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Structure-Based Design of Transcription Factors 
Joel L. Pomerantz, Phillip A. Sharp, Carl 0. Pabo 

Computer modeling suggested that transcription factors with novel sequence specificities 
could be designed by combining known DNA binding domains. This structure-based 
strategy was tested by construction of afusion protein, ZFHD1, that contained zinc fingers 
1 and 2 from Zif268, a short polypeptide linker, and the homeodomain from Oct-1. The 
fusion protein bound optimally to a sequence containing adjacent homeodomain (TA- 
ATTA) and zinc finger (NGGGNG) subsites. When fused to an activation domain, ZFHD1 
regulated promoter activity in vivo in a sequence-specific manner. Analysis of known 
protein-DNA complexes suggests that many other DNA binding proteins could be de- 
signed in a similar fashion. 

Transcription factors are critical regulators 
of gene expression. The rational design of 
transcription factors with novel DNA bind- 
ing specificities and regulatory activities 
will provide reagents for both biological 
research and gene therapy. The recent de- 
termination of a series of structures of pro- 
tein-DNA complexes has facilitated a de- 
sign strategy that uses computer modeling 
to predict how DNA binding domains 
could be combined to generate novel spec- 
ificities. We  explored this strategy by de- 
signing and testing a zinc finger-homeodo- 
main fusion protein. 

Computer modeling studies were used to 
visualize how zinc fingers might be fused to 
the Oct-1 homeodomain. The known crys- 
tal structures of the Zif268-DNA (1) and 
Oct-1-DNA (2)  complexes were aligned by 
superimposition of the double helices in 
several different registers. Two arrange- 

J. L. Pomerantz, Center for Cancer Research, Depart- 
ment of B~ology, and Harvard-MIT Divis~on of Health Sci- 
ences and Technology, Massachusetts lnsttute of Tech- 
nology, Cambrdge, MA 02139, USA. 
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Cambridge, MA 021 39, USA. 
C. 0. Pabo, Howard Hughes Medical Institute and De- 
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ogy, Cambrdge, MA 02139, USA. 

ments were particularly interesting. In one 
alignment, the COOH-terminal end of zinc 
finger 2 was 8.8 A away from the NH,- 
terminal arm of the homeodomain (Fig. I ) ,  
which suggested that a short polypeptide 
linker could connect these domains. In this 
model, the fusion protein would bind a 
hybrid DNA site with the sequence 5'- 
AAATNNTGGGCG-3'.  The Oct-1 ho- 
meodomain would recognize the AAAT 
subsite, zinc finger 2 would recognize the 
T G G  subsite, and zinc finger 1 would rec- 
ognize the GCG subsite. There was no pos- 
sibility for steric interference between the 
zinc fingers and the homeodomain in this 
arrange&ent. Superimposition of the DNA 
duplexes in other registers generated a sec- 
ond plausible arrangement for a hybrid pro- 
tein (3); however, this model was not as 
favorable because there was a risk of steric 
interference between the zinc fingers and 
the homeodomain. 

The design strategy was tested by con- 
struction of a fusion protein, ZFHD1, that 
contained fingers 1 and 2 of Zif268, a gly- 
gly-arg-arg linker, and the Oct-1 homeodo- 
main (Fig. 2A). A glutathione-S-transferase 
(GST) domain was added to facilitate ex- 
pression and purification, and the DNA 
binding activity of this fusion protein was 
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determined by selection of binding sites 
from a random pool of oligonucleotides. A f -  
ter four rounds of selection, 16 sites were 
cloned and sequenced (Fig. 2B). Compari- 
son of these sequences revealed the consen- 
sus binding site 5'-TAATTANGGGNG-3' 
(Fig. 2C). The 5' half of this consensus, 
TAATTA, resembled a canonical home- 
odomain binding site ( T A A T N N )  (4) and 
matched the site ( T A A T N A )  that is pre- 
ferred by the Oct-1 homeodomain in the 
absence of the POU-specific domain (5). 
The 3' half of the consensus, NGGGNG, 
resembled adjacent binding sites for fingers 
2 (TGG) and 1 (GCG) of Zid68. The 
guanine residues were more tightly con- 
served than were the other positions in these 
zinc finger subsites, and the crystal structure 
shows that these are the positions of the 
critical side-chain-base interactions (1 ). 

The ZFHDl consensus sequence (5'-TA- 
ATTANGGGNG-3') matched the model 
that appeared to be most structurally feasible 
(6) ,  but because of the internal symmetry of 
the TAATTA subsite, this sequence was 
also consistent wi th the homeodomain bind- 
ing in another orientation (Fig. 2D; compare 
mode 1 and mode 2). This alternative ar- 
rangement, in which the critical TAAT is 
on the other strand and is directly juxtaposed 
wi th the zinc finger (TGGGCG) subsites, 
was considered unlikely because modeling 
had suggested that thi? arrangement required 
a linker to span >20 A between the COOH- 
terminus of finger 2 and the NH,-terminus 

Fig. 1. Model of a zinc finger-homeodomain hy- 
brid. Finger 1 of Zif268 is depicted in purple, finger 
2 in vellow, and the Oct-1 homeodomain in red. 
The DNA is blue, with the base pairs in the AAAT 
and TGGGCG subsites highlighted in cyan; the 
hybrid protein recognizes a sequence of the form 
5'-AAATNNTGGGCG-3'. The C, of Glf9 
(COOH-terminus of finger 2) is 8.8Afrom the C, of 
Arg2 (the first homeodomain residue visible in the 
crystal structure) (18). This figure was generated 
with Insight II (Biosym Technologies, San Diego, 
California). 

of the homeodomain. T o  determine how the between these orientations. ZFHDl bound 
homeodomain bound to the TAATTA se- to the 5'-TAATGATGGGCG-3' probe 
quence in the 5' half of the consensus, wi th a dissociation constant of 8.4 x lo-'' 
ZFHDl was tested for binding to probes M and preferred this probe to the 5'-TCAT- 
(5'-TAATGATGGGCG-3' and 5'-TCAT- TATGGGCG-3' probe by a factor of 33 
TATGGGCG-3') designed to distinguish (Fig. 3A; compare lanes 6 to 10 and 11 to 

ZFHDl - 
N H ~ - ~  GST-finger 1-finger 2-homeo. t COOH 

... R E G  GGRR R E T  ... 

GGATAATTACGCXXGCATITAGGC 
GATAAATAGGGGCGTCCCATCCCGT 

Fig. 2. Selection by ZFHDl of a 
hybrid binding site from a pool of 
random oligonucleotides. (A) Struc- 
ture of the fusion protein used to 
select binding sites (19). The under- 
lined residues are from the Zif268- 
DNA (1) and Oct-1-DNA (2) crystal 
structures and correspond to the 
termini used in the computer mod- 
eling studies. The linker contains 
two glycine residues that were in- 
cluded for flexibility and the two ar- 
ginine residues that are present at 
positions -1 and 1 of the Oct-1 
homeodomain. (B) Sequences of 
16 sites isolated after four rounds of 
binding site selection (20). (C) Con- 
sensogram derived from the se- 
quences in (B) that indicates the 
percent occurrence of each nucle- 
otide at each position. (D) Sche- 

c matic diagram illustrating the two 
100 100 possible orientations of the home- 

odomain subsite relative to the zinc 
80 80 finger subsite suggested by the 

consensus. Mode 1 corresponds to 

60 GO the arrangement shown in Fig. 1. 

40 Y 40 

Fig. 3. Comparison of the DNA A 
binding specificity of ZFHD1, the 
Oct-1 POU domain (which contains mml-+ 
a homeodomain and a POU-specif- 
ic domain), and the three zinc fin- 
gers from Zif268 (21). (A) The GST- 
ZFHDl protein was titrated into 
DNA binding reactions containing PDU+ 
the probe listed at the top of each 

20- 

D 

set of lanes. Lanes 1,6, 1 1, and 16 
contain the protein at 9.8 x 10-I 
M; protein concentration was in- 

5' AAT TA GG GNG 3' 5' TA TTA 
3' BAT El3 

The PA-Oct-1 POU fusion protei" 
(16) was titrated into parallel DNA binding reactions as in (A), but lanes 1,6,11, and 16 contain the protein 
at 2.1 x 10-I2 M. The position of the protein-DNA complex is indicated by an arrow. (C) A peptide 
containing Zif268 fingers 1, 2, and 3 (1) was titrated into parallel DNA binding reactions, with lanes 1, 6, 
1 1, and 16 containing the peptide at 3.3 x 10-I M. The position of the protein-DNA complex is indicated 
by an arrow. 

T  
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15). This suggested that the first four bases of 
the consensus sequence form the critical 
TAAT subsite that is recognized by the ho- 
meodomain (mode 1) and that ZFHDl 
bound as predicted in the model (Fig. 1). 

We compared ZFHD1, Oct-1, and 
Zif268 for their abilities to distinguish 
among the Oct-1 site 5'-ATG- 
CAAATGA-3', the Zif268 site 5'- 
GCGTGGGCG-3', and the hybrid bind- 
ing site 5'-TAATGATGGGCG-3'. The 
fusion protein ZFHDl preferred the opti- 
mal hybrid site to the octamer site by a 
factor of 240 (Fig. 3A; compare lanes 1 to 
5 and 11 to 15) and did not bind to the Zif 
site (lanes 16 to 20). The POU domain of 
Oct-1 (Fig. 3B) bound to the octamer site 

with a dissociation constant of 1.8 X 
10-lo M (lanes 1 to 5), preferring this site 
to the hybrid sequences by factors of 10 
(lanes 6 to 10) and 30 (lanes 11 to 15) and 
did not bind to the Zif site (lanes 16 to 20) 
(7). The three fingers of Zif268 (Fig. 3C) 
bound to the Zif site withea dissociation 
constant of 3.3 x 10-lo M (lanes 16 to 
20) and did not bind to the other three 
sites (lanes 1 to 15). Thus ZFHDl bound 
tightly and specifically to the hybrid site 
and displayed DNA binding specificity 
that was clearly distinct from that of either 
of the original proteins. 

We fused ZFHDl to a transcriptional 
activation domain and determined in trans- 
fection experiments whether the DNA 

Fig. 4. Regulation of promoter activity in vivo by Target: NO insert m D l  site Od-1 site M site 
ZFHD1. The 293 cells were cotransfected with 5 Fold 
pg of reporter vector, 10 pg of expression vector, 

44.0 8 1  3.5 

and 5 pg of pCMV-hGH (gift of J. Parvin) used as 40. 
an internal control (22). The reporter vectors con- 
tained two tandem copies of the ZFHDl site (TA- 
ATGATGGGCG), the Oct-1 site (ATGCMTGA)), fl 
the Zif site (GCGTGGGCG), or no insert. The ex- 
pression vector encoded the ZFHDl protein fused 
to the COOH-terminal 81 amino acids of VP16 
(plus signs), and the empty expression vector Rc/ 
CMV was used as control (minus signs). The 
amount of luciferase activity obtained, normalized o 
to hGH production, was set to 1.0 forthe cotrans- ZR~DI-VPIB: - + - + - + - + 
fection of Rc/CMV with the no-insert reporter 
pGL2-Promoter. Bar graphs represent the average of three independent experiments. Actual values and 
standard deviation, reading from left to right, are: 1.00 2 0.05, 3.30 2 0.63; 0.96 2 0.08, 42.2 2 5.1 ; 
0.76 2 0.07, 2.36 2 0.34; and 1.22 2 0.10, 4.22 2 1.41. Fold induction refers to the amount of 
normalized activity obtained with the ZFHD1 -VP16 expression construct divided by that obtained with 
Rc/CMV. 

of fusions of other DNA binding 
. W Rnatlve fusion of zinc fingers with a 
k-loop-helk @HLH) domain. Finger 1 of 

2 and me w,-tmmus ot tnt 
Insight II. 
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binding protein could function in vivo. An 
expression plasmid encoding ZFHDl fused 
to the COOH-terminal 81 amino acids of 
the herpes simplex virus VP16 protein 
(ZFHD1-VP16) was cotransfected into 293 
cells with reporter constructs containing 
the SV40 promoter and the firefly luciferase 
gene. To determine whether the fusion pro- 
tein could specifically regulate gene expres- 
sion, we tested reporter constructs contain- 
ing two tandem copies of the ZFHDl site 
5'-TAATGATGGGCG-3', the octamer 
site 5 '-ATGCAAATGA-3 ', or the Zif site 
5'-GCGTGGGCG-3' inserted upstream of 
the SV40 promoter. When the reporter 
contained two copies of the ZFHDl site, 
the ZFHD1-VP16 protein stimulated the 
activity of the promoter in a dose-depen- 
dent manner (8). Furthemore, the stimu- 
latory activity was specific for the promoter 
containing the ZFHDl binding sites (Fig. 
4). At concentrations of protein that stim- 
ulated this promoter 44-fold, no stimulation 
above background was observed for promot- 
ers containing either the octamer or Zif 
sites. Thus, ZFHDl efficiently and specifi- 
cally recognized its target site in vivo. 

This structure-based strategy of fusing 
known DNA binding modules may provide 
a general method for designing transcrip- 
tion factors with novel DNA binding spec- 
ificities. Computer modeling suggests a 
number of other plausible arrangements for 
hybrid proteins. Figure 5 illustrates models 
of a zinc finger-basic-helix-loop-helix fu- 
sion protein (Fig. 5A) and a zinc finger- 
steroid receptor fusion protein (Fig. 5B) 
that should recognize hybrid binding sites. 
In each case, the modules can be fused by a 
short polypeptide linker without steric in- 
terference between the domains. This strat- 
egy could also be extended by variation in 
the length and sequence of the polypeptide 
linkers and then use of selection methods to 
optimize the binding affinity and specificity 
of the hybrid protein. 

The strategy of fusing modules can also be 
combined with strategies for changing the 
sequence specificity of individual modules. 
Several DNA binding domains are amenable 
to mutational strategies for changing se- 
quence specificity (9, lo), and zinc fingers 
may offer the most versatility (1 1 ). Cornbin- 
ing structure-based design with mutational 
changes in specificity would greatly expand 
the range of sequences that could be targeted 
by hybrid domains. 

The high affinity of ZFHDl for its opti- 
mal site and the fact that ZFHDl, Oct-1, 
and Zif268 all clearly preferred different 
sites illustrate the success of the combina- 
torial approach. The specificity of the hy- 
brid transcription factor depends on the 
relatively moderate affinity, but high se- 
quence specificity, for the binding of a sin- 
gle module and on the chelate effect (1 2) 
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provided by the covalent linkage of mod- 
ules. The design criteria that allowed the 
construction of ZFHDl included the short 
length of polypeptide linker that was re- 
quired to fuse the DNA binding domains 
and the absence of steric interference be- 
tween these domains. 

Designed transcription factors will be 
useful for the targeted regulation of specific 
cellular genes. The use of particular DNA 
binding domains in a hybrid (or the addi- 
tion of other domains) mav allow a ~ r o t e i n  , , 
to interact with other cellular factors or to 
be modulated by a particular regulatory 
pathway. The structure-based design of hy- 
brid transcription factors should facilitate 
the development of efficient and specific 
reagents for biological research and gene 
therapy. 
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ZFHDI in round I ,  1.6 ng in round 2, 0.4 ng In round 
3, and 0.1 ng ~n round 4. 

21. DNA bind~ng reactions conta~ned IOmM Hepes (pH 
7.9), 0.5 mM EDTA, 50 mM KCI, 0.75 mM dith~o- 
threitol, 4% F~coll-400, and BSA (300 pg/ml), with the 
appropriate proteln and binding site in a total volume 
of 10 ~ 1 .  The concentration of bind~ng s~te was al- 
ways lower than the apparent d~ssociat~on constant 
by at least a factor of 10. The PA-Oct-I POU fusion 
has been descr~bed (16). The purif~ed three-finger 
Zif268 pept~de ( I )  was a gift from M. Elrod-Er~ckson. 
React~ons were incubated at 30°C for 30 min and 
resolved In 4% nondenaturing polyacrylam~de gels 
(16). Apparent dissoc~ation constants were deter- 
mined as described (10). Probes were der~ved by 
cloning of the following fragments into the Kpn I and 
Xho I sltes of pBSKII+ (Stratagene) and excision of 
the fraaments with A S D " ~  and Hind Ill: 5'-CCTC- 
GAGG~CATTATGGGCGCTAGGTACC-31, 5'-CCT- 
CGAGGCGCCCATCATTACTAGGTACC-3', 5'-CC- 
TCGAGGCGCCCACGCCTAGGTACC-3', and 5'- 
CCTCGAGGTCATTTGCATACTAGGTACC-3'. 

22. The ZFHDI -VPI 6 expression vector was construct- 
ed by cloning of a fragment encod~ng the epitope 

Met-Tyr-Pro-Tyr-Asp-Val-Pro-Asp-Tyr-Ala, ZFHDI , 
and VPl6 res~dues 399 to 479 (1 7) into the Not I and 
Apa I s~tes of Rc/CMV (Invitrogen). Reporter vectors 
were constructed by clonlng of the following frag- 
ments Into the Xho I and Kon I sltes of oGL2-Pro- 
moter (Promega): 5'-GGTACCAGTATGCAAATGA- 
CTGCAGTATGCAAATGACCTCGAG-3', 5'-GGTA- 
CCAGGCGTGGGCGCTGCAGGCGTGGGCGCC- 
TCGAG-3', and 5'-GGTACCAGTAATGATGGGCG- 
CTGCAGTAATGATGGGCGCCTCGAG-3'. The 293 
cells were transfected w~th the use of calc~um phos- 
phate prec~pitation with a glycerol shock as de- 
scribed (15). Quantitation of human growth hormone 
(HGH) production was done with theTandem-R HGH 
lmmunoradiometr~c Assay (Hybritech, San Diego, 
CA) according to the manufacturer's Instructions. 
Cell extracts were made 48 hours after transfection 
(15) and luciferase activ~ty was determined with the 
use of 10 ~1 of 100 pI of total extract per 10-cm plate 
and 100 ~1 of Luc~ferase Assay Reagent (Promega) in 
a ML2250 Luminometer (Dynatech Laboratories, 
Chantilly, VA), w~th the use of the enhanced flash 
program and lntegrat~on for 20 s w~th no delay. 
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Footprint Analysis of Replicating Murine 
Leukemia Virus Reverse Transcriptase 

Birgitta M. Wohrl, Millie M. Georgiadis, Alice Telesnitsky, 
Wayne A. Hendrickson, Stuart F. J. Le Grice* 

Replication complexes that contained either murine leukemia virus reverse transcriptase 
(MLV RT) or avariant reverse transcriptase without a ribonuclease (RNase) H domain (ARH 
MLV RT) were visualized by enzymatic footprinting. Wild-type MLV RT protected template 
nucleotides +6 to -27, and primer nucleotides -1 to -26 of primers that had first been 
extended by one or four nucleotides. Although it catalyzed DNA synthesis, ARH MLV RT 
stably. bound template-primer only under conditions of reduced ionic strength and pro- 
tectedthe duplex portion only as far as position -1 5. Despite altered hydrolysis profiles, 
both enzymes covered primarily the template-primer duplex, contradicting recent pre- 
dictions based on the structure of rat DNA polymerase p. 

E v e n  though they catalyze common reac- 
tions, retroviral reverse transcriptases 
(RTs) are structurally diverse. Whereas 
human, equine, feline, and simian en- 
zymes share a heterodimeric organization 
of subunits encoded by the RT  gene (1-5), 
a subunit of the avian sarcoma-leukosis 
virus (ASLV) enzyme retains the integrase 
domain of the gag-pol polyprotein (6). 
The  isolated enzyme of the murine leuke- 

mia virus (MLV) is a 75-kD monomer, 
whereas a 150-kD homodimer is proposed 
to catalyze DNA synthesis (73. A structur- 
al motif common to RNase H of Escherich- 
ia coli and MLV R T  (a helix 111) is also 
absent from the human immunodeficiency 
virus (HIV) enzyme (8). Such observa- 
tions illustrate the importance of compar- 
ative studies in understanding the evolu- 
tion of these multifunctional enzymes. 
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