- and TFIIIB-containing fractions (P11:0.6 and DEAE:
0.15, respectively) were used to assemble complexes on the IT-
VA1. After a washing step (0.1 M KCl) to remove unbound fac-
tors, the complexes were exposed (or not) to BSA or increasing
amounts ofMaf1 before the addition of RNApol III (DEAE:1.0)
and nucleotides to initiate transcription (Fig. 4A). Strong inhi-
bition of transcription activity was observed (Fig. 4B); at the
highest concentration of Maf1, transcription was reduced to
13% of the unsupplemented reaction (Fig. 4C). However, this
level of repression is noticeably less potent than that observed
when the factors and polymerase are incubated with Maf1
before the template (Fig. 2, A and B). Repression by Maf1 from
preassembled TFIIIB-TFIIIC-DNA complexes (Fig. 4A) is
likely to reflect, at least in part, its inhibitory binding to the
polymerase in solution (19, 22–24). However, another pos-
sibility is that the retention of Maf1 by promoter-bound
TFIIIB, via its interactions with Brf1 (22–24), could prevent
the recruitment of RNA pol III into a productive complex.
To examine this possibility, complexes containing TFIIIC
and TFIIIB were assembled on IT-VA1 and treated with
Maf1 as described above. Then unbound Maf1 was removed
in a second washing step before the addition of RNA pol III
and NTPs (Fig. 4D). Titration of Maf1 resulted in a modest
concentration-dependent reduction in transcription (Fig.
4E). At the highest Maf1 concentrations, transcription
reached a plateau at �50% of the untreated level, implying
that half of the complexes were able to retain Maf1 under
these conditions (Fig. 4F). By comparing transcription with-
out and with the additional wash to remove unbound Maf1
(Fig. 4, C and F), it is apparent that the efficiency of repres-
sion is higher for Maf1 binding to the polymerase off the
DNA. However, the ability to chromatin immunoprecipitate
human Maf1 on target promoters in vivo (17, 24) suggests
that transcriptional repression by Maf1 bound to TFIIIB-
DNA complexes is likely to be biologically significant.
Human Maf1 Inhibits TFIIIB Recruitment to DNA-bound

TFIIIC, albeit with Low Efficiency—Previous studies in yeast
have shown that recombinant Maf1 can interact with the Brf1
subunit of TFIIIB in solution and thereby inhibit the assembly
of TFIIIB onto TFIIIC-DNA complexes (22). Because the inter-
action betweenMaf1 and Brf1 is conserved in humans (23, 24),
it is similarly expected to be inhibitory for transcription. Taking
advantage of the sequential assembly of TFIIIC and thenTFIIIB
onto DNA, we followed the binding of each factor to IT-VA1
with a washing step and assayed for an effect of preincubating
the TFIIIB fraction (DEAE:0.15) withMaf1 on complex assem-
bly using transcription activity as functional readout (Fig. 5A,
TFIIIB/Maf1). As expected, we observed a concentration-de-
pendent inhibition of transcription byMaf1 at the upper end of
titration (Fig. 5B, upper panel, lanes 6 and 7). As a control
experiment to exclude the possibility of an inhibitory effect

FIGURE 3. Facilitated recycling of human RNA pol III from preinitiation com-
plexes is resistant to Maf1. A, upper scheme, immobilized PICs were formed on
the VA1 gene (IT-VA1) by incubation of TFIIIC, TFIIIB, and RNA pol III fractions (P11:
0.35 � 0.6) for 29 min at 30 °C. Unbound material was removed by extensive
washing with KBCM100/0.015. The purified PICs were challenged with poly(dA-
dT) (1 �g) and BSA (5 �g) or Maf1 (0.02–5 �g). In a separate reaction, Sarkosyl
treatment was carried out as described in Fig. 2D. Transcription was initiated
with the addition of nucleotides and continued for 15 min at 30 °C. Lower
scheme, immobilized TCs were prepared and assayed as described in Fig. 2D.
The reactions contained BSA (5 �g) or Maf1 (0.0 –5 �g) or Sarkosyl as indi-
cated. B, MR transcription from PICs (upper panel) and TCs (lower panel) sup-
plemented with 0.02, 0.1, 0.5, 2.5, and 5 �g of Maf1 (lanes 3–7). Control lanes 1
and 2 contained no additional protein and BSA (5 �g), respectively. SR tran-
scription in the presence of Sarkosyl is shown in lane 8. C, the data in B are
expressed relative to the Sarkosyl-treated reactions (lane 8).
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caused by nonspecific binding of Maf1 to DNA or beads, we
incubated Maf1 or BSA with IT-VA1 and employed the same
sequential washing steps before and after the addition ofTFIIIC
and TFIIIB (Fig. 5A, Con). Consistent with expectations, this
regimen had no effect on transcription (Fig. 5B, lower panel).
Comparing the efficiency of repression resulting from preincu-
bation ofMaf1with theTFIIIB versuspolymerase fractions (Fig.
5, TFIIIB/Maf1 versus Fig. 4,A–C), it appears that the polymer-
ase is more sensitive to inhibition by Maf1 in this system.

Human Maf1 Targets RNA pol III in Solution but Not in
Stalled Ternary Complexes—Evidence gained from our previ-
ous experiments (Figs. 2, D–F, 3, and 4, A–C) supports a con-
cept that RNA pol III engaged in DNA-bound complexes (PICs
or TCs) is resistant to the action of Maf1, whereas the free pool
of RNA pol III can be efficiently targeted by Maf1 to repress
transcription. To demonstrate these properties in a single
experiment, purified stalledTCs formedwith a limiting amount
of RNA pol III were examined for their response toMaf1 in the
presence of an additional quantity of RNA pol III that was
added to the washed complexes (Fig. 6A). Relative to reactions
containing the washed TCs but no extra polymerase, RNA pol
III supplementation increased transcription �2-fold (Fig. 6, B
and C, compare � Pol III lanes 1, 2, and 7 with [minus] Pol III
lane 1�). Importantly, the increased level of transcription result-

FIGURE 4. Maf1 inhibits the recruitment of human RNA pol III to immobi-
lized TFIIIB-TFIIIC-DNA complexes. A, stable binary complexes were
formed on the immobilized VA1 template (IT-VA1) during a 29-min incuba-
tion at 30 °C with fractions containing TFIIIC (P11: 0.6) and TFIIIB (DEAE: 0.15).
Following washes with KBCM100/0.015, BSA or Maf1 was added. The reac-
tions were complemented with RNA pol III (DEAE 1.0) and NTPs to initiate
transcription. B, transcripts from reactions supplemented with 0.02, 0.1, 0.5,
2.5, and 5 �g of Maf1 are shown in lanes 3–7. Control lanes 1 and 2 contained
no additional protein and BSA (5 �g), respectively. C, the bar graph shows
the transcription levels in B relative to the reaction without additional
protein (open bar). D, reactions were assembled as in A, except that incu-
bations with BSA and Maf1 were conducted for 14 min, and the mixtures
were washed with KBCM100/0.015 before the addition of RNA pol III and
NTPs. E, Maf1 retained by binary complexes reduces RNA pol III transcrip-
tion. The additions of BSA and Maf1 are identical to B. F, transcripts were
quantified as in C. Rel Txn, relative transcription.

FIGURE 5. Maf1 prevents human TFIIIB assembly on DNA with low effi-
ciency. A, upper scheme (TFIIIB/Maf1), IT-VA1 was incubated with the TFIIIC
fraction (P11:0.6) for 29 min at 30 °C. TFIIIC-DNA complexes were washed with
KBCM100/0.015 and mixed with a TFIIIB fraction (DEAE: 0.15) that had been
separately preincubated with BSA or Maf1 for 10 min at room temperature.
After a further 29-min incubation at 30 °C, the protein-IT-VA1 complexes were
washed with KBCM100/0.015, and transcription was initiated with a RNA pol
III fraction (DEAE 1.0) and NTPs. Lower scheme (Con.), IT-VA1 was preincubated
with BSA or Maf1 for 29 min at 30 °C. After washing with KBCM100/0.015,
TFIIIC- and TFIIIB-containing fractions were added, and the reactions were
allowed to proceed as depicted in the upper scheme. B, reconstituted tran-
scription assays. Upper panel, TFIIIB/Maf1; lower panel, control (Con.). Control
lanes 1 and 2 show reactions with no additional protein and BSA (5 �g),
respectively. Lanes 3–7 show reactions supplemented with 0.02, 0.1, 0.5, 2.5,
and 5 �g of Maf1.
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ing from RNA pol III supplementation was sensitive to inhibi-
tion byMaf1 (Fig. 6, B andC) unlike transcription fromwashed
TCs (Figs. 2F and 3C). At the upper end of the Maf1 titration,
transcription was reduced to the same level as in the non-
supplemented reaction (Fig. 6,B andC). Similar to other exper-
iments (Figs. 2F and 3C), the addition of excess Maf1 (5 �g) to

washed TCs in the absence or the presence of RNA pol III
supplementation resulted in three cycles of transcription. This
is consistent with our previous observations that the initial
rounds of transcription from PICs and TCs are resistant to
repression by Maf1.

DISCUSSION

Although a considerable amount of information has been
accumulated over the last few years regarding transcriptional
regulation by Maf1 (21), a detailed mechanistic description of
how this important regulator functions to repress transcription
is lacking. Toward this goal, we have used transcription from a
VA1 template attached to a solid support to assess Maf1 inhi-
bition of biochemically defined steps preceding and following
transcription initiation by human RNA pol III. Consistent with
studies in yeast and the conservation of Maf1 interactions with
Brf1 and RNA pol III from yeast to humans (22, 23), our exper-
iments revealed differences in the efficiency of repression by
Maf1 between unassembled and preassembled initiation com-
plexes. Transcription is fully inhibited by relatively small
amounts of human Maf1 when the recombinant protein is
added to the factors and polymerase prior to the template (Figs.
1, A–C, and 2, A–C) (24). As suggested by different order of
addition experiments, this reflects a relatively high affinity
interaction of human Maf1 with RNA pol III in solution (esti-
mated to be 10–50 nM; Figs. 1, A–C, and 4, A–C) and a lower
affinity interaction ofMaf1withBrf1 in theTFIIIB fraction (Fig.
5).We conclude that humanMaf1 canpreventTFIIIB and, even
more efficiently, RNA pol III from forming active complexes,
either by directly interfering with their associations or by caus-
ing them to assemble in an inactive conformation. In addition,
we detected a functional interaction between Maf1 and pre-
existing TFIIIB-TFIIIC-DNA complexes, suggesting that Maf1
binding to Brf1 in the DNA-bound complex can inhibit RNA
pol III recruitment or function.
The high stability of TFIIIB complexes on RNA pol III genes

in vitro and in vivo (1, 34) indicates thatmost RNA synthesis on
these genes occurs through reinitiation of transcription. This
process is highly efficient and in yeast results in the production
of �3–6million molecules of tRNA (35) from 274 genes over a
generation time of �100 min (i.e. 2–4 transcripts/gene/sec).
Facilitated recycling of RNA pol III is thought to play an impor-
tant role in achieving this high level of transcription (5, 6). Bio-
chemical studies including template commitment assays have
shown that recycling of the polymerase on the same template
(i.e. without dissociation) increases the rate of reinitiation by
yeast RNApol III 5–10-fold comparedwith reactionswhere the
polymerase must first be recruited from solution (5). We have
employed an immobilized template assay to show that human
RNA pol III is also retained in the original transcription com-
plex and is able to direct several rounds of transcriptionwithout
dissociating after each round of synthesis (Fig. 2). Thus, facili-
tated recycling is a conserved property of RNA pol III in yeast
and humans.
The high transcription activity of RNA pol III genes is tightly

regulated to ensure metabolic economy and to maintain the
appropriate levels of 5 S rRNA, tRNA, and other transcripts to
meet the protein synthetic and other needs of the cell. Accord-

FIGURE 6. Maf1 targets only nonrecruited human RNA pol III. A, IT-VA1
ternary complexes were prepared, washed and then BSA, Maf1 or Sarkosyl
was added as described in the legend for Fig. 3C. Transcription was initiated
with NTPs in the presence or absence of additional RNA pol III and allowed to
proceed for 50 min at 30 °C. B, upper panel (�Pol III) shows RNA pol III-supple-
mented reactions where 0.02, 0.1, 0.5, 2.5, and 5 �g of Maf1 were tested in
lanes 3–7. Lanes 1 (no added protein) and 2 (BSA; 5 �g) serve as negative
controls. Sarkosyl in lane 8 limits transcription to a single round. Lanes 1� and
2� contain Maf1 (5 �g) and Sarkosyl, respectively, and are the same as lanes 7
and 8 except that no additional RNA pol III was added (lower panel, �Pol III).
C, the data in B are expressed relative to the corresponding Sarkosyl-treated
reactions (lanes 8 and 2�).
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ingly, efficient repression of transcription would seem to
require the ability to interrupt the process of facilitated recy-
cling. We were therefore surprised to find that the TFIIIC-
TFIIIB-pol III complexes assembled on the immobilized VA1
promoter were completely resistant to inhibition by Maf1 and
allowed multiple rounds of transcription, equivalent to control
reactions. Similarly, stalled ternary complexes, where the poly-
merase was arrested after the synthesis of a short transcript,
were refractory to Maf1 concentrations that prevented tran-
scription under conditions requiring polymerase recruitment.
Release of the stalled polymerase by the addition of NTPs again
producedmultiple rounds of transcription despite the presence
of Maf1. These experiments show that human RNA pol III is
susceptible toMaf1 onlywhen the polymerase is free in solution
and that RNA pol III bound to preinitiation complexes or in
elongation complexes is protected from repression byMaf1 for
at least several rounds of transcription in our in vitro system
(Fig. 7).
Howdowe reconcile these in vitro results with the concept of

robust Maf1-dependent repression of reinitiation in vivo? One
possibility is that the recombinant Maf1 used for our experi-
ments and/or other aspects of the in vitro systemmay not reca-
pitulate the repression of facilitated recycling that is thought to
operate in vivo. In support of this, previous studies in yeast have
shown that a nuclear-localized, dephosphorylated (6SA
mutant) form of Maf1 is not sufficient for repression and that
additional (presumably) post-translational events are necessary

(21, 25). An understanding of these events in yeast or in humans
is currently lacking. This information will be crucial in evaluat-
ing whether facilitated recycling can be interrupted by Maf1 in
vitro. Alternatively, Maf1 may in fact not inhibit facilitated
recycling in vivo. In this scenario, Maf1-dependent repression
could be achieved if mechanisms exist to limit the number of
rounds of facilitated reinitiation (e.g. stochastic dissociation of
the polymerase or regulatory events impacting this process).
Support for this possibility is provided by the in vitro properties
of an RNA pol III variant, pol III�, which is defective in termi-
nation and facilitated recycling because of the absence of the
subunits C37, C53, andC11 (36). Through in vitro complemen-
tation experiments, the terminator recognition defect of pol
III� was corrected by the addition of a recombinant C37-C53
complex. Facilitated recycling was restored by the further addi-
tion of recombinantC11.Notably, this effect did not require the
stimulatory RNA cleavage activity of the C11 subunit. These
and other data have lead to a model in which a C11-dependent
conformational change in the polymerase is important for facil-
itated recycling (36). As an extension to this model, we suggest
that cellular events may impact this conformational change to
alter the relative rates of recycling and dissociation and provide
an opportunity for Maf1 to repress the dissociated polymerase.
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