
"Sr ratios in  the  phenocrysts therefore 
requires tha t  assilnilation occurred a t  a n  
early stage of magmatic evolution. Each 
subsequent recharge event  added Sr  with a 
lower S'Sr/"Sr ratio (Fig. 4) .  Al though 
assilnilation between recharge events may 
gradually increase the  "Srl,s6Sr ratio of 
the  inagtna (as may be illustrated by the  
Purico-Chascon exanlple in  Fig. 2 ) ,  this 
question typically cannot  be  resolved a t  
the  scale of microdrilling. A progressive 
decrease in the  siSr/s%r ratio must reflect 
the  freauencv and relative atnount of inaf- 
ic recharge cotnpared with assimilation. 
This  effect lnav well be accentuated bv t h e  
contribution of Sr from dissolving o f  pla- 
gioclase riins a t tendant  with each injec- 
t ion of ~naf i c  lnaglna ( 1  8).  Recharge of the  
rnagnla system must maintain a rather 
steady-state magma chamber (19) ,  as the  
small variations in A n  content  across dis- 
solution surfaces and lack of unidirection- 
al overall zoning preclude growth from 
rnaglnas tha t  vary greatly i n  composition. 
In  the  case of El Chich611, t h e  uniformity 
of erupted products over 300,000 years of 
total activity (16)  seeins to  support the  
operation of a steady-state rnaglna system. 
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Selective Use of TBP and TFllB Revealed by a 
TATA-TBP-TFI I B Array with Altered Specificity 

William P. Tansey and Winship Herr 

Interaction between the TATA box-binding protein TBP and TFllB is critical for tran- 
scription in vitro. An altered-specificity TBP-TFIIB interaction was rationally designed and 
linked in sequence to an altered-specificity TATA box-TBP interaction to study how TBP 
and TFllB function together to support transcription in human cells. The activity of this 
altered-specificity TATA-TBP-TFIIB array demonstrated that many activators use the 
known TBP-TFIIB interaction to stimulate transcription. One activator, however, derived 
from a glutamine-rich activation domain of Spl  , activated transcription independently of 
this interaction. These results reveal that selectivity in activator function in vivo can be 
achieved through differential use of TBP and TFIIB. 

I n  vivo analysis of the  basal transcriptional ' 

tnachinery is difficult because the  basal fac- 
tors are highly conserved, ubiquitously ex- 
pressed, and probably essential proteins. O n e  
way to circumvent these linlitations is to 
exploit nlutations that alter the specificity of 
interaction between tn70 factors, allonring 
their activities to be measured in vivo in the 
presence of their wild-type counterparts. \Ve 
have previously used a for111 of TBP with an  
altered TATA box-binding specificity 
( T G T A )  (1)  to probe the role of TBP in 
activated transcription in human cells (2) .  
\Ve found that TBP activity in vivo is sen- 
sitive to certain cornbinations of clustered 
point  nuta at ions across the  surface of the 

Cold Sprng Harbor Laboratory, 1 Bungtown Road, Post 
Offce Box 100, Cold Sprng Harbor, NY 11724, USA 

molecule, and that in  vivo activity correlates 
closely with the ability to associate in vitro 
wit11 the  largest TBP-associated factor, 
hTAF11250 ( 3 ) ,  suggesting that the TBP- 
associated factors (TAFs) are important for 
activated transcription in viva, as they are in 
vitro (4). 

Biochemical studies indicate that the in- 
teraction of TBP with TFIIB is also critical for 
activated transcription in vitro (5), but none 
of our original TBP mutations targeted resi- 
dues involved in interaction with TFIIB (2,  6, 
7). T o  probe the iinportance of the TBP- 
TFIIB interaction for transcription in vivo, we 
exarnined the effects of single or double ami- 
no  acid substit~rtions (8) at three TBP residues 
critical for interaction wit11 TFIIB in vitro (7) 
(Fig. l A ) ,  measuring the response to two 
GAL4-fusion activators carrying either the 
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Fig. 1. Effects of mutations A 
in the TFIIB-interaction sur- 

B 

face of TBP. (A) MOL- GAL4- CTF VP16 
activator: - I 

SCRIPT (17) structure of $I 1 
m  

2 
Arabidopsis thaliana TBP-2 N m  

W 
N 

(18), with the position of hu- W 

man TBP residues at which $ 2 5 5  m m m m  3 2 5 %  m m m r n  

alanine substitution disrupts TBPAs: - - 5 2 :c - 5 $ ?  2 ;  
TFllB interaction in vitro (7) 
indicated. (B) In vivo activity - c-fos 
of TBP mutants. HeLa cells 
were transfected (9) with the 
c-fos TGTA reporter, a GAL4-CTF (lanes 2 to 7) or GAL4-VPl6 (lanes 8 to 13) expression 
construct, a wild-typeTBP,,, (WT) or mutant TE3P (8) expression construct as indicated, 
and an a-globin intemal control plasmid. The positions of correctly initiated reporter (c-fos) 
and internal control (a) transcripts, measured by ribonuclease protection, are indicated. 

I) I) .r . m-a 
1 2 3 4 5 6 7  u Y 1 ~ 1 1 1 2 1 3  

proline-rich CTF (GAL4-CTF) (2) or the 
acidic VP16 (GAL4-VP16) (2) activation do- 
mains (Fig. 1B). We assayed the effects of 
these mutations on the ability of altered-spec- 
ificity TBP (TBPAs) to support transcription 
from a c-fos-based reporter, carrying a 
"TGTA" box and four GAL4 DNA-binding 
sites, in human HeLa cells (9). 

Each of these amino acid substitutions in 
TBP disrupted its function in vivo (Fig. 1B) 
(10). Three of the mutations, E284A/E286A, 
E284R, and E286R, had similar marked effects 
as measured by their response to both activa- 
tors. In contrast, the L287A mutant both 
retained significant activity and displayed an 
activator-specific effect, responding better to 
the VP16 activator than to the CTF activator. 
This behavior contrasts with the effects of a 
previously described TBP mutation in which 
the opposite activator preference was ob- 
served (2). Together, these results suggest that 
these two activators use TBP differently to 

RNA 1 

Protein - TBPAs 
m -TFIIBR,6gE I --- 

L 
1 2 3 4  

Fig. 2. Rescue of mutant E284R TBP activ~ty by a 
designed mutation in TFIIB. HeLa cells were trans- 

activate transcription. 
To determine whether the TFIIBcontact 

mutants of TBP were defective because they 
failed to interact with TFIIB in vivo, we in- 
vestigated whether a secondary mutation in 
TFIIB could suppress the defects of one of 
these TBP mutations. In the crystal structure 
of the TBP-TFIIB interaction (6), G ~ u ~ ~ ~  of 
TBP (E284) participates in a polar side chain- 
side chain interaction with Arg169 of human 
TFIIB (R169). Because the G ~ u ~ ~ ~ + A ~ ~  
(E284R) substitution in TBP disrupted its 
function in vivo (Fig. lB), we examined 
whether the reciprocal A Q ' ~ ~ + G ~ u  (R169E) 
mutation in TFIIB (I I)  would rescue the 
activity of the E284R mutant TBPAs in vivo. 
Indeed, the R169E human TFIIB molecule 
strongly stimulated the activity of the E284R 
mutant TBPAs, resulting in the complete res- 
toration of wild-type levels of c-fos reporter 
activity (Fig. 2). The in vivo rescue of mutant 
TBP activity by a secondary TFIIB mutant 
argues that, for response to the GAL4-CTF 
activator, the TBP-TFIIB interaction is criti- 
cal for transcription in vivo. 

To probe the specificity of this rescue, 

we determined whether in vivo comple- 
mentation was specific to the particular 
amino acid substitutions we had made in 
TBP and TFIIB. We examined the ability of 
different pairs of TBP and TFIIB mutants, 
each of which carried a single radical amino 
acid substitution at a TBP-TFIIB contact 
residue (6), to function together to support 
a transcriptional response to GAL4-VP16 
in HeLa cells (Fig. 3). As observed with 
GAL4-CTF (Fig. 2), the combination of 
E284R TBPAs and R169E TFIIB resulted in 
levels of GAL4-VP16 activation consider- 
ably higher than that seen with the E284R 
mutant TBP alone: No other combination 
of TBP and TFIIB mutants resulted in tran- 
scriptional activity. In particular, changing 
GluZB4 of TBP to a lysine instead of an 
arginine blocked the response to the R169E 
suppressor TFIIB, demonstrating that the 
rescue of transcription is highly specific, 
even for the precise nature of the basic 
side-chain at position 284 of TBP (12). 
This high degree of allele specificity sug- 
gests that the designed TBP-TFIIB interac- 
tion functions by creating a highly specific 

Fig. 3. Allele-specific rescue GAL4-VP16 
of transcri~tion bv TBP and I I 
TFIIB mutants. The altered- ~ 2 8 4 ~  E~MK ~ 2 8 6 ~  ~ 2 8 6 ~  
specificity TBP assay (9) TBPA,: - WTI I I A I 
was used to test the effects W W  # g  % g  # Y  m m  

w m  2 2  2~ 
of paiwise combinations of TFIIB: - - - - - u x - a x - u x - u x  
TBP and TFllB mutants on r 

activation by GAL4-VP16 as 
indicated. TBP, residues 
284 and 286 were individu- ,... 
ally substituted with either "N' 

arginine (E284R and E286R) - a  
or lysine (E284K and --I 

E286K); TFllB residues 169 
fected with (i) GAL4-CTF, (i i )  epitope-tagged wild- or 188 were individually sub- 
type (WT) or E284R mutant TBP,,, and (iii) stituted with glutamic acid - & - &  - lBP, 
epitope-tagged R169E mutant TFllB expression (R169E and K188E). Levels P,tein 
constructs as indicated (9). Levels of correctly ini- of correctly initiated c-fos ma , TFIIB 
tiated c-fos and a-globin transcripts (RNA) and and a-globin transcripts 
epitope-tagged TBP and TFllB molecules (Pro- (RNA) and epitope-tagged 1 2 3 4 5 6 7 8 9 1 0 1 1  1 2 1 3 1 4  
tein; measured by immunoblotting) are shown TBP and TFllB molecules 
(see legend to Fig. 1 for details). (Protein) are shown (see legend to Fig. 1 for details). 
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reverse polarity interaction between resi- 
dues 284 of TBP and 169 of TFIIB. We call 
the R169E TFIIB suppressor mutant "al- 
tered-specificity TFIIB" (TFIIB,,). 

This altered-specificity TBP-TFIIB in- 
teraction functions together with the al- 
tered-specificity TBP-TATA box interac- 
tion, resulting in a "sequential altered-spec- 
ificity" TATA-TBP-TFIIB array that pro- 
vides the opportunity to define, by 
mutagenesis, the regions of TFIIB that me- 
diate transcriptional activation in vivo. 
Such an analysis has shown that the NH,- 
terminal region of TFIIB is important for 
transcription in vivo (1 3). This sequential 
altered-specificity array also, however, di- 
rectly probes how TBP and TFIIB are used 
by transcriptional activators. For example, 
transcriptional activation by both GAL+ 
CTF and GAL4-VP16 was sensitive to the 
E284R mutation in TBP,, and was rescued 
by TFIIB,, (Figs. 2 and 3), demonstrating 
that the known TBP-TFIIB interaction is 
used by these activators in vivo. 

To probe how other activators use TBP 
and TFIIB, we assayed the response of two 
other activators to the E284R mutation in 
TBP,, and to rescue by TFIIB,,. A 
GAL4-fusion activator carrying the acidic 
p53 activation domain (GAL4-p53) (1 4) 
behaved similarly to GAL4-CTF and 
GAL4-VP16 (Fig. 4). In contrast, a 
GAL4-fusion activator carrying a glu- 
tamine-rich Spl activation domain 
(GAL4-SplQ) (2) displayed a markedly 
different response (Fig. 4, lanes 5 to 8). 
First, activation was less sensitive to the 
E284R mutation in TBPAs, being reduced 
by a factor of only 3 to 4 (Fig. 4). This 
activator-specific difference is analogous 
to those observed with other mutations in 
TBP [(2) and this study] (Fig. lB), but in 
this instance the TBP mutation does not 
discriminate between the CTF and VP16 
activators as before, but rather between 

GAL- P53 Spla 
activator: n 

E284R E284R 
TBps: - WTI - w - r n  

TFIIBAs: - - - + - - - + 

1 2 3 4  5 6 7 8  

Fig. 4. Differential use of the TBP-TFIIB interaction 
by activators in vivo. HeLa cells were transfected 
(9) with (i) GAL4-p53 or GAL4-Spl activator, (ii) 
wild-type or E284R mutant TBP,, and (iii) TFIIB,, 
expression constructs as indicated. Levels of cor- 
rectly initiated c-fos and a-globin transcripts are 
shown (see legend to Fig. 1 for details). 

the SplQ and other activators. The repeat- 
ed observation of activator-specific defects . 

resulting from mutations in TBP suggests 
that activators commonly use different 
mechanisms to activate the basal tran- 
scriptional machinery. 

The molecular basis of activator-specific 
defects in TBP has not been clear. TFIIBAs, 
however, provides a strategy to explain the 
differential effect of the E284R mutation. 
We envision two mechanisms for the rela- 
tive insensitivity of GAL4-SplQ to the 
E284R TBP mutation. In the first mecha- 
nism, GAL4-SplQ uniquely stabilizes bind- 
ing of endogenous TFIIB to the E284R 
TBPAs in vivo. In this instance, TFIIB,, 
would be expected to increase the response 
of the E284R TBP,, to GAL4-SplQ, as it 
does with the other activation domains. In 
the second mechanism, GAL4-SplQ acti- 
vates transcription independently of the 
known TBP-TFIIB interaction. In this in- 
stance, the diminished activity of E284R 
TBP,, would not result from loss of inter- 
action with TFIIB and would not respond 
to TFIIB,,. Indeed, with GAL4-SplQ, 
E284R TBP,, did not respond to TFIIB,, 
(Fig. 4), suggesting that this Spl-derived 
activator can activate transcription inde- 
pendently of the known TBP-TFIIB inter- 
action. These results demonstrate selec- 
tive use of TBP and TFIIB by activators in 
vivo. 

The differential use of TBP and TFIIB by 
GAL4-SplQ may indicate that TFIIB does 
not participate in activation by this activa- 
tor. Alternatively, TFIIB may be required for 
activation by GAL4-SplQ, but the structure 
of the basal machinery is flexible, and TBP 
and TFIIB adopt a different arrangement at 
the promoter when responding to GAL4- 
SplQ compared with other activators. In 
either instance, the selective use of TBP and 
TFIIB provides a mechanism by which acti- 
vators can selectively activate transcription 
from different promoters, where the basal 
transcriptional machinery may be arranged 
differently. For example, on a promoter 
where TBP and TFIIB do not associate as 
they do on a TATAcontaining promoter, 
the glutamine-rich SplQ activation domain 
may be more potent than the other activa- 
tion domains we have analyzed. Such a dif- 
ference could explain the preferential ability 
of GAL4-SplQ and related Spl activators to 
activate transcription at certain TATA-less 
promoters ( 15). 

In addition to TBP and TFIIB, the abil- 
ity to link altered-specificity interactions in 
sequence may provide the opportunity to 
study other components of the basal tran- 
scriptional machinery in vivo, or, more gen- 
erally, other biological machines including 
those involved in DNA replication, RNA 
splicing, and translation. 
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