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ABSTRACT

Transactivation domains (TADs) are able to contact
several components of the basal transcription apparatus

and co-activator molecules. In order to study these
interactions in biophysical detail, binding of the
well-characterized TAD from the human transcription
factor NF- kB p65 (RelA) to the basal transcription
factors TBP and TFIIB and the viral co-activator protein
E1A 13S was chosen as a model system to investigate
the kinetics and affinities of such protein—protein
interactions by surface plasmon resonance analysis.
The TAD of NF-kB p65 showed remarkably different
affinities and kinetics in binding to the various proteins.

The real-time kinetic measurements revealed an
association rate constant ( kss) of 2.3 x 106/M/s for the
interaction between the p65 TAD and TBP. The associ-
ation rate constants of the p65 TAD were much weaker
for TFIIB (6.8 x 104/M/s) and for the E1A 13S protein
(4.9 x 104/M/s). The dissociation rate constants (  Kgiss)
were determined to be 7.9 x 104/s for TBP, 1.6 x 10~5/s
for TFIIB and 1.3 x 1073/s for the E1A protein.
Accordingly, the calculated dissociation constants
(Kq) differed between 3.4 x 10710 M for the strongly
binding TBP protein and 2.3 x 108 M and 2.6 x 108 M
for the weaker binding TFIIB and E1A 13S proteins
respectively. Non-linear analysis of the appropriate
part of the sensorgrams revealed monophasic associ-
ation and dissociation kinetics for binding between the

p65 TAD and all three interaction partners. The
remarkable differences in protein affinities add another
aspect to a more detailed understanding of formation

of the transcription preinitiation complex. The co-
transfection of TBP and E1A 13S stimulated NF- kB
p65-dependent gene expression, showing the biological
significance of these interactions.

INTRODUCTION

transcription factors: TFIIA, TFIIB, TFIID, TFIIE, TFIIF, TFIIH

and TFIIG/J (1). The human PIC contains at least 10 distinct
polypeptide subunits in the RNA polymerase Il complex plus a
minimum of another 35 polypeptides (2). A key step in
transcription initiation is binding of TFIID to the TATA box,
which in most promoters is located close to the transcription start
site. The multisubunit TFIID complex consists of the TATA
binding protein (TBP) and at least eight additional proteins,
termed TBP-associated factors (TAFs) (3). TBP binds to the
TATA box in a sequence-specific fashion and the TBP—promoter
complex is subsequently recognized by TFIIB. This complex
nucleates the subsequent stepwise association of TFIIA, RNA
polymerase Il, TFIIF and further factors (4).

In addition to a properly assembled PIC, sequence-specific
DNA binding proteins are required for activated transcription.
These are typically composed of several domains minimally
mediating DNA binding, nuclear translocation and transactivation.
Transactivation domains (TADs) from various transcription
factors have been found to exert their stimulatory effects on
transcription even over large distances by directly contacting
general transcription factors, such as TBP and TFIIB, TAFs or
co-activator proteins. These multiple protein—protein interactions
might either facilitate binding of the general transcription factors
to the promoter, result in covalent modifications of promoter-
associated proteins or lead to conformational changes in the PIC
(5). Contact between the TADs and its binding partners finally
results in initiation of transcription and increases the efficiency of
transcription elongation (6). Co-activators, including TAF and
non-TAF proteins, constitute another group of proteins participating
in transcription(7,8). A well-dudied example of a non-TAF
co-activator is the adenovirus-encoded E1A 13S protein, which
stimulates transcription of several host transcription factors,
including ATF-2, Oct-4, c-Jun, USF, Spl and ik&-p65 (9,10).

The ubiquitous transcription factor MB-regulates expression of
a plethora of immunologically relevant genes (11). In most cell
types the dimeric DNA binding form of this transcription factor
is retained in the cytoplasm by association with the inhibikdy |
molecule (12,13). ¥posure of cells to a variety of pathogenic
agents leads to the degradationk® and nuclear translocation

Transcription initiation at eukaryotic genes requires the assemtaf the released DNA binding subun(is},15). The NF«B p65
of a preinitation complex (PIC) on the promoter DNA. The PIGubunit displays the strongest transactivation potential of the five
consists of RNA polymerase Il and at least seven basdistinct DNA binding subunits and contains an acidic TAD in its
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C-terminal 80 amino acids (16—18). This domain is related to tredbumin (BSA) was from Boehringer Mannhein Inc. and the
TAD of herpes simplex protein VP16 and was found to bescombinant purified E1A 13S and human TBP proteins were
unstructured under physiological conditions (19). Undeditions  obtained from Santa Cruz Inc. and Promega Inc.

mimicking protein—protein interactions the MB-p65 TAD can

adopt am-helical conformation. Among the proteins specificallySurface plasmon resonance analysis

binding to the p65 TAD are the general transcription factors, o . i )

TFIIB and TBP, as well as the co-activating E1A 13S proteiﬁﬁlndmg kinetics were determined using a BIA¢orbiosensor
(10,20). This viral protein ivates NFKB by a dual mechanism: System (Pharmacia Biosensd§2). The GAl4—p6g71—>S1
in a first step E1A activates cytoplasmic KB-by induced protein was_lmmoblllzed on resear(_:h grade CM5 sensor chlps_ in
degradation ofkB-a and subsequently binds to the TADs of10 MM sodium acetate, pH 5.5, using the manufacturer’s amine
NF-kB p65, thereby co-activating its transcriptional activity incoupling kit. U_nreacted reS|dues_ on the surface were blocked by
the cell nucleus (10). The vews protein—protein interactions W0 washes with 1 M ethanolamine, pH 8.5. Measurements were
between NFkB p65 and its ligands were identified by functionalP€formed in binding buffer (10 mM HEPES, pH 7.9, 5 mM
and biochemical studig¢&0,20). Here we show that TBihts ~ MJClz, 150 mM KCI, 10uM ZnClp, 0.005% viv P20) at 2&

two orders of magnitude more strongly to the TAD ofkip65  at a flow rate of 2Ql/min. Detailed methods _for using this device _
than E1A 13S and TFIIB. All three ligands of the TAD displayedi'® reported elsewhere (23). Data processing was performed with
a monophasic association and dissociation behavior. The biologit2# BlAevaluation software (Pharmacia, version 2.1). The
significance of these interactions was evident from co-transfectiéfgsociation rate constants were measured in flow buffer according

experiments in COS cells, where TBP and E1A 13S stimulatd@l the equatioR = Ry eisst=10), In this equatiorkgissis the
NF-kB p65-dependent gene expression. dissociation rate constaf,is the relative response at titrand

Rp is the relative response at the starting tgn€he association
rate constants were calculated from the measyggdccording

MATERIALS AND METHODS to the equatioR, = Rec{l—e(kdissc+kdis§(“'°)], where Req is the
. . L steady-state response level @islthe molar concentration of the
Protein expression and purification non-immobilized interacting partners. The dissociation constants

The vector encoding a His-tagged human TFIIB protein was clondf"® calculated by dividiniss by Kass.

by PCR using primers A ®&GGATCCCAGGCGTCTACC- . .
AGCCG3) and B (5GGGATCCTTAIAGCTGTGGTAGT- Cell culture and transient transfection assays

TT-3) and a vector containing the full-length cDNA of humanvonkey COS?7 cells were grown at&7in Dulbecco’s modified
TFIIB as a template. The annealing nucleotides are underl|nqgag|e’s medium supplemented with 10% fetal calf serum (FCS)
The amplified 963 bp fragment was recut vidimH| and cloned  and 1% penicillin and streptomycin (all from Gibco-BRL,
into the pQE10 vector (Qiagen Inc.) previously opened bgggenstein, Germany). Approximately 5 105 exponentially
digestion withBanHlI. The resulting plasmid, pHis-TFIIB, bears growing COS7 cells were transfected in suspension as described
an N-terminal hexahistidine tag, allowing purification of the24). The arounts of reporter plasmids and expression vectors
expressed protein on Ni-NTA-agarose. This expression plasnjjged are given in the figure legends. The eukaryotic expression
was introduced intBscherichia colstrain M15 and grown inLB  yectors pHBAPr-E1A 13S (25), CMV-TBP, CMV-TFIIB (20)
medium containing ampicillin and kanamycin until angg®f  and CMV-p65 (16) have been described/jaasly. The NFkB-

0.7 was reached. Subsequently, IPTG (Boehringer Inc.) wggpendent luciferase reporter plasmids used were H{BY(
added to a final concentration of 1 mM. Protein expression WagR |uciferase and HIV-1kB)mut LTR luciferase (26). Cells
allowed for 6 h at 30C. Cells were collected by 10 min were harvested and analyzed for activity of the reporter genes 36 h
centrifugation and the pellet was dissolved in 6 ml buffer A [50 MM ost-transfection. Cells were washed once with ice-cold phosphate-
NaHPQy, pH 8.0, 300 mM NaCl, 1 mM phenylmethylsulfonyl puffered saline (PBS) and harvested by scraping with a rubber
fluoride (PMSF), 1 mM 2-mercaptoethanol] per liter LB. Cellspoliceman and transferred to Eppendorf tubes. After centrifugation
were lyzed by three cycles of freeze—thawing, the addition @br 3 min at 200@ the pellet was lyzed by addition of 4801%
Iysozyme and sonification. (_ZeII debris was _removed by centriy/v) Triton X-100, 25 mM glycylglycine, pH 7.8 (adjusted with
fugation at 15 00@ for 20 min at 4C. The His-tagged TFIIB KOH), 15 mM MgSQ, 4 mM EGTA, pH 8 (adjusted with KOH),
protein was precipitated from the supernatant in 40% ammoniugad 1 mM DTT. The lysates were centrifuged & 4nd 5Qul
sulfate. After another centrifugation the protein pellet wagypernatant assayed for luciferase activity. This was performed
dissolved in 5 ml BC200 (20 mM Tris—HCI, pH 7.9, 200 mM KCl,by add|ng 15@“ reaction buffer (25 mM g|ycy|g|ycine, pH 7.8,
20% glycerol, 10uM ZnCl, 1 mM 2-mercaptoethanol, 1 mM 15 mm MgSQ, 30 mM potassium phosphate, pH 7.6, 4 mM
PMSF) and TFIIB was allowed to bind to the Ni—NTA—agarOSEGTA, 1 mM DTT and 3 mM ATP) and measuring the ||ght
(Qiagen Inc.) for 1 h. After washing the column with BC20Qsmission in a Microlumat LB96 P luminometer (Berthold). The
containing 5 mM imidazole the TFIIB protein was eluted inyminometer was programed to inject 100.3 mg/ml luciferin

BC200 buffer containing 100 mM imidazole and directly appliedsigma) and to measure light emission for 30 s after injection.
to an SP-Sepharose column (Pharmacia Biotech Inc.). After

washing this column with BC200, the TFIIB protein was elute

in BC400 buffer (20 mM Tris—HCI, pH 7.9, 400 mM KClI, 2 mM(a“ESULTS AND DISCUSSION

EDTA, 20% glycerol, 1@M ZnCly, 1 mM 2-mercaptoethanol, Binding assays using either the DNA binding domain of the yeast
1 mM PMSF). Recombinant GAL4—#85-551 protein was transcription factor GAL4 or a fusion protein beween GAL4 and
expressed ik.coli and purified on Ni-NTA—agarose and heparin-the p65 TAD showed exclusive binding of TFIIB, TBP and E1A
agarose columns essentially as descrif2dd. Bovine serum 13S to the p65 TAD portion. The GAL4 protein alone displayed
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Figure 1.Reducing SDS—-PAGE of the purified proteins. The indicated proteins
were produced ik.coli, purified and analyzed on a 15% SDS gel. The gel was (/U
stained with Coomassie blue. Arrowheads indicate the positions of the proteins.B ‘Z:O’f 3

The molecular masses of the pre-stained protein markers are given in kDa.
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no binding activity with any of the p65 TAD binding partners
(10,20,27). In order totwdy these interactions by plasmon 240-
surface resonance analysis, a GAL4—p65 TAD fusion protein
containing amino acids 471-551 of MB-p65 fused to GAL4

and TBP, TFIIB and E1A 13S were expressed and purified from
E.coli. These proteins and the control protein BSA were analyzed
by electrophoresis on a reducing SDS—polyacrylamide gel stained
with Coomassie blue. All proteins migrated roughly accordingto 2w °
their predicted size and were sufficiently pure to subject them to
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further analysis using a BlAcdtedevice (Fig. 1). 200-

The GAL4—p65 TAD protein, which is also a potent activator [
of transcription in intact cells, was coupled to the surface of a ‘ ‘ , ‘ ‘ : , 3
sensor chip solely via its GAL4 portion, since the p65 TAD does oo @ e m

not contain any basic amino acids, which are necessary for
covalent attachment of the protein to the sensor chip. Three
different concentrations of GAL4—p65 [719, 872 and 3800C v
response units (RU)] were immobilized on the gold-coated surface *
of three sensor chips. The amount of protein which associates
with the immobilized protein is quantified by measurement of the
surface plasmon resonance signal, from which parameters of the
binding can be calculated. In order to define the conditions -
allowing measurement of true and specific protein—protein | -«
interactions, the control protein BSA was dialyzed against K
binding buffer containing either 100, 150 or 200 mM salt
respectively. Various concentrations of these dialysates were =
injected into flow cells with immobilized GAL4—p65 TAD and
the interactions were measured. In accordance with previous
results obtained from column binding asg@, no gnificant 0]
binding of BSA could be measured in binding buffer containing
150 or 200 mM KCI (data not shown). In order to ensure the
specificity of the recorded data, the binding proteins TBP, TFIIB - - ‘
and E1A 13S were therefore dialyzed against binding buffer Time ()
containing 150 mM KCI prior to measurement of the protein—

protein interaction. The |nject|o_n F’f b'”d,'ﬂg buffer containing Figure 2. Analysis of TFIIB binding to the immobilized GAL4—p65 TAD
TFIIB to a sensor chip coated with immobilized GAL4—-p65 TAD protein. A) Real-time kinetic analysis of binding. For the recording of the
protein showed a typical increase in RUs indicative of a bindingisplayed sensogram the following concentrations of TFIIB were used (from
reaction (F|g ZA) Rep'acement of the TFIIB Solution by p|ainb0tt0m to tOp): 100, 150, 200, 250, 300 and 330 nM. The two arrows indicate

S ot he beginning and end of injectionB) Overlay plot of the fitted association
buffer was followed by I’apld dissociation of most of the bounotcurve and the residual plot of TFIIB protein according to the BlAevaluation

TFIIB. In a control experiment, no binding of TFIIB was nomogeneous A + B> AB model. The dots are displayed by plotting the
observed when a sensor chip was used that lacked the GAL4—p&A&tistical residual value on tigexis against time on theaxis of the graph.
TAD protein during the coating process (data not shown)The randomly scattered residual values around-thés are indicative of a
Concentration-dependent binding studies were conducted to allg§god curve fitting. The curved line represents the experimentally determined
lculation of kinetic paramenters. The time- and concentratio vFaIues after plqttl_ng time versus R_Us, the line representing the ca]culated ideal
ca . _p . ) . (C) Curve fitting for dissociation of the TFIIB protein according to the
dependent increase in RUs observed during the binding of TFIIBjaevaluation A + B> AB homogeneous model. Details of the figure legend

(Fig. 2A) is indicative of a primarily monophasic reaction, whichare as explained in (B).
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Figure 3. Real-time kinetic analysis of the binding of E1A 13S and TBP to
immobilized GAL4—p65 TAD proteinA) Sensogram obtained after injection B
of 10, 50, 100, 150, 200 and 250 nM (from bottom to top) E1A 13S protein. End inject TBP

(B) Sensogram obtained after injection of increasing amounts (1, 5, 10, 20 and Startinject TBP  Startinject ETA  End inject E1A
30 nM) of TBP protein. The two arrows indicate the beginning and end of * *

injections. (RU)

2000
1500 (J

was confirmed by residual plotting. Non-linear analysis of the P
appropriate part of the sensorgrams showed good curve fitting to § " | /://—/—J
the homogeneous association model according to the equati0n§: 500 ] k _
A+ B <= AB (Fig. 2B). Similarly, dissociation of TFIIB from the =

GAL4—p65 TAD protein revealed a monophasic reaction (Fig. 2C). ) I

Using the type 1 association software (BlAevaluation 2.1) the , , , ‘ ‘ .
association rate constant of the interaction between TFIIB and the ° 20 0 &0 800 1000 1200
GAL4—p65 TAD protein was calculated to be:6@6x 104/M/s i ¢

and the dissociation rate constant to be: D@x 10-¥s, resulting C

in aKgq value of 2.3¢ 10—.8 M . . Figure 4.Binding analysis of E1A 13S and TBP protein mixes to immobilized

The parameters for binding to the immobilizd GAL4-p65 TAD GAL4-p65 TAD protein ligand.A) For the recording of the displayed

protein were subsequently recorded for E1A 13S and TBRensogram two mixtures of E1A and TBP proteins were analyzed for binding:
respectively (Fig. 3A and B). Both proteins dose-dependently00 nM E1A and 20 nM TBP (lower) and 200 nM E1A and 20 nM TBP (upper).
bound to the TAD of NB p65. Analysis of the binding The two arrows indicate the beginning and end of injecti@)sAfalysis of

. TBP binding to a preformed E1A-GAL4—p65 complex. 100 (lower) and 200
parameters of the E1A 13S protein revealigh¢of 4.9+ 0.5x nM E1A protein (upper) were injected onto a sensor chip containing the

104/M/S and &gissof 1.3+ 0.4x 10°¥s (_Kd = 2-5" 108M). The immobilized GAL4—p65 protein. After the end of E1A injection 20 (lower) and

binding parameters recorded for the interaction between the TB#® nM (upper) TBP was injected as indicated on the senso@pAnglysis

protein and immobilized GAL4—p65 TAD differed strongly in of E1Abinding to a preformed TBP-GAL4—p65 complex. Twenty (lower) and

comparison with the other two protein ligands. After omission o0 "M TBP protein (upper) were injected onto a sensor chip containing the
in the bindina buff ianifi t t of TBP . mmobilized GAL4—p65 protein, followed by injection of 100 (lower) and 200

TBPint e Inding butrer a §|gn| _'Can amount o r_emame_ M (upper) E1A protein as shown on the sensogram.

bound to its substrate protein (Fig. 3B). The stronger interaction

between TBP and its GAL-p65 TAD binding partner was also

evident from the calculated association rate constant af®48

x 1(P/M/s and the dissociation rate constant o 0% x 10%s.  shown). The stronger affinity for TBP is apparently not a feature

The resultingKq of 3.4 x 1010 M revealed a two orders of of all acidic TADs, since the C-terminal TAD of the yeast GAL4

magnitude higher affinity of TBP for the p65 TAD when protein showed a comparable affinity for yeast TBP and yeast

compared with the binding affinities of TFIIB and E1A 13S. LikeTFIIB (28).

TFIIB, E1A and the TBP also showed monophasic associationSince E1A can also bind to the TBP protédd), we next

and dissociation kinetics, as verified by residual plotting (data nistvestigated whether E1A and TBP may form a ternary complex
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Figure 5.Functional interaction of TBP, TFIIB and E1A 13S with KEB-p65 in transcription activation. COS cells were co-transfected with 1.5 pmol HIV-1ucTR—
reporter gene constructs, 1 pmol p65 expression vector and 1 pmol expression vectors encoding binding partners as indicated. Thirty-six hours after transfectio
were harvested and gene expression was determined. The transcriptional activities are given as fold induction, which was calculated by comparison with the bas:
of transcription of théuc reporter gene alone. The standard deviations obtained from four experiments are given by error bars.

with the GAL4—p65 protein. Therefore, the GAL4—p65 protein
was immobilized on a sensor chip and binding of co-injected E1,
and TBP or a mixture of both proteins was recorded. There we
no significant difference in the binding of a mixture of E1A and
TBP to the immobilized GAL4—p65 protein when compared with
binding of the individual proteins (Fig. 4A). This excludes
formation of a ternary complex being highly favored over
formation of a bimolecular complex. We next tested the binding
of TBP to an already existing complex between GAL4—p65 ani
E1A (Fig 4B). Addition of TBP prevented the reduction in RUs
after the end of E1A injection. In a further experiment an alread
preformed complex between GAL4—p65 and TBP was not
preferred target for E1A binding (Fig. 4C). Again, these result:
exclude the predominance of a ternary complex over th
bimolecular complex. On the other hand, some ternary comple -
formation on the sensor cannot been ruled out, since the bindil TAFs
characteristics are indistinguishable from a bimolecular model in
which displaced TBP (or E1A) is replaced by available E1A (OrFigure 6.Model for the simultaneous association of RB-p65 TADs with the
TBP). co-activating E1A 13S protein and components of the basal transcription
The regulatory effects of the three interacting proteins on p65pparatus. The calculatéd values are given next to the arrows, which
dependent transcription were directly compared in co-transfectigfymbolize the different binding affinities. The transcription start site is
experiments. Monkey COS cells were transiently transfectetfdicated.
with luc reporter gene constructs and expression vectors for
NF-kB p65 and the respective interacting proteins (Fig. 5).
Expression of NB p65 and E1A induced transcription of the by limiting amounts of this basal transcription factor in the cell
kB-dependenluc reporter gene. The transcriptional activity ofnucleus. Alternatively, TBP overexpression could compete for
p65 was stimulated to comparable amounts by co-expressionngigative transcriptional regulators such as NC2/DR1 or DR1/p19,
either TBP or E1A 13S. These transcriptional activations wesghich directly contact TBP. Both models can explain the
dependent on integrity of the tw@ binding sites in the reporter stimulatory effect of TBP co-expression, which was also seen in
gene construct, showing that the observed effects are duetrtansient transfection experiments on the R¥Rpromoter
interactions of the various interacting proteins withkiF-ather  activated by E1A30). The inaility of TFIIB to further enhance
than with other transcription factors (Fig. 5). The superactivatiananscription might be due to saturated amounts of this protein or
of p65-dependent transcription by E1A 13S is due to it® more indirect effects. Itis known that TBP, TFIIB and E1A 13S
co-activating function. It has previously been shown that the 13&eract with numerous cellular regulatory proteins, including
splice variant of E1A specifically enhanced the transcriptionalAFs and co-activators. Some of these proteins, such as human
activity of a GAL4—p6886-551fusion protein on a Gal4-dependent TAF;; 250 andDrosophilaTAF; 110 are bound by both E1A 13S
reporter gene (29). Co-expression of TBP also stimulateghd TBP (31). It iswgjte possible that these associated regulatory
transcriptional activity of the GAL4—p&8—55fusion protein proteins contribute to the observed transcriptional effects.
(data not shown). The stimulatory role of TBP expression oRotential mechanisms could involve squelching, post-translational
NF-kB p65-dependent transcription might be simply explainechodifications or conformatorial changes within the PIC. On the

3ax 1M | 2ax108m
T
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other hand, it is well documented that TBP is crucial for thREFERENCES
functioning of acidic TADs (32,33) and the dual role of E1A 13S ‘ _
in NF-kB activation is known in some detail (10). The physiological ; ﬁivuvf'jL'palif32&?2%?55(3&%335&%2 ggﬁgﬁ“ﬁ 651331—65361-
relevance of interaction between TFIIB andNE-p65 is evident 5 Verrijzer.C.P. and Tjian,R. (199B)ends Biochem. Sep1, 338-342.
from yeast one-hybrid experiments in intact o@). 4 Pugh,B.F. (1996Furr. Opin. Cell Biol, 8, 303-311.
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. . o 12 Baeuerle,P.A. and Baltimore,D. (198&)ence242, 540-546.

Figure 6. The high affinity of the NkB p65 TAD for TBP 13 |srael,A. (1995Jrends Genetl1, 203-205.
suggests that this interaction is of especial structural relevanceito verma,l.M., Stevenson,J.K., Schwarz,E.M., Van Antwerp,D. and
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resulted in sumulaton of p6o- epen' en r:_:mscrlp 1on 1g Perkins,N.D., Schmid,R.M., Duckett,C.S., Leung,K., Rice,N.R. and
monkey COS cells. The concept that interactions between Nabel,G.J. (1992roc. Natl. Acad. Sci. US89, 1529-1533.
activators and the general transcription machinery are importaist Blair, W.S., Bogerd,H., Madore,S. and Cullen,B.R. (184) Cell. Biol,
in vivowas supported by an analysis of a yeast strain mutated ig 1s4xh72$6—M7 2L34d Santos SivaMA. Al H. CrischM.. Holak TA
GAL11P, a protein associated with the RNA polymerase cnmitz,M. ., dos Santos Stva, WA, /amann i, ~zisch,M., Holak, T.A.

g . and Baeuerle,P.A. (1994) Biol. Chem 269, 25613-25620.
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