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ABSTRACT

Human TFIIIC 1, a basal transcription factor essentially
required for expression of all pol Ill genes, exerts its
function without primarily binding to DNA. We report
here the purification of a termination site binding
activity (TBA) which was initially described to be
contained in fractions designated as TFIIIC . TBA
specifically and strongly binds to the termination
region of pol lll genes with internal promoters and can

be completely separated from TFIIC . and a TFIIC,
related activity (TFIIIC 1jke), proving that DNA-binding of
TBA is independent of these latter activites. Although
TBA is not essentially required for, it strongly stimulates

pol I transcription from intragenic promoters. This
stimulation strictly depends on the presence of TFIIC 1
and is not observed in conjunction with TFIIIC ~ ¢_jixe . We
further present the identification of a novel activity,
TFIIIU, which is also contained in crude fractions of
TFIICy. TFHIU can be separated from TBA by further
purification and is essentially involved in transcription

of the mammalian U6 gene. TFIIIU cannot be substituted

for by any of the established U6 transcription factors

and thus represents a novel U6 transcription factor.

INTRODUCTION

(DSE). Transcription of these latter genes minimally requires the
TATA-binding protein TBP, the PSE-binding protein PBPlso
designated as PTB-+5) or SNAPc 6-8), TFIIIB and pol IlI.

Accurate initiation of transcription of pol Ill genes is best
understood in the yeast system and in the case of the tRNA genes
this process depends on the sequence specific interaction of
TFIIC with the B-box promoter element and the subsequent
incorporation of the initiation factor TFIIIB and the polymerase
itself by protein—protein interactions,¢-11).

In mammalian cells the situation is more complex. First, it has
been shown that human transcription factor IlIB can be separated
into functionally different forms TFIIIBx and TFIIIBS. The
latter is a TBP/TAF complex required for expression of genes
with intragenic promoters. In contrast, TFlItBis devoid of TBP
and is responsible for tirevitro transcription of U6 SNRNALQ).
Second, TFIHIG primarily associates with the B-box but this by
itself does not suffice to support efficient transcription in the
presence of TFIIIB and the polymerase, implying that additional
factors, which participate in transcription complex formation, are
required (3,14). The mechanisms of complex formation are
hitherto poorly understood in higher eukaryotes and until recently
only one of these auxilliary components has been described. This
activity was purified from crude fractions of TFIIC (PC 0.6) and
was hence designated as TFH(C3,15). TFIIIC4 alone does not
bind to DNA, but extended the DNAse | footprint over the A-box
when added to TFIligprimarily bound to the B-box1@). In
contrast to TFIIIG, which is only required for transcription of

Genes transcribed by RNA polymerase Ill (pol 1ll) can baype 1 and 2 pol lll genes §16-18), TFIIIC; is essentially
classified by the promoter structures which control their expressioaquired for transcription of all pol Il gene8,19). TFIIIC,

(1). While type 1 genes (5S rRNA) contain internally located A- angositively influences the DNA-binding activity of all three pol Il
C-boxes as well as an intermediate element, type 2 genes (e.g. tRAESembly factors: TFIIIg TFIIA and the PSE-binding protein
and VAI) are controlled by A- and B-boxes within the genePBP (18,19).

Expression of type 2 pol Il genes requires transcription factors Although TFIIIC; was consistently reported to be required for
TFIIC and TFIIIB, whereas synthesis of 5S rRNA additionallytranscription, its binding properties to intragenic pol Il promoter
requires the primarily DNA-binding protein TFIIIA. Type 3 pol genes were discussed controversely. Tlltiéscribed by Wang

[l promoters in higher eukaryotic cells (e.g. U6, 7SK) areand Roederl(), was reported to show a strong interaction with
governed exclusively by promoter sequences located upstreanttod termination site of type 2 genes. In contrast, no termination
the initiation site which include a TATA-box, as well as asite binding was found for this factor from the laboratory of Berk
proximal sequence element (PSE) and a distal sequence elem@i) and from our laboratoryl@). Moreover, we have shown
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recently that TFIIG is chromatographically and functionally hTFIIIC;. Fractions eluting from 250 to 290 mM KCI in buffer
distinct from an activity which binds specifically and strongly toB from Mono Q (MQ »7 19) were diluted to 200 mM KCl in
the termination region of pol Il genes with internal promotersbuffer B and applied to an EMD $0Fractogel column (‘ESF’;
This DNA-binding activity was initially described to be containedMerck, Darmstadt) at 5 mg protein/ml bed volume. After washing
in fractions designated as TFIj@nd this fraction could also the column with 200 mM KCI in buffer B, bound proteins were
partially substitute for TFIlIEactivity (19). Until now, however, eluted with a linear gradient from 200 to 600 mM KCland a 1 M
it was unclear whether the termination site binding activity (TBAKCI step. hTFIIIG activity eluted with 450-500 mM KClI
and the TFIIIG related activity (TFIIG.jike) Of these TFIIG  (ESk .47 0.2 mg protein/ml).

fractions were mediated by the same or different components. W?FIIICO Fractions eluting from 150 to 190 mM KCl in buffer

show here that TBA can be separated from TkllEhd : i .
TENIC1.jke, demonstrating that the specific DNA-binding of g({?g]r;r;?ogﬂe?c%rli%in(th%g&)% altgg "r‘r’g%%ﬁ’silr':fnlt%sg \I/Eol\l/tljl:r)ne
TBA Is independent of TFIIl€or related activities. OAfter washing the column with 200 mM KCl in buffer B, bound

THIIIC, functi_o nsas a bas_al _pol Ill factor and thus is als proteins were eluted with a linear salt gradient from 200 to
essentially required for transcription of thedgulated 7SK RNA 600 mM KCl and a 1 M KCl step. Termination region binding

and U6 snRNA gene8,(9). However, Yooret al (3) reported -

that TFIIIC; could only complement a heat-treated extract fronf VY ’ (-II-B?)Fl?IILljte(Ij frgn}: 39% etg 4821?MMK}S(|:I(061029 mg
human cells lacking TFIIC activity but not a reconstitutedpmte!n/ml)' TR e_ute Irorg ' tOSOO m 545 (M KrCnIg
system (consisting of PTF, Oct-1, TBP and TFIIB) for 7SkProtein/mi), Cuiike €luted from to m

" g P .04 mg protein/ml). Alternatively, MQ TFIli§ fractions
transcription. From these findings the authors implied th . X .
additional factors, contained in the heat-treated extract, might 50-190 mM KCI) were dialyzed against buffer B with 60 mM

necessary. Using an vitro transcription system consisting of \C @Pplied to a Resource S column (RS', Pharmacia), washed

PBP, TBP, TFIIIBa, RNA pol 11l (2,12) and TFIIIG; we also find with buffer B containing 170 mM KCI and eluted with a linear
that the mouse U6 gene is poorly transcribed under su aod'ggtS frf\’/lmK C1I78 0t50 600 m.M/ I|<C_:_.FI;I'B_A ?IUt%d .V;'th

conditions. Employing this reconstituted system we identified 8575 rE A é " mg prtot_elln rln)f, ﬁ.ke e ulte WItTh

novel activity, TFIlIU, which is essentially required for transcription2<° M (0.04 mg protein/ml) from this column. The
of the mammalian U6 snRNA gene. Although TFIIIU co-elute lowthrough, containing TFIIIU, was directly applle_d onto an
with the termination site binding activity TBA upon MQ =MD SG~ Fractogel column (Merck) and eluted with a linear
chromatography, we show in this report that these activities cﬁﬁad'em from 200 to 600 mM KCl in buffer B. Fractions eluting

b ted by furth ificati d that TEIIU h ffediom 345 to 410 _mM KCI contained TFIIU. _
oﬁ f/eArl)?rr:nicrigticl:n. erpuriiication and tha asnoetie The PCB fraction (350 mM KCI) was used to purify human

TFIIB-a, TFIIB-B and RNA polymerase Il (pol Ill) as
described beforel¢,19). Recombinant human TBP (rhTBP) was
MATERIALS AND METHODS expressed irEscherichia coliand purified as describe@4).
Plasmids Recombinant human TFIIA (rhTFIIIA) was expresseéinoli

ifi [ 25).
The plasmids pUMUgs, pUVAI, pUh§™etand pUhSS were as <0 Purified as described(.25)
previously described®(20,21) and contained single copies of the

genes coding for mouse U6 snRNA, VAI RNA, human methionind? Vitro transcription

initiator tRNA or synthetic human 5S rRNA. The assays were as described previoush2@). For type 1 and

2 pol Il genes, 0.2 or fig of plasmid DNA was used in %0
Preparation of nuclear extract and purification of reactions. For U6 transcription, 0.5 qu@of plasmid DNA was
transcription factors used in 70ul reactions. All reactions were conducted in the

Buffer A contained 20 mM HEPES, pH 7.9, 10% (v/v) glycerol presence of 10 U Ribonuclease Inhibitor (Stratagene, Heidelberg).

3mM DTT. 0.2 mM PMSE. Buffer B contained 20 mM Tris—HC]. !N Vitro synthesized RNA products were electrophoretically
oH 7.9, 10% (v/v) glycerol, 5 mM Mg&l3 mM DTT, 0.2 mMm  Separated on 6% (VAI RNA) or 7.5% denaturing urea sequencing
PMSE. ' T gels and autoradiographed for at least 1 day atG84ith

Nuclear extracts from human embryonic kidney (HEK) orNtensifying screens.
HelLa cells were prepared from several batches of 35 | suspension _ _
cultures with an index of 7241 cells/ml as described previously DNAse | footprint analysis

(22). The nuclear extract was dialyzed against buffer A includin

agments were generated by PCR amplification of the VAI gene
100 mM KCI and was subsequ.ently chrqmatographed throu F{)n? pUVAI Withg5' end-labglled 17m2r sequencing primger
phosphocellulose (PC) as described previoudy. ( unlabelled 17mer reverse sequencing primer (M13/pUC;

e PCC facton 600 i KC) wes s b purty i,y “and” i b ot
0 o 2 (Eurogentec). Individual protein fractions were pre-incubated

the following modifications. with 2 ug poly (dIdC) and 0.5ig pUC 9 DNA as non-specific
PBPR The PCC fraction was dialyzed against buffer B containingompetitor in a total volume of 50l for 15 min at 30C.

60 mM KCl, loaded onto a Mono Q column (‘MQ’, Pharmacia)Subsequently 15 000 c.p.m. of the labelled fragment were added
at 10 mg protein/ml bed volume. After washing the column wittand incubation was prolonged for 90 min at@0Samples were

the same buffer, bound proteins were eluted with a linear gradierieaved with 40 ng of DNAse | for 1 min at room temperature,
from 60 to 450 mM KCI. Fractions eluting at 300-330 mM KClreactions were stopped with H0 of stop solution and further
contained PBP (0.2 mg protein/ml). processed as described befot8,41). An end-labelledVsp
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digest of pBR322 was used as a size marker to assign 1
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Starting from phosphocellulose fraction C (PCC), derived fror
nuclear extracts of human cells, we could recently enrich &
activity by MQ FPLC chromatography which showed a stron
interaction with the termination region of type 1 and 2 pol IlI
genes 19). This activity eluted at 170 mM KCI from the MQ
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(Materials and Methods) to distinguish them from THIEDd
TFHICo. TFINCy activity eluting at 270 mM KCI from MQ
columns did not bind to DNA and never showed DNase
protection on pol 11l genes with internal promoteirs)(

Since the MQ TFIII@ fraction is comparatively crude, it was r
further purified in this report by FPLC chromatography on ESI -
columns. Bound proteins were eluted with a linear gradient fro
200 to 600 mM KCI, and the DNA-binding activity of individual
fractions was analyzed by footprint experiments. As shown | o
FigurelA the activity which displayed strong DNase | protectior
over the termination region of the VAI gene from +154 to +18: B
was eluted from this column by 390-480 mM KCI (lanes 6—1( M .. ]
and it was hence denoted as termination site binding activi Frac. No mwwenroo?
(TBA). The boundaries of the footprint are very distinct and n. TFillcz 3 Rk AUk o R A
protection of the A- and B-boxes is observed.
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The TFIIIC g fraction additionally contains a TFIIIC 1

related activity (TFIIC 1 jke) B "1

MQ TFIIICq fractions containing the DNA-binding activity TBA

were initially described to be able to partially substitute fo

TFIIIC, activity in transcription reactionsl19). Therefore, hss -+ -
individual fractions of the ESF gradient (Fig\) were assayed

for their ability to reconstitute transcription of the VAI, human 1234
methionine initiator transfer RNA and human 5S rRNA ganes

vitro in a system deficient in TFIIKCAs demonstrated in Figut,

. . - - . i b Figure 1. Purification of the MQ TFIII@ fraction by ESF chromatography.
fractions containing the termination site binding activity TBA A) DNASe | protection of the VAI termination region by TBA. A 321 bp

failed to reconstitute transcr_iption of any of these genes in thgagment of the VAI gene, labelled at theehd of the coding strand, was
absence of TFlllg(compare FiglA and B, lanes 6-10). However, incubated with 2ug of TFIIICy (MQp.17) fraction (lane 1) or 4Qul of the
transcription could be restored in all cases by fractions 11-13 of tHedividual fractions of the gradient (lanes 3-15) for footprint analysis as
same gradient eluting from 500 to 545 mM KCI (Fi@ described in Materials and Methods. Lane 2 served as a control reaction without

. . . protein. The protected region of the VAI gene, spanning sequences from +154
lanes 11_13)' ﬁhversely' the latter fractions failed to bind the to +182, is appropriately indicated®)(TBA does not support transcription in

termination_ region of the VAI gene (FiA, lanes 11—13)-_ Because aTFIIIC, deficient system. Fractions of the ESF-gradient were assayed for their
the transcriptional activity, stemming from a TFjlaction, can  ability to complement VAI, K¢t or h5S rRNA transcriptionin vitro
complement a TFIIIC deficient system, but is separated from transcription was performed separately for the three genes as described in

; i aterials and Methods, and the positions of the individual transcripts are
TFIIIC, by MQ chromatography, we have denoted this activity a#dicated. One microgram of each template was incubated with 50 ng of pol Il|

TFIICq Ii_ke activity (TF|||C1_|ike_). _|t should_be pointed out that (ESRy 59 and 4ug of TFIIIB-B (ESk 3y, lanes 1-15). For lanes 2-15, g
the maximal level of transcription mediated by TFillfe of TFIIIC» (MQg_5) and for lanes 3—15, 20 of the individual fractions of the
fractions corresponds to that observed for the TEliiput-fraction, ESF gradient were added as indicatedirfroitro transcription of the h5S gene
but is much less than found for TFICsee also FicR). all samples were supplemented wital thTFIIIA.

5 B 7 & 9 10 11 12 13 14 15

TBA stimulates VAI transcription only in a system

containing TFIIC . . - - .
g ! which contained TFIIIE transcriptional activity (Fig2A, lane

Since TBA which binds with high affinity to the termination 2). Under such conditions, the highest level of VAI RNA
region of the VAI gene fails to restore transcription of this gensynthesis was observed upon addition of fractions 7—10kig.

in the absence of TFIIC(Fig. 1B, lanes 6-10), we tested compare lanes 8-11 with lane 2) which corresponded to the
individual fractions of the ESF gradient in a transcription systertermination region binding activity TBA (FidA, lanes 6-10).
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Figure 2. (A) TBA stimulates VAI transcription in a system containing
TFIIC41. ESF-gradient fractions were analyzed in a THIli&®ntaining
reconstitution system. Thia vitro transcription of 0.2ug of pUVAI was
conducted in the presence of 10 ng of pol Il (&&§; 0.8ug of TFIIB-B
(ESky.31), 60 ng of TFIIIG (MQg.5) and 200 ng of TFIIIE(ESk 47). For lane

1, TFIIIC, was omitted. Five microlitres of individual ESF gradient fractions
2-13 were added as indicated (lanes 3-14)iandtro transcription was
performed as described in Materials and Methods. The position of the VAI
transcript is indicated.B) Transcriptional activity of TBA depends on the
presence of TFIIG In vitro transcription of 0.21g of pUVAI was performed

in the presence of highly purified pol Ill, TFIlIB-and TFIIG (lanes 1-16)

as described for (A). For lanes 3-7, @cRof TFIIC; (EShy 47) were analyzed

in the presence of increasing amounts of TBA (0.13, 0.25, 0.5 agdot
fraction ESF-Grad. 430 mM KClI, lanes 4-7). For lanes 2 angig,af TBA
(ESF-Grad. 430 mM KCI) were added alone. For lanes 9-16, increasin
amounts of TFIIIG (0.1, 0.25, 0.5 andydg of fraction ESh 47) were analyzed
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TFIHIC4, the inverse experiment was conducted in lanes 8-16 in
which the amount of TFllIgwas titrated in the presence of the
highest concentration of TBA tested in lane 7. The results imply
that a particular relation of the two components is required for
their optimal interaction (compare lanes 9—12 with lanes 13-16).
Nevertheless, efficient VAI RNA synthesis could be observed
with high amounts of TFIIE¢ in the absence of TBA
(lanes 13-16), suggesting that transcription can be augmented by,
but does not depend on, TBA. Identical results were found for 5S
rRNA transcription (data not shown).

As demonstrated in lanes 3—6 of Figk@ transcription of the
VAI gene in the presence of TFIIIB{12), pol Ill and TFIIG
could be partially complemented by TFHLGe, although the
extent of RNA synthesis was much lower than observed for
reactions which contained TFIliCinstead of TFIIG.jke
(compare with lanes 13-16 of F&B). Importantly, addition of
TBA containing fractions strongly stimulated VAI RNA synthesis
only in the presence of TFIIKdcompare lane 16 with lane 15)
but not in conjunction with TFIIE ke (compare lanes 8—10 with
lane 7 and lanes 12-14 with lane 11). These results suggest that
TFHIC 1 jike represents an incomplete form or a subcomplex of
TFIIC41 which cannot fully substitute for TFIIiCactivity.

Identification of an activity necessary for U6 SnRNA
transcription

TFIHIC is essentially required for transcription of all pol Il genes
including the U6 gene. However, expression of the mouse U6
snRNA gene cannot be fully restored by TF{li€the presence

of PBP, pol lll, TFIIIB-a and rTBP as will subsequently be dealt
with in more detail (Fig3B and C).

We found previously that transcription of the mU6 snRNA
gene was more efficiently reconstituted by the MQ THIIC
fraction than by the MQ TFIllICfraction (L9). In order to check
whether the U6 gene requires an additional activity besides
TFIIIC,, which could possibly be contained in the TR§IC
fraction of the MQ gradient, individual fractions of the ESF
gradient were analyzed with respect to their ability to reconstitute
transcription of the mU6 gerevitro in the presence of TFIIC
PBP, pol Ill, TFIIB-a and rTBP. Under such conditions U6

NRNA synthesis was strongly stimulated by an activity, eluting
rom 365 to 415 mM KCI (fractions 5-7) from this gradient

in the presence of{lg of TBA (ESF-Grad. 430 mM KClI, lanes 9-12) orwere (Fig. 3A, compare lanes 5—7 with lane 1). This activity is distinct

added alone to the basal transcription system (lanes 13€}8)F(IC1.jike
cannot fully substitute for TFIlICactivity. In vitro transcription of 0.2ug of
pUVAI was performed in the presence of highly purified pol Ill, TFIBBnd
TFIIC, (lanes 1-16) as described for (A). Increasing amounts of TBA@.25
(lanes 8 and 12), O (lanes 9 and 13) anqu (lanes 2, 10 and 14) of fraction
ESF-Grad. 430 mM KCI] were analyzed in the presence of/@ 2dnes 7-10)
or 0.48ug (lanes 11-14) of TFIlIC ke (ESF-Grad. 520 mM KCI) or 0459

of TFIIC, (ESky.47 lane 16). For lanes 3-6, 0.06, 0.12, 0.24 and |g46f
TFIIC1.jike (ESF-Grad. 520 mM KCI), for lane 15, u§ of TFIIICy (ESFy.47)

were added alone to the basal transcription system.

from TBA (as will be discussed later) and is subsequently referred
to as TFIIU, because it stimulates transcription of the U6 sSnRNA
gene containing an upstream promoter. It has previously been
described 12,26-28) thatin vitro transcription of the U6 gene
yields a characteristic double-band which results from two
specific U6 transcripts although the mechanism by which these
transcripts are generated is presently unclear. Fials® shows
that their relationship to each other is not influenced by TFIIU.
In order to further analyze whether TFIIIU is essentially
required for transcription of the mU6 snRNA gene, appropriate
controls were conducted in FiguBB. The maximal level of U6

The effect on transcription mediated by TBA strictly dependsnRNA synthesis could be observed upon addition of TFIIIU in
on and is related to the quantity of TFHI@resent. Results from the presence of highly purified pol Ill, TFIIIB-(12), PBP @),

titration experiments depicted in Figu2B show that TBA had

rTBP (24) and TFIIIG (lanes 6-8). In contrast, TFIIIU had no

no effect in the absence of TFIl@anes 2 and 8), but increasing effect in a TFIIG deficient reconstitution system (lane 9).
amounts of TBA in the presence of TFHIClearly led to a Moreover, even high amounts of TFI{lGn the absence of

potentiation of transcription (compare lanes 4—7 with lane 3). ToFIIU only slightly restored U6 transcription, indicating that
analyze more rigorously the interdependence of TBA and@FIIIC1 is required but not sufficient for efficient U6 synthesis
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A Additional controls were conducted in Figl@. Confirming
ESF-Gradien Frac. No the data derived from Figu@B, a dramatic stimulation of U6
e e ek oW e 2 ERRED transcription was mediated by high amounts of TFIlIU in a
TFIIC4 containing transcription system (compare lanes 3 and 4
Ug = TEeew with lane 2). This reconstitution system also depends on each of
the known U6 transcription factors, PBP (lanes 1, 7 and 9),
1 2 3 4 5 6 7 B 9 10 11 12 13 14 15 TFIIB-a (lane 6), TFIIIG (lanes 7, 8 and 10) and pol Il (lane 5),
because no U6 synthesis was observed when one of these factor:
B was omitted. Since U6 transcription also depends on exogenously
TFIIC, — 1 added TBPg,12,29,30) we tested the TBP content of the TFIl1U
:i::'lﬁmo e e -;%' ¥ fraction by western blot but found no detectable TBP in this

fraction (data not shown). This finding indicates that TFIIIU can
functionally not be substituted for by any of these activities. Thus,

s . i our data functionally characterize TFIIIU as a novel factor which
is required for transcription of the mU6 geimevitro in a
12345678 9510111213 reconstitution system containing purified pol Ill, TFIItBPBP,
TFIIIC, and rTBP.
C
rTBP + o+ + + o+ + O+ o+ o+ o+
pol 1l el A I e TFINIU is distinct from TBA
TFIHIB-ii + + #* # * == + + + #*
b, G i me e Although TFIIIU eluted at 365-415 mM KCI from the ESF
TFIIU LR oo [ * column (Fig.3A, lanes 5-7) and the elution profile of this factor
hence overlapped with that of the DNA-binding activity TBA
i - (390-480 mM KCI; Fig.1A, lanes 6-10), both activities are

clearly different. Using an alternative ion exchange resin,
Resource S (RS), we could completely separate TFIIU from
123 4568 7890 TBA. While the specific DNA-binding activity TBA bound to the
Resource S column and eluted at 220-265 mM KCI @Ag.
lanes 5-7), TFIIIU was contained in the flowthrough of this
Figure 3. A novel component, TFIIIU, is involved in vitro transcription of column (Fig.4B, compare lanes _3 and 4 with lane 2) which did
the mUG snRNA geneA] Influence of ESF gradient fractions on reconstituted not show any DNAse | protection of the VAI gene (g,
U6 transcriptionin vitro. Ten microlitres of the individual ESF-gradient |anes 2 and 3). To verify that the stimulation of U6 snRNA
fractions 2—15 (lanes 2—-15) were analyzed for their ability to reconstitute UGsynthesis by the RS flowthrough is in fact mediated by TFIIIU
transcription in the presence of 15 ng of pol lil (65§, 2ug of TFIlIB-a we re-chromatographed this fraction on an ESF column. It wés
(ESRy.9), 0.5g of PBP (MQ 39, 0.12ng of TFIIIC, (ESFy 47 and 20 ng of graphed 1 action L
rhTBP (lanes 1-15)n vitro transcription was carried out as described in fOUI’!d that the U6 specific activity displayed the same elution
Materials and Methods using Oi) pUmUG.34 as template DNA. The  profile (data not shown) as was found when MQ THIIC
position of ”J‘e U6 transcript is '”?'ga%f@)fﬂ“%g"ong'y e”hfancesduﬁ fractions were applied directly to the ESF column, confirming
transcrlptlon n vitro transcrlptlon or 0.qug of pum .34Wwas periormed In f .
a basal system containing highly purified pol Ill, TFIGB-PBP and rhTBP that the RS ﬂOWthrOUQh. in fact contained TFIIIU.
(lanes 2-13) as described for (A). For lane 1, PBP was omitted. For It should be emphasized that TFIIIU had no effect on VAI
reconstitution of U6 transcription, TFIIIU activity (08g of ESF-Grad.  transcription, neither in a TFIIieficient (Fig4C, lanes 2 and
%7:?' IQM(OK(ZZLOIa‘lne %)Svgs a??lyzed inE tshg pr?sencgé)increﬁigﬁll Emounts o8 compared with lane 1) nor in a TF{l€ontaining reconstitution
1 (0.2, 0.4 and 0.8g of fraction 47, lanes or of lik - ; ;
(0.06, 0.12 and 0.24g of fraction ESF-Grad. 520 mM KCl, lanes 10-12). For lsystems (cc:jnllpafr?:_lages_r?] 8 W('jth lane 5 ?nd also %om{_)glrﬁsuwnh
lanes 3-5, 0.2, 0.4 and Q.8 of TFIIIC; (ESF 49, for lane 13, 0.24ig of anes 3 and 4 of FigB). These data not only prove that
TFIIC ke (ESF-Grad. 520 mM KCI) were added alone to the basal and TBA are distinct activities but also show that TFIIIU acts on
reconstitution systemCj TFIIIU is required for efficient U6 transcription. To  the U6 and not on the VAI gene.
verify whether TFIIIU is distinct from the hitherto established and required
human U6 transcription factors, each component of a fully reconstituted U6
transcription system was individually omitted as indicated above each lane. Th ISCUSSION
reactions were incubated and processed as described in Materials and Methods
using 2ug of pUmUG 34 60 ng of pol Il (ESE 55 lanes 1-4 and 6—10) 18 . . . .
of TFIlIB-a (ESky 5 lanes 1-5 and 7—10);1& of PBP (M@ 35 lanes 2-6,  In yeast cells the same six polypeptides of the multiprotein
8 and 10); 0.4g of TFIIIC, (ESky.47 lanes 1-6 and 9); 08y (lane 3) and  complex TFIIIC are sufficient for DNA-binding and transcription
1.8g (lanes 4-7 and 9—10) of TFIIU (ESF-Grad. 370 mM KClI). All reactions (31_35)_ The mammalian counterpart of this factor, however,
were supplemented with 80 ng of rhTBP. appears to be more complex. Human TFIIIC activity can be
separated by MQ chromatography into three functionally distinct
activities: TFIIIG, TFIIC; and TFIIG (131819. MQ
(lanes 3-5) in this reconstitution system. U6 snRNA synthesiBF1lICq fractions show a strong interaction with the termination
could be reconstituted, albeit to a much lower extent, byegion of several pol Il genes and can also partially substitute for
TFHIC 1.jike in the presence of TFIIU (compare lanes 10-12 witiTFIIIC 1 activity (19). In the course of further purification studies
lanes 6-8), supporting the observation that THIlI&Gnhd of such TFIIG fractions presented here, we identified three
TFHIC 1ike are functionally related but not identical. TFHlfke = chromatographically and functionally distinct activities: the
had no effect in a TFIIIU deficient reconstitution system (lane 13jermination region binding activity TBA, a transcriptional
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A activity which resembles TFIIC(TFIIC,jke) and an activity
RS grad. Frac. No stimulating U6 transcription (TFIIIU).

1 2 3 4

3
7]
3

TFIIIC,

\

The termination site binding activity (TBA) is a distinct
entity and can be completely separated from TFIIIG and
related activities

na —

55—

TFIIC4 can already be completely separated from TBA by MQ
chromatography1©) and such fractions of TFlliCare trans-
criptionally fully active (Fig.3) without showing any DNA
footprint.

TBA co-elutes with a transcriptional activity upon MQ
chromatography which can partially substitute for THlI&Dd
which we hence designated as TFillke. However, further
purification by ESF (Fidl) or, alternatively, by RS chromatography
(data not shown) completely separated these two activities from
each other. Remarkably, this separation neither influenced the
binding activity of TBA nor the transcriptional capacity of
TFHIC1ike. TBA contained in the more purified ESF- or
B RS-Gradient RS-fractions, still binds with high affinity to the termination

' region of the VAI gene but does not support transcription in the
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e e s absence of TFIIIG thus reinforcing that DNA-binding does not
TRING; - + + + + + + + + depend on TFIIIg or related activities (FigdA and 4A).
Moreover, TFIIIG did not affect DNAse | protection of the
: termination region mediated by TBA (data not shown), although
UG > - enhancing the binding of other primary DNA-binding pol Il
factors TFIIG, TFIIIA and PBP {8,19).
123456783 In conclusion, our studies showed that TBA, the activity which
binds to the termination region, is distinct from TFHl&@nd
C TFHIC 1jike- Neither TFIIG nor TFHICyjike bind primarily to
TFIL 4 DNA and both reconstitute pol [l transcription. Conseqqer_]tly,
TBA . E— | TBA.C.iOES not represent an integral part of these transcriptional
TFHIC; - = = = + + + + + + + activities. . . o .
In agreement with our results, no termination binding activity was
VAL~ pp—- described for TFIlIG or its related activity by Yoshinagaal (13).

Hence we suppose that TFiji{ke reported here is related to the
TFIIC related activity described by Yoshinagal (13), because
both activities stem from phosphocellulose fraction C, reveal a
similar elution profile from MQ chromatography and complement
Figure 4. TFIIU is distinct from TBA. Q) Footprint analysis of fractions VAI transcription to a much Ies;er extent than ,TFi”C .

obtained by RS chromatography. A 321 bp fragment of the VAI gene, labelled 1N contrast, TFIIIG and a functionally fully equivalent isoform

at the 5end of the coding strand, was incubated with either TE(2qug of TFIIIC," were described by Wang and Roed&) (both of which

the input MQ 17fraction, lane 1), 25 or §@ of the 170 mM KClflowthrough  correlated with strong binding activity to the termination region

of the RS column (lanes 2 and 3) or withid®f the RS eluate fractions 1-5 o :
(lanes 5-9) for footprint analysis as described in Materials and Methods. Lan n V.AI and tRNA genes.and It. I.S hence conceivable that these
ractions contained TBA in addition to TFIHC

4 served as a control reaction without protein. The protected region i
appropriately indicated relative to the VAI geri®). The flowthrough of the RS

column contains TFIIIU activity. Individual fractions of the RS gradient were TBA stimulates VAI transcription only in the presence of
tested in U6 snRNA transcriptian vitro for TFIIIU activity. All reactions TFIIC 1 but not TFIIC 1.k
-like

contained 25 ng of pol Il (ESFss), 4 ug of TFIIIB-a (ESky 5), 1 g of PBP
(MQp.32 and 40 ng rhTBP. Reactions shown in lanes 2-9 additionally ; s ‘g
contained 0.4ig of TEIIIC; (ESF, 49. 10 and 2qul of the flowthrough of the | > Y Itself cakr:not ponjfplemlent a TFllmcdeﬂment franscription

RS column (lanes 3 and 4) or%f the fractions 1-5 (lanes 5-9) eluted from system (F'gl) ut significantly St.'m_u ates VAI (F|g2) or 5S

the RS column were added and reactions were performed as described IRNA (data not shown) synthesis in the presence of TEIIC
Materials and Methods using iy pUmU6 34 The position of the U6 which documents that a particular relation of the two components
vanscrpl = indcaied. 0 TEIIU aciuiy. docs, nof complement VAL s required for their optimal inferaction (FgB). Importanily
flowthrough of the RS column was analyzed for its ability to reconsti’tute orTBA exerts its function to enhance VAI t_ranscrlptlon Onl_y in the
stimulate VAI transcriptiofin vitro in the absence or presence of TF{I® presence O_f TF”@and not TFIIG.jike (Fig. 2C), suggesting a
vitro transcription of 0.21g of pUVAI was performed in the presence of highly functional interaction between TBA and TFHICMoreover,
purified pol Ill, TFIIIB-B, TFIIIC> (lanes 1-11) as described for (A). Reactions  these data show that TFIJ@nd TFIIC, ke are not identical.

shown in lanes 5-11 additionally contained Q¢ of TFIIIC; (ESk.47). )
Further components were added as indicated above each lang:(au2e 6), Both TFIIIC, and TFIIIG.jke stem from phosphoceliulose C

0.4y (lanes 2 and 7) and Qu8 (lanes 3 and 8) of TFIIIU (flowthrough of the ~ fractions  but COU”O! be _sg:-parated. from each other by MQ
RS column); 0.25ig (lane 9), 0.ig (lane 10) and fig (lanes 4 and 11) of TBA ~ chromatography. Since it is conceivable that the multiprotein

(ESF-Grad. 430 mM KCI). complex TFIIIG can be partially disrupted in the course of the

1234567 891011
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fractionation procedure, we conclude from these findings thgFig.4). Remarkably, U6 transcription could not be supplemented

TFIIC14ike could represent either a modified form or a subcomplewith high amounts of either TFIIK®r TFIIIU alone (Fig3B and

of TFIIC; lacking at least that domain or subunit of THIIC C), whereas a combination of both led to high levels of U6 RNA

which is necessary to mediate the stimulatory activity of TBA.synthesis, indicating that both activities are essentially required.
Since TFIIG alone is able to fully restore transcription of typeThese studies confirm that TFIj@inctions as an essential basal

1and 2 pollll genes in the presence of TRIITFIIIB-Band pol - pol 11l factor but they also show that TFIHGper seis not

Il (Fig. 2B), TBA seems to be an activity which is not essentiallyssficient for transcription of mammalian U6 snRNA gene in the

required for pol Ill transcriptiomn vitro, but which enhances presence of all hitherto known U6 transcription factors.

transcription by an as yet unclarified mechanism involving theé The mechanism by which TFIIIU acts is as yet unknown, but

te:_'mination region.l . . hich we demonstrate that this activity is probably not related to any of
owever, template commitment experiments which We,o oiher established proteins required for formation of the U6
performed have not yet elucidated whether the binding of TB anscription complex (Fig3C), o of which, PBP and

to the termination region of the VAI gene is strong enough t i o ’ . '

strictly commit enhanced transcription to the first template (dat[') Flrlrzzn?s’ ; rfﬁ%?ﬂﬁf&gﬁ:#L?gggﬁgﬂ lﬁg:;ee?]rpoﬁr?hrzobeé

not shown). Since these experiments revealed that DNA-bindif¥ . o : T .
of TBA per seis not sufficient, it is possible that protein—protein 9N 1S specifically recognized by the PSE-binding protein PBP,

contacts between TBA and (an)other component(s) of tHdSC designated as PTB-=g) or SNAPc (-8). As shown in
transcription complex are required and that such interactioridduré 3C, no U6 snRNA synthesis could be observed in the
must precede the event of DNA-binding to establish an activatépSence of PBP, indicating that TFIIIU cannot substitute for and
transcription complex. Alternatively, it is possible that thethus is distinct from PBP. Moreover, neither TFIIIU nor THIIC

dissociation rate of the binding of TBA is too high for template2lone showed any DNAse | protection of upstream located
commitment. promoter or gene specific sequences (data not shown). No PSE

Chuet al (36) recently reported, for the human system, thaprotection could likewise be observed when both activities were
palindromic sequences immediately preceding the terminatigsresent, confirming that TFIIIU does not merely reconstitute
region increased pol Il transcription activity. Possibly thes@esidual PBP subcomplexes, possibly contained in the FIIIC
palindromic sequences are involved in stimulation of VAlfraction (data not shown).
transcription which we observed upon addition of the termination We recently found47) that human TFIIIBa is composed of
region binding factor TBA. Additionally, Dieci and Senterzig(  at least two activities which could be functionally analogous to
found that the termination element of yeast pol Ill genes appeafsast TFIIIB og and yeast TFIIIE41,42). It is, however, very
to be required to enable polymerase I to enter the facilitateghlikely that yTFIIE and hTFIIIU are functionally related,
reinitiation pathway. Itis possible that the enhanced tranSCfiptin’bcause the fractions of TFIlI8-which we emp|oyed for our
level supported by TBA is related to these findings. Likewise, @xperiments were not depleted from the TFIIE analogous
speC|f_|c binding activity for l_J-termlnateq nascent_RNA WasSyctivity described by Teichmaret al (27). It is furthermore
described for the human autoimmune antigerBBaWhich was niikely that TFIIIU is related to théenopusginc finger protein
also discussed to clear the template for subsequent roundssri)éf' a transcription activator of SNRNA and snRNA-type genes
tran;cription 89). However, western blot e_ln.alysis revealed thabf various species by RNA polymerases Il and48,44). The
La did not co-chromatograph with TBA activity (data not shown) potential Staf binding sites are located in the DSEs of these genes.

Moreover, these authors reported a synergistic activating effect of
o ) octamer and staf motifs on the transcription by pol IllinJétro

A novel activity, TFIIIU, stimulates U6 snRNA transcription reported here was performed with sequences of the
transcription mouse U6 gene from —150 to +190, thus containing the PSE and

. o TATA promoter sequences but lacking the DSE elem@&nt (
We have described recently that transcription of the U6 SNRNAherefore, TEIIU acts in a way which is independent of a
gene is more effectively reconstituted by MQ TFli@actions potential Staf binding sequence.
than by MQ fractions containing TFIIiG19). Using arin vitro Importantly, TFIIIU is also distinct from TBA. Although the
UG transcription system comprising purified PBP, TFitiBpol elution profilés of these components overlapped when ESF

Irgsirl]tg;riﬁpa %51\,3)];%?“2?%(2 2:?;‘:\{ Apirigfﬁe;';”é%gnllz chromatography of MQ TFlligfractions was employed (compare
. . . Y : Figs1A and3A), the results depicted in Figutelemonstrate that
agreement with this observation, Yoetral (3) reported for the }he TBA activity was completely separated from TFIIIU by

7SK gene that TFIllgcould complement a heat-treated nuclea .
extract lacking TFIIIC activity but not a reconstituted systemChrornatography on Resource S and that such TFIIIU containing

possibly implying an additional component in the nuclear extracfctions had no effect on VAI transcription (F4G). Whereas TBA

By analyzing individual fractions of the ESF gradient derivecCtivity functions as an activator of basal transcription of pol Ili
from MQ TFIIICy fractions for their ability to further reconstitute 9€nes governed by internal promoters, TFIlIU seems to be
U6 transcription in the presence of TFH|Gve identified an essentially involved in U6.trar?scr|pt|on. Upon fqrther purlflcatlon of
activity eluting with 365-415 mM KCl which strongly stimulated both, TBA and TFIIIU, it will become possible to dissect the
U6 transcriptior{Fig. 3A). We designated this activity as TFIIIU protein—protein interactions and the different mechanisms by
(stimulating the U6 gene; exemplified here for pol Ill genes wittwhich these factors exert their functions. This will help to
an upstream located promoter). TFIIIU was unable to complemeelucidate differences in function and composition of the transcription
htRNA (data not shown) or VAI transcription and was shown t@omplexes on pol Il genes formed with upstream or intragenic
be chromatographically and functionally different from TBA promoters.
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