
the HLA-DPB1 G l d 9  marker mav be high. 
Screening for disease-associated genGic 

markers may provide new tools for preven- 
tion of occupational diseases (22). So far in 
CBD, blood and lung lymphocyte testing 
for Be-specific proliferation have been used 
to identify individuals with Be allergy and 
disease (23). However, because lymphocyte 
tests do not predict disease or risk, genetic 
testing mav have a role. in association with " ,  

lymphocyte Be-specific proliferation test- 
ing, in the identification and follow-up of 
individuals at risk of beryllium disease. 
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Regional Codon Randomization: Defining a 
TATA-Binding Protein Surface Required for 

RNA Polymerase Ill Transcription 

Brendan P. Cormack* and Kevin Struhlj- 
The TATA-binding protein (TBP) is required for transcription by all three nuclear RNA 
polymerases. TBP was subjected to regional codon randomization, a codas-based mu- 
tagenesis method that generates complex yet compact protein libraries. Analysis ~f 186 
temperature-sensitive TBP mutants yielded 65 specifically defective in transcription by 
RNA polymerase Ill (Pol Ill). These mutants map to a limited TBP surface that may interact 
with Tds4, a compone,nt of the Pol Ill transcription factor TFIIIB. Strains that contain the 
Pol IllLdefective derivatives have increased amounts of messenger RNA, which suggests 
that competition among TBP-interacting factors for limiting quantities of TBP determines 
the ratio of Pol II and Pol Ill transcription in vivo. 

T h e  TATA-binding protein (TBP) is re- form distinct complexes that are specific for 
quired for transcription by all three nuclear the individual RNA polymerases (Pol). 
RNA polymerases ' (1 4). TBP interacts The Pol II-specific complex, TFIID, con- 
with TATA-associated factors (TAFs) to tains at least 10 TAFs that have been 
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implicated in the transcription of specific 
subsets of promoters and in the response to 
transcriptional activator proteins (5-1 1). 
For Pol I, TBP associates with three TAFs 
and forms the selectivity factor SL1 (1). 
The Pol 111-specific complex, TFIIIB, con- 
tains two TAFs (12-1 5), one of which 
(Tds4/Brfl/Pcf4) shows a sequence similar- 
ity to the Pol I1 initiation factor TFIIB 
(16-18). Although a few TBP mutations 
that differentially affect transcription in vi- 
tro by the RNA polymerases have been 
described (3) ,  the regions of TBP required 
for assembly into these polymerase-specific 
complexes are not known. 

To identlfy surfaces of TBP required for 
polymerase-specific transcription in vivo, we 
wished to generate a highly representative 
library of TBP mutants. In standard oligonu- 
cleotide-directed mutagenesis schemes, de- 
fined amounts of the three non-wild-type 
nucleotide precursors are included at each 
step of oligonucleotide synthesis. This ap- 
proach avoids bias in nucleotide substitutions 
at each mutated position, but it strongly 
favors amino acid changes that correspond to 
codons with one nucleotide difference from 
the wild-type codon. 

To overcome this problem, we devel- 
oped a codon-based mutagenesis approach, 
regional codon randomization (Fig. 1). At 
the relevant step of oligonucleotide synthe- 
sis, the column is dismantled and the silica 
matrix is split into two portions that are 
repacked into mutant and wild-type col- 
umns. The mutant column is subjected to 
three rounds of synthesis with an equimolar 
mixture of the four nucleotide precursors, 
whereas the wild-type column is subjected 
to three synthetic cycles with wild-type 
nucleotides. The two columns are then 
combined, and the process is repeated for 
each codon being mutated. The resultant 
oligonucleotide has a defined mutation fre- 
quency, which depends on the ratio of silica 
beads in the mutant versus that in the 
wild-type column. Moreover, because all 63 
mutant codons are equally probable at each 
position, the oligonucleotide yields a repre- 
sentative, yet highly compact, library of 
mutant proteins. For a 20-amino acid re- 
gion averaging one mutated codon per oli- 
gonucleotide, only 3000 clones are neces- 
sary to contain all possible single amino 
acid substitutions: with the use of nucle- 
otide-based mutagenesis, lo7 clones would 
be required (19). Thus, for a region of this 
size, all possible amino acid changes are 
easily sampled by conventional genetic 
screening. 

Department of Biological Chemistry and Molecular 
Pharmacology, Haward Medical School,.Boston, MA 
021 15. 

*Present address: Department of Microbiology and 
Immunology, Stanford University, Stanford, CA 94305. 
tTo whom correspondence should be addressed. 

With this approach, we generated six dues 117 to 168, which include the basic 
mutant TBP libraries (approximately lo6 region between the direct repeats, residues 
independent clones each) that cover resi- 217 to 240, which include the correspond- 

Fig. 1. Regional codon randomization. Each oligonucleotide . . 5 1  DAT ATC rn ADA 3 ' .  . 
was synthesized with the use of four controlled pore glass 
(CPG) columns (1 pmol) from Milligen (Milford, Massachu- 
setts). These columns are well suited because the frit-cap 
assembly is not easily damaaed durina handlina. We first 

€I 
I 

synthesi;ed the constant region (corresponding to7he 3' end 
of the oligonucleotide) on all four columns. The columns were 5% n 9 5 %  1 
then opened and the CPG matrix weighed (typically 150 mg). €I ="Am Round 1 

Five to 10% of this matrix was packed into one 0.2-pmol 
column, and the remaining matrix was repacked into the four 
1 -pmol columns. After resealing, the four 1 -pmol columns were 
subjected to three rounds of synthesis that corresponded to 
the wild-type nucleotides for those three positions. The 0.2- 

K €12 z ~ R ~ ~ ~ ~ ,  

pmol column was subjected to three couplings with an equi- v 
MIX molar mixture of the four deoxynucleotide phosphoramidites. 

The coupling programs used were those recommended for the 
particular column size. The five columns were opened, and the 4 

Etc 
matrices combined by suspension in acetonitrile. The same 
quantity of silica matrix was again packed into the 0.2-pmol column, with the remainder placed in the 
four lrpmol columns; the procedure was repeated for the next three nucleotides, and iteratively for 
each codon being mutagenized. For handling of the CPG matrix during each round, anhydrous 
conditions are not necessary because the beginning of each synthetic cycle involves an anhydrous 
acetonitrile rinse. In the last stage, the matrices were not split, and a constant region was added to 
the 5' end of the oligonucleotide. Thus, in the final oligonucleotide the mutagenized region is flanked 
by constant regions that are necessary for PCR amplification and subsequent cloning. The 3' 
constant region was 21 to 24 nucleotides in length to ensure efficient hybridization during PCR and 
to prevent bias against mutated triplets in the 3' portion of the oligonucleotide. 

A * 

Position 117 130 140 150 160 
I I I I I 

WT A S G K M V V T G A K S E D D S K L A S R K Y A R I  I  Q K l  G F A A K F T D F K I  Q N I  V G S C D V K F  

P O I  I l l -  
specific 

A  T  W R R I  G  V E  H Y  
A  S  C R  G  S H  
S  Q  E  Q  
S  

N O ~ P O I I I C L K A Y T S  L G G E  T R  G A  F G G s T Y  L P L I K P G  R 
specific L  A  T  I T R W A G T G S  R R P G  

I  V N F S W  R  P  K  E R P  
M  N F  E  P  H  Q  

V  N  L  T  
V T  
R  I  

N  

WT A K Q R E E I  Y Q A F E A I  Y P V L S E F R K M  WT T S A T S G I  V P T L Q N I  V  

POI 111- K  K  A  P  D  POI 111- G  T  Y 
specific . K A P D specific G T Y 

K  G  P  D  T  Y  
K  L  L  L  Y 
A  V  L  L  

G  M  F  

I  T  , A  

M  S  --v 
R  Q  

H Not P o l  Ill- P S  P ~ H S  

NotPollll- T D  N P N  P V S P V S  K I T  r Y L  specific S'P  s 
specific L R N N P t s h D P  

v 
P w P t Y L  Fig. 2. Sequences of the tempera- 

P  P Y  
T ture-sensitive TBP mutants. The wild- 
T type (WT) sequences of the muta- 
T  genized regions, residues 1 17 to 168 

(A), 217 to 240 (B), and 57 to 71 (C), are shown (28). Indicated below the sequences are the amino 
acid substitutions that yield a mutant TBP specifically defective in tRNA transcription. For certain 
positions, the same amino acid change (though not necessarily the same codon change) was 
independently isolated more than once, Indicated below the Pol Ill-specific mutations are 
substitutions that did not result in a specific loss of Pol I l l  transcription. Substitutions that show 
decreased Pol I I  transcription and increased Pol I l l  transcription are shown in small letters. The lack 
of temperature-sensitive mutations between residues 57 to 63 probably reflects the fact that this 
region is not part of an evolutionarily conserved TBP core. 
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ing region following the second direct re- 
Deat. and residues 57 to 71. which include . , 

the corresponding region preceding the first 
repeat (20). The basic region was chosen 
for mutagenesis because it has been impli- 
cated in protein-protein interactions (2 J- 
231. Analvsis of 25 to 30 unselected clones 
from each library revealed that the nucleo- 
tide usaee at mutated codons and the mu- .., 
tation frequency per oligonucleotide and 
per codon were in accordance with random 
expectation (24). 

The TBP mutant libraries were intro- 
duced into yeast cells, and upon plasmid 
shuffling (25), individual proteins were 
screened for their ability to support cell 
growth at 23"C, 30°C, and 37°C (25). Of 
40,000 TBP derivatives tested, approxi- 
mately 30% did not support cell growth at 
any temperature, 70% behaved indistin- 
guishably from wild-type TBP, and 1% 
permitted growth at 23°C and 30°C but not 
at 37°C. The plasmids from 262 of these 
temperature-sensitive yeast strains were res- 
cued and the mutated region was se- 
quenced; 186 mutant proteins contained 
single substitutions (Fig. 2). 

For each of the 186 mutant proteins, we 
examined ribosomal RNA (rRNA) , 
mRNA. and transfer RNA (tRNA1 tran- 
scription upon shifting the strains to the 
restrictive temperature (Fig. 3). As expect- 
ed, most of the mutants showed either a 
general (Fig. 3, lane 7) or minimal decrease 
in transcription of all three RNA classes. 

Fig. 3. Transcriptional analysis of strains that 
carry temperature-sensitive TBP alleles. The 
TBP derivatives were as follows (28): lane 1, 
E129S; lane 2, R137W; lane 3, F152E; lane 4, 
R220K; lane 5, Y231V; lane 6, F237R; lane 7, 
A217P; and lane 8, wild-type. RNAs were pre- 
pared from cells grown at the restrictive tem- 
perature (37°C) for 1 hour and subjected to 
nuclease S1 analysis as described (2). Equal 
amounts of RNA (determined by absorbance at 
260 nm) were hybridized to completion with a 
10- to 100-fold excess of oligonucleotide 
probes complementary to TRP3, DED1, and 
HIS3 +1 and +13 transcripts, the junction of 
the 25s rRNA and nontranscribed spacer re- 
gion, and the intron of the Ile tRNA. Because 
the half lives of these RNA species are short, 
the signal at any given time reflects transcrip- 
tion initiation, not accumulated RNA levels (2). 

However, 65 mutants (representing 46 dif- 
ferent substitutions and 19 residues) showed 
a large decrease in tRNA transcription; five 
of these are shown (Fig. 3, lanes 1 through 
5). In all 65 cases, rRNA transcription did 
not appreciably change, whereas the 
amounts of three mRNAs (HIS3, TRP3, 
and DEDJ) were greater than the amounts 
observed in strains that contained wild-type 
TBP. Thus, we have identified a class of 
TBP mutants that are specifically defective 
in Pol 111 transcription. A variety of substi- 
tutions yielding the same phenotype was 
observed at most of the 19 positions (Fig. 
2), which suggests that the Pol 111-specific 
phenotype results from the loss of the wild- 
type residue rather than the presence of a 
detrimental amino acid. 

The Pol 111-specific mutations are likely 
to define a specific TBP function and not to 
reflect an inherent temperature sensitivity 
in Pol 111 transcription. In particular, we 
also isolated ten TBP mutants (representing 
eight different substitutions; one mutant is 
shown in Fig. 3, lane 6) in which transcrip- 
tion of a subset of Pol I1 genes (HIS3 and 
TRP3, but not DEDI) is compromised, 
whereas Pol 111 transcription is increased 
slightly (26). 'The transcriptional effects in 
this class of TBP mutants are re~roducible 
but clearly less marked than those observed 
with the Pol 111-specific mutants. With one 
exception (Phe237), the five residues de- 
fined by the Pol II-defective mutations 
differ from the 16 residues identified by the 
Pol 111 mutations (Fig. 2). 

The crystal structure of Asabidopsis 
thahm TBP at 2.6 A resolution indicates 

that the protein consists of two very similar 
structural domains related by approximate 
twofold symmetry (27). Although we mu- 
tagenized most of the upper surface of the 
protein, the positions defined by the Pol 
111-specific mutants are highly clustered 
(Fig. 4A). These positions are largely con- 
fined to the inside faces of helices H2 and 
H2', to those residues pointing toward H2 
in the connecting region between the two 
domains extending into strand Sl', and to 
those residues in S1 pointing toward H2'. 
No Pol 111-defective mutants were obtained 
in strand S5. 

Sixteen of the 19 positions identified by 
the Pol III-defective mutants define a 
solvent-exposed and nearly continuous 
surface that forms a groove across the top 
of the protein (Fig. 4B). We suspect that 
the three exceptional positions not ex- 
posed to solvent (70, 160, and 162) do not 
normally directly contribute to the Pol 
111-specific function; they are defined by 
individual substitutions of large aromatic 
residues (I70Y, I160H, and G162Y) (28) 
that are likely to disrupt the local struc- 
ture. In support of this view, a leucine 
substitution at position 162 does not cause 
a Pol 111-specific defect but rather causes a 
small decrease in transcription by all three 
polymerases. No Pol 111-specific mutants 
were obtained at position 227, even 
though this residue lies on the same face of 
helix H2' as three residues that yielded Pol 
111-specific mutants. This apparent excep- 
tion may be explained by the fact that 
PhezZ7 is largely buried by residues at the 
NH2-terminus of the crystallized protein 

Fig. 4. Mapping the Pol 
Ill-specific mutations onto 
the structure of A. thaliana 
TBP. The Saccharomyces 
cerevisiae and A. thaliana 
TBPs are 85% identical, 
and therefore the struc- 
tures are expected to be 
highly related. (A) Ribbon 
diagram showing residues 
not mutated in this study 
(purple), residues that 
were mutated but did not 
yield a Pol Ill-specific phe- 
notype (red), and residues 
that did mutate to a Pol 
Ill-specific phenotype 
(green). In this view, the 
protein has been rotated 
around the x axis from the 
standard view (27) such 
that helices H2 and H2' are 
facing forward and the 
concave surface of the 
protein and stirrups face 
into the page. (B) Space- 
filling model of the identical 

van der Waals radius. 

I 
view of TBP. In the same color scheme, the atoms are shown as solid spheres of radius equal to the 
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(corresponding to residue 61 of yeast 
TBP). These few possible exceptions not- 
withstanding, the majority of the Pol 111- 
specific mutations are limited to a solvent- 
exposed surface that is likely to interact 
with Pol 111-specific factors. 

The best candidates for a protein that 
interacts with the surface defined by these 
mutations are the two TAFs (Tds4Brfll 
Pcf4 and 90K) that associate with TBP to 
form transcription factor IIIB (TFIIIB). 
To address this issue, we determined 
whether overproduction of Tds4 would 
suppress the temperature-sensitive pheno- 
types caused by the various TBP deriva- 
tives (Fig. 5). For all 19 Pol III-defective 
strains tested, a partial reversal of the 
temperature-sensitive phenotype was ob- 
tained upon overproduction of Tds4. Con- 
versely, the overexpression of Tds4 did 
not suppress the phenotype in nine mu- 
tant strains that were not specifically de- 

30°C 37°C 37°C 
2 Days 3 Days 5 Days 

Fig. 5. Suppression of the growth defect of 
various TBP strains by overexpression of the 
TFlllB component Tds4. The TDS4 gene (19) 
was cloned into an ADE22k vector. The result- 
ing molecule and the parental vector were 
introduced into temperature-sensitive strains 
that carried the indicated TBP alleles. Approx- 
imately lo5 cells were spotted onto synthetic 
plates lacking adenine, and these were grown 
at 30°C or 37°C for the indicated times. The 
E129A, R137W. F155S, and Y231 L mutants 
(28) are Pol Ill-specific TBP derivatives; the 
others are not. Only a subset of strains subject- 
ed to this assay are shown; these were chosen 
to indicate the range of growth and suppres- 
sion phenotypes. WT, wild type. 

fective in Pol 111 transcription. Indeed, 
Tds4 overproduction sometimes exacer- 
bated the temperature-sensitive growth 
defect. These results suggest that the Pol 
111-specific TBP mutants may be defective 
in interacting with Tds4. 

Our genetic analysis of TBP defines a 
surface of TBP that is required for Pol 111 
transcription, probably through its inter- 
action with Tds4. However, the results do 
not exclude the possibility that this region 
may also be important for interaction with 
Pol I, Pol 11, or other Pol 111 factors. 
Indeed, although both F237P and F237L 
(28) are Pol 111-specific mutations, F237R 
decreases Pol I1 transcription (Fig. 3). The 
residue at position 237 and three of the 
four other residues identified by Pol 11- 
defective mutations define a small patch 
that is distinct from, but partially over- 
laps, the surface defined by the Pol 111- 
specific mutations (29). We note that our 
analysis is limited by the initial selection 
for temperature-sensitive TBP mutants. 
Mutations that affect a particular TBP 
function might not be temperature-sensi- 
tive or might be so compromised for an- 
other function that the strain would be 
inviable at all temperatures. 

The 65 strains that contain the Pol 
III-defective derivatives show increased Pol 
I1 transcription; conversely, some TBP mu- 
tants that are defective for Pol I1 transcrip- 
tion show increased amounts of Pol 111 
transcription. This suggests that the Pol 11- 
and Pol 111-specific factors compete for 
limiting amounts of TBP in vivo. This 
competition likely reflects overlapping rec- 
ognition sites on TBP for polymerase-spe- 
cific factors, consistent with the proximity 
of the Pol 111- and Pol 11-specific muta- 
tions. In light of the Tds4 overexpression 
results and the marked similarity of Tds4 
with the Pol I1 factor TFIIB, Tds4 and 
TFIIB association might commit TBP to 
Pol 111 and Pol I1 transcription, respective- 
ly. Alternatively, the competition for TBP 
might involve Tds4 and a Pol 11-specific 
TAF. We do not know why in the Pol 
III-defective mutants there is no observable 
increase in Pol I transcription; perhaps the 
Pol I-specific TAFs interact with a different 
surface of TBP or perhaps sequestering of 
Pol I transcription to the nucleolus effec- 
tively creates two separate pools of TBP. 
Our experiments show that mutations in 
TBP can alter the relative amounts of tran- 
scription by the nuclear polymerases and 
prompt the speculation that cells might 
regulate the balance of the various classes of 
RNAs by modifying TBP. 

Note added in proof: After this paper was 
submitted, we were made aware of previous 
work (30) describing a codon-based muta- 
genesis method related to that presented 
here. 
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Structure-Based Design of a 
Cyclophilin-Calcineurin Bridging Ligand 

David G. Alberg and Stuart L. Schreiber*' 
The affinity of a flexible ligand that adopts a specific conformation when bound to its 
receptor should be increased with the approprialte use of conformational restraints. By 
determining the structure of protein-ligand complexes, such restraints can in principle be 
designed into the bound ligand in a rational way. A tricyclic variant (TCsA) of the immu- 
nosuppressant cyclosporin A (CsA), which inhibits the proliferation of T lymphocytes by 
forming a cyclophilin-CsA-calcineurin complex, was designed with the known three-di- 
mensional structure of a cyclophilin-CsA complex. The conformational restraints in TCsA 
appear to be responsible for its greater aff inity for cyclophilin and calcineurin relative to CsA. 

Realizing the full im~ac t  of structural biol- 
u 

ogy on basic research and medicine will 
require the ability to design high-affinity 
ligands to biological receptors with the use 
of structural information ( I ) .  One approach 
is to constrain the bound conformation of 
inherently flexible ligands by introducing 
structure-guided restraints into the ligand. 
In this way, greater thermodynamic stabil- 
ity of the receptor-ligand complex can be 
anticipated because the conformational en- 
trow is reduced in the formation of the 

L ,  

complex. A particularly challenging prob- 
lem is posed by the immunosuppressive 
agents cyclosporin A (CsA), FK506, and 
rapamycin. These compounds are com- 
prised of two distinct protein-binding sur- 
faces that allow them to bind two proteins 
simultaneously. By enabling these multi- 
meric complexes to form, the immunosup- 
pressants inhibit specific signaling pathways 
that control the cell cycle (2). In the case 
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of CsA, this property is the basis for the 
drug's revolutionary impact on clinical or- 
gan transplantation. Therefore, efforts to 
design novel "bridging" ligands not only 
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29. The patch is defined by residues 226, 230, 2 2, 

and 237 Residue 122 (defined by V122S) $8) 
maps in the DNA binding region of TBP. The Pol 
Il-specific phenotype of V122S may reflect a DNA 
binding defect similar to that observed in other 
TBP derivatives (3). 
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serve to advance our understanding of the 
principles of structure-based ligand design, 
but also may lead to safer and more effective' 
immunosuppressive agents. 

It has been noted that the conforma- 
tions of CsA and FK506, when bound to 
cyclophilin A and FK506-binding protein 
12 (FKBPlZ), respectively, differ markedly 
from their unbound conformations in the 
solid state and in solution (3, 4). Although 
the conformations adopted by these ligands 
while they are simultaneously bound to 
their immunophilin receptors and the pro- 
tein phosphatase calcineurin have not yet 
been determined, residues that are impor- 
tant for calcineurin binding have been 
identified (5-7). We have used this infor- ~, 

mation to prepare nonnatural irnmuno- 
philin ligands that mediate immunophilin- 
ligand-calcineurin complex formation (8). 
We now report on the structure-based de- 

Fig. 1. (A) Stereodiagram of the unbound conform 
of the cyclophilin A-bound conformation of CsA. 

ation of CsA in the solid state. (B) Stereodiagram 
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