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ABSTRACT: Zinc fingers are small DNA-binding modules noted for their occurrence in a large number of
eukaryotic transcription factors, and their use in protein engineering. Although it was expected that zinc
fingers can bind to a wide diversity of DNA sequences, previous studies using model zinc finger domains
from Zif268 (and Spl) have revealed a potential limitation to the DNA-binding specificity. For example,
phage display selection of individual zinc fingers to recognize trinucleotide DNA subsites returned fingers
that bound specifically only to triplets of the form GNN, i.e., triplets with guanine at'tead. Following

our recently reported work [Isalan, M., Choo, Y., and Klug, A. (19P7)c. Natl. Acad. Sci. U.S.A. 94
5617-5621], we now show that this limitation can be overcome by the concerted randomization of certain
amino acid positions in adjacent zinc fingers that specify overlapping DNA subsites. This illustrates an
important mechanism underlying DNA recognition by arrays of zinc fingers, and points the way to improved
strategies for the design of highly specific zinc finger proteins that bind any given nucleotide sequence.

The zinc fingers whose mode of DNA binding is best selected to bind DNA triplets containing'-§uanine or
understood, and which are consequently used in proteinthymine, only a subset that recognized guanine showed true
engineering, derive from a subfamily that binds to guanine- base-specificity. An exhaustive specificity check of the
rich sequencesi1( 2). An important member of this  numerous fingers selected from our phage display library
subfamily is the three-finger DNA-binding domain of the also showed that none were capable of binding adenine or
mouse transcription factor Zif268, which recognizes the 9 cytosine at the =nd of a DNA triplet {2). Thus, the initial
bpt sequence'sGCG-TGG-GCG-3(3, 4). The first crystal phage display experiments suggested that individual zinc
structure of the DNA-binding domain in complex with the fingers derived from Zif268 (a protein that binds to guanine-
above binding siteH) indicated that each zinc finger bound rich DNA sites) were inherently restricted to specifying a
a 3 bp subsite (Figure 1a). This modular mode of interaction small repertoire of DNA triplet sequences of the form GNN.
suggested that zinc fingeDNA recognition could be studied  This raised interesting questions about the mechanism of
by phage displayq). Phage display libraries of the Zif268 DNA recognition employed by naturally occuring zinc
DNA-binding domain were constructed with residue ran- fingers which are capable of binding DNA sites rich in
domizations in one of the three fingers, and then screenedadenine or cytosine. The restriction in sequence-specificity
with a Zif268-like DNA-binding site in which the corre-  of the Zif268 fingers also appeared to be a potentially serious
sponding trinucleotide subsite was altered to a given sequencdimitation to the design of zinc finger DNA-binding domains
(7—112). In the most comprehensive selection experiment that recognize predetermined sequences.

to date @), we created a Zif268 library containing @ e pelieve that the failure to select Zif268 fingers which
randomized middle finger and screened this using 32 gcognize some of the DNA triplets tested so far was related
dlffer_ent DNA sequences containing var|ar_1t middle tr|ple.t to the context of the proteirDNA interaction, rather than
subsites. We found that only 17 of these triplets resulted in peing an inherent limitation of the zinc finger structure. We
the selection of sequence-specific zinc fingers, while the \ocently demonstrated that in contrast to the prevailing view
remaining sequences always selected a set of 2 nonspecifignat the zif268 zinc finger modules interact with independent
zinc fingers. Other research groups also noted tha_t_cer_taln3 bp subsites (Figure 1a), these fingers in fact specify
triplets did not result in selection of sequence-specific zinc overlapping 4 bp subsite4®) (Figure 1b). Further support
fing(_ers when using phage display libraries of the first finger o, this mode of DNA recognition has emerged from the
of Zif268 (7, 8). X-ray crystal structures of Zif268 and variant proteins

An analysis of the collective data from these experiments determined by the Pabo laboratory4( 15). According to
showed that zinc finger phage selections were successful onlythis refined model of DNA recognition, specificity for the
when the Sbase of the triplet subsite was fixed as guanine pase pair at the boundary between the two DNA subsites
or thymine, but consistently failed when theliase was  potentially arises from synergy of binding by amino acids
either adenine or cytosine. Of those zinc fingers which were from two adjacent zinc fingers. For instance, recognition

of guanine in the Sposition of a nominal triplet is often

L Abbreviations: bp, base pair(s); F1, finger 1; F2, finger 2; F3, finger @cCOmplished by concerted contacts from (i) Arg in position

3; PBS, phosphate-buffered saline; PCR, polymerase chain reaction.+6 of one zinc finger and (ii) a cross-strand interaction to
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F1 MAEERPYACPVESCDRRFSRSDELTRHIRIH TGQKP

F2 FQCRI--CMRNFSRSDDLT@HIRTH TGEKFP
F3 FACDI--CGRKFAQO@GORKRHTKIH LRQAQKD
B B a - helix

FIGURe 2: Amino acid sequence of the peptide comprising three
zinc fingers (F1, F2, and F3) used in the phage display libraries
for selections. The amino acid positions of each finger are aligned,
residue positions-1 to +9 (relative to the first position of the
a-helix, position +1) are numbered above the alignment, and
elements of the zinc finger secondary structure are shown below.
The conserved zinc-chelating residues of each zinc finger are
underlined. The amino acid sequence is derived primarily from the
DNA-binding domain of the transcription factor Zif268. Black
circles show the five residue positions which were randomized in
the larger library, LIB-A. The smaller library, LIB-B, had fixed
amino acids in two of these positions (F3 positichs and+3
were fixed as Ser and Asp, respectively), and these residues are
written in white letters over the black circles.

the complementary base from positiér2 of the following
finger (e.g., Asp in positiont+2 of F2 to cytosine at
nucleotide position ‘8 as shown in Figure 1b). This model
accounts for the restricted sequence-specificity of zinc fingers
that were selected from phage display libraries where only
one finger was randomized at a time. In particular, the
limitation in the original selections stemmed from the fact
that the Asp residue present in positigr2 of F3 was
incompatible with cross-strand binding of certain nucleotides
(13). The refined scheme of zinc fingeDNA recognition
suggests that zinc fingers may achieve a more comprehensive
repertoire of binding specificities through concerted interac-
tions that straddle the DNA-binding interface between two
synergistic zinc fingers.

In this paper, we constructed phage display libraries
containing simultaneous randomizations of potentially syn-
ergistic base-contacting residues from two adjacent fingers,
and then performed selections against a set of DNA-binding
sites containing systematic variations in the base-step
between nominal trinucleotide subsites. Zinc fingers selected
from the new libraries bound sequence-specifically to a
broader repertoire of DNA sequences than had been previ-
ously demonstrated. Together with previous daf (16),
the results illustrate that the zinc finger motif is capable of
comprehensive nucleotide discrimination in any position of
the nominal DNA triplet subsite. Thus, the strategy used to
isolate these synergistic fingers by phage display may prove

Ficure 1: Schematic diagrams of zinc fingeDNA interactions an improved method for the design of highly sequence-
discussed in the paper. (a) Modular interactions between individual specific zinc fingers, allowing specific targeting to any DNA
zinc fingers of Zif268 (F1, F2, and F3) and the triplet subsites of S€quence.

an optimized DNA-binding site, as inferred from the X-ray crystal
structure §). Straight arrows indicate juxtapositioning of zinc finger MATERIALS AND METHODS

residues (from helical positions1, +3, and-+6) and the bases on Construction of Phage Display LibrariesThe first library
one DNA strand. (b) Model of synergistic Zif26®NA interaction to be constructed, LIB-A, contained randomizations at F2

showing the potential for concerted contacts fom adjacent zinc - - . .
fingers as discussed in detail itd). Synergism between F2 and '€sidue positiont6 and F3 residue positionsl, 1, 2, and

F3, for instance, could occur in specifying tR¢-5X base pair 3 (Figures 1c and 2), and was sorted using the DNA sequence
that lies in the nominal triplet subsite of F2. In this case, a cross- 5'-GNX-XCG-GCG-3, where X-X denotes a known com-
strand contact from positiofr2 of F3 (shown by a curly arrow) is bination of the two bases at DNA positiof% and 5X, and

made to nucleotid&€X on the complementary DNA strand. (c) i
Model of the large phage display library (LIB-A) designed to select N denotes an equal probability of any of the four bases at

zinc fingers that specify the base-step at the interface between theDNA position 3 (Figure 1c). The second library, LIB-B,
nominal triplet subsites of F2 and F3 (nucleotidés and °X). contained randomizations at F2 residue positihand F3
Circled residue positions in F2 and F3 mark amino acids that were residue positions-1 and 2 (Figure 2), and was sorted using
randomized in this library. DNA bases marked X were systemati- the DNA sequence '855CX-XCG-GCG-3, where DNA

cally varied in the 16 different binding sites used in selections. . ) g
TheyDNA base pair markegN 3N Wasgallowed to float in the  PoOsition 3 was fixed as cytosine as shown, and X-X denotes

binding sites used in selections, to allow for various pairings with @ known combination of the two bases at DNA positiéxs
randomized positioA-3 of F3. and>X.
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The genes for the two different zinc finger phage display RESULTS
libraries were assembled from four synthetic DNA oligo-
nucleotides by directional end-to-end ligation using three  Design of the Zinc Finger Phage Display Libraryinc
short complementary DNA linkers. The oligonucleotides finger—DNA recognition at the interface between adjacent
contained selectively randomized codons (of sequence NNS;DNA subsites was studied using a zinc finger phage display
N = A/C/G/T, S= GJ/C) in the appropriate amino acid library. This library was based on the three-finger DNA-
positions of fingers 2 and 3. The constructs were amplified binding domain of Zif268, but contained randomizations of
by PCR using primers containingotl and Sfil restriction amino acids from both F2 and F3, at residue positions which
sites, digested with the above endonucleases to producecould form a network of contacts across the interface of their
cloning overhangs, and ligated into vector Fd-Tet-SN. DNA subsites. The detailed design of the library is shown
ElectrocompetenE. coli TG1 cells were transformed with  in Figure 1c together with the generic DNA-binding site used
the recombinant vector and plated onto TYE medium [1.5% in selections. Briefly, the library contained amino acid
(wiv) agar, 1% (w/v) Bactotryptone, 0.5% (w/v) Bactoyeast randomizations at F2 residue positié® (hereafter denoted
extract, 0.8% (w/v) NaCl] containing Jgg/mL tetracycline. F2[+6]) and F3 residue positions-1, +1, +2, and +3

Phage Selections.Tetracycline resistant colonies were (hereafter denoted F3{l], F3[+2], etc.).
transferred from plates intox2T'Y medium (16 g/L Bactot-
ryptone, 10 g/L Bactoyeast extract, 5 g/L NaCl) containing
50 uM ZnCl; and 15 ug/mL tetracycline, and cultured
overnight at 30°C in a shaking incubator. Cleared culture
supernatant containing phage particles was obtained by
centrifuging at 309 for 5 min.

Biotinylated DNA target sites (1 pmol) were bound to

Library selections were carried out using DNA oligo-
nucleotides that resembled a Zif268-binding site (Figure
1a,b), but which contained systematic combinations of bases
in the DNA doublet which forms the base-step between the
DNA subsites of F2 and F3 (nucleotid®and®X in Figure
1c). More specifically, DNA-binding sites were of the

streptavidin-coated tubes (Boehringer Mannheim). Phage9¢M¢"¢ form SGNX-XCG-GCG-3, where X-X denotes a
supernatant solutions were diluted 1:10 in PBS selection given combination of the bases at the interface between the

buffer [PBS containing 5@M ZnCl,, 2% (wiv) fat-free dried DNA subsites, and N denotes that the four bases are equally

milk (Marvel), 1% (v/v) Tween, 20ig/mL sonicated salmon represented at DNA positio_n 3. Thus, the interaction
sperm DNA, 10 pmol/mL each of the 15 remaining DNA between F3F3] and nucleotide positiordN is allowed

sites (unbiotinylated)], and 1 mL was applied to each tube gomplete freedom in_this experiment. _This feature of the
for 1 h at 20°C. After this time, the tubes were emptied library allowed selection of a large family (or database) of

and washed 20 times with PBS containing &d ZnCl,, related zinc finge_r:_s that bound a given_ combination of b_ases
2% (wiv) fat-free dried milk (Marvel), and 1% (v/v) Tween. at nucleotide position®K and®X, but which were nonidenti-
Retained phage were eluted in 0.1 mL of 0.1 M triethylamine cal owing to different interactions with the middle base in
and neutralized with an equal volumeloM Tris (pH 7.4).  the nominal triplet subsite of F3.
Logarithmic-phas&. coliTG1 (0.5 mL) were infected with Allowing this contextual freedom to some proteibNA
eluted phage (50L), and used to prepare phage supernatants interactions that are not being studied is a useful strategy to
for subsequent rounds of selection. After 3 rounds of increase the diversity of clones which can be obtained from
selection E. coli infected with selected phage were plated, any one selection experiment. However, at the same time,
and individual colonies were picked and used to grow phageit is important to limit the nature and number of contacts
for binding site signature assays and DNA sequencing.  that are allowed contextual freedom at any one time;
Binding Site SignaturesProcedures were as described otherwise there is a danger that a subset of particularly strong
previously (L2). Briefly, oligonucleotides were chemically intermolecular interactions will dominate the selections, as
synthesized, and double-stranded DNA libraries were made,, 55 apparent inl(7). Anticipating this possibility, we also
by (biotinylated or unbiotinylated) primer extension. DNA  ¢reated a smaller sublibrary that contained randomized
libraries (1.2 pmol/well for LIB-A and 0.4 pmol/well for LIB- | asidues only in positions F2[] and F3[-1 and+2], with
B) were added to streptavidin-coated ELISA wells (Boe- p3ry1 and+3] fixed. This smaller library was screened
hringer-Mannheim) in PBS containing 0 ZnCl, (PBS/  \iih 4 DNA-binding site in which nucleotide position 3 was
Zn). Phage solution [overnight bacterial culture supernatant 5, fiyaq and therefore did not allow for any contextual
diluted 1:10 in PBS/Zn containing 2% (w/v) fat-free dried g0 o in selections. Clones selected from this library are

milk (Marvel), 1% (v/v) Twee.n, and 2@g/mL sonicated marked with an asterisk when they are discussed in this
salmon sperm DNA] was applied to each well ¢d0well). paper

Binding was allowed to proceedifd h at 20°C. Unbound ) ) .
phage were removed by washing 6 times with PBS/Zn Experimental StrategyPhage selections from the two zinc
containing 1% (v/v) Tween, and then 3 times with PBS/zn. finger libraries were performed separately in order to
Bound phage were detected by ELISA using horseradish determine the diversity of DNA sequences which could be
peroxidase-conjugated anti-M13 IgG (Pharmacia Biotech), bound specifically by members of each library. Sixteen
and the colorimetric signal was quantitated using SOFTMAX selections were performed on each library, using the different
2.32 (Molecular Devices). DNA-binding sites that correspond to all 16 possible
DNA Sequence AnalysisThe coding sequence of indi- combinations of bases at nucleotide positid¥sand °X

vidual zinc finger clones was amplified by PCR using (Figure 1c). The DNA-binding site used to select phage was
external primers complementary to phage sequence. Thesémmobilized on a solid surface, while a 10-fold excess of
PCR products were then sequenced manually using Thermceach of the remaining 15 DNA sites was present in solution
Sequenase cycle sequencing (Amersham Life Science). as a specific competitor.
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After three rounds of phage selection against a particular set of rules which relates the amino acids in these base-
DNA-binding site, individual zinc finger clones were recov- recognition positions to the nucleotides that they contact in
ered, and the DNA-binding specificity of a few clones was the major groove of DNA 18). This recognition code is
determined by the binding site signature methb®).( This based strictly on the mode of intermolecular interaction
involved screening each zinc finger phage for binding to eight observed in zinc fingerDNA complexes such Zif2685]
different libraries of the DNA-binding site, designed such and Tramtrack9), and therefore does not account for DNA
that each library contained one fixed base and one random-recognition by all zinc finger proteins, nor by other proteins
ized base at either positidi or position®X (i.e., libraries that contain heterologous DNA-binding motifs. Despite this
GN, AN, TN, CN, and NG, NA, NT, NC). In this system, limitation, thinking about zinc fingerDNA recognition in
each of the 16 DNA-binding sites used in selection experi- terms of a code is important because it provides a paradigm
ments was present in a unique combination of two libraties  of specific protein-DNA recognition that can be rationalized
for example, the DNA-binding site containin§>®G was by reference to the stereochemistry of a protddNA
present in only 2 of the 8 libraries in which the relevant complex. Further elucidation of the recognition code will
doublet had 1 nucleotide randomized and the other nucleotidealso allow the formulation of more effective experimental
fixed as guanine, i.e., librari/s°N and*N°G. The eight strategies to select zinc finger DNA-binding domains, and
DNA libraries used in binding site signatures were arrayed may yet permit the rational design of such molecules to bind
across a microtiter plate, and zinc finger phage binding to any given DNA sequence.
these was detected by phage ELISR)( Thus, the pattern In this paper, we used libraries of zinc fingers to study a
of phage binding to the eight DNA libraries revealed the network of proteinrr-DNA contacts that mediates specific
DNA-sequence specificity (or preference) of each phage DNA recognition of the base-step between two DNA subsites
clone, and those clones found to give a high degree of of adjacent zinc fingers. Phage display experiments were
specificity were subsequently sequenced to reveal the identitydesigned such that residues selected at-EB[recognized
of the amino acids selected in the randomized residue nucleotide*X, whereas residues selected at+@&] and F3-
positions of the zinc fingers. [+2] could cooperate in order to recognize the adjacent base

Analysis of Phage-Selected Zinc Fingeigure 3 shows  Pair, °X-°X (Figure 1c). In the model system used in our
the binding site signatures of numerous zinc finger phages€xperiments, nucleotidéX represents the'3osition of a
selected from both libraries, using binding sites that contain Nominal triplet subsite (in this case the subsite of F3), and
the 16 different DNA doublets which form the base-step nucleotide’X represents the' position of the nominal triplet
between the DNA subsites of fingers 2 and 3. The results subsite bound by the preceding finger (in this case F2). While
show that zinc finger clones were selected which bound recognition rules have been elucidated to account for
specifically to almost all subsites, including those triplets interactions between the ®ase position and zinc finger
whose 5 position (hucleotidéX in Figure 1c) was fixed as  Position —1, the only rule discovered so far to describe a
a base other than guanine. Overall, the selections showedpecific interaction at the' base position is a pairing between
that any of the four bases can be bound specifically in both guanine and Arg at zinc finger positier6 (12, 16, 18) (e.g.,
the 8 and 3 positions of a nominal triplet subsite. see Figure 1a). _ _

Selections from the smaller sublibrary yielded fingers that The results of the phage ghsplay sglectlons g(_anerally bear
could bind specifically to only 8 of the 16 doublets, whereas out the conclusions of previous studies regarding the code

members of the larger library yielded fingers that recognized of D'\,'A recognition from position—1 of .the zinc finggr
15 out of the 16 doublets. 1t is not known whether this @-helix (12). In particular, strong correlations were derived

difference in efficacy originated from the inclusion of more be_tween the nucleotide specmed at POS."‘"‘@”U' the amino
randomized positions in the larger library, or the conforma- acids ;elected at F3[1] (Figure 4A), |nd[cat|ng Fhat certain
tional flexibility afforded by the contextual freedom designed "€cumng contacts were largely responsible for intermolecular
into the larger library, or both. The only base-step that did recog_r1|t!0n. ) )

not yield specific zinc fingers wa%G°A. Again, it is not A similar analysis, however, did not shgw any one-to-
known whether this dinucleotide induced an unfavorable ON€ correlation between the identity of the-*X base pair
DNA deformation in the context of the DNA-binding sites 2Nd the amino acids selected in 8] or F3[+2], other
used for selection, or whether there is a more general problemtN@n for the expected pairing of Arg and guanine (Figure
with binding of this base-step at the interface between zinc 4b)' In other cases, r.ather thar_1 reveal such simple recogni-
finger binding sites. Specific zinc finger binding to the GA tion rules, the biases in interactions betw&erF2[+6] and
dinucleotide has been confirmed a number of times in other * X:F3[+2] follow a particular pattern. In both these residue
sequence contexts when it occurs within a zinc finger subsite POSItions, certain amino acids (e.g., Glu) were selected to

(7, 12), but not when present at the subsite interface. accept a hydrogen bond from either adenine or cytosine,

while others (e.g., Lys) were selected to donate a hydrogen

DISCUSSION bond to either guanine or thymine (Figure 4b). It has been
pointed out that these degeneracies arise because of the

Rules That Describe Zinc Finger-DNA Recognitiofhe stereochemistry of the base pairs, but can be broken by two

unigue geometry of interaction of Zif268 with the DNA hydrogen bonds to the same base pair, hence, the importance
double helix allows a series of one-to-one interactions (and prevalence in many naturally occurring zinc fingers)
between amino acids on consecutive turns of the zinc finger of Arg in position +6 for specific recognition of guanine
o-helix and nucleotides from consecutive base pairs on DNA (20). Curiously, no pairings between GIn and adenine were
(5). Consequently, many aspects of the DNA-binding observed, even though these two can form analogous
specificity of Zif268-like zinc fingers can be described by a bidentate contacts?Q). The absence of a simple coding
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BASE SELECTED BINDING SITE NO.OF BASE SELECTED BINDING SITE NO.OF
STEP?  FINGERSP SIGNATURE® cLONEs? STEP®  FINGERS? SIGNATURE® cLonesd
X °x F2 F3 X sy X °x F2 Fa 5 5Y
GATC 6 1123 GATC GATC
G G R B 4 ccC T DPHN B
* R B 4 E HSKS H «
R ] 1 E HRGN [
R B 1 S DRAN e
R H 1 T DRAN B -
B B 4 A
R QVTT
AS * R QSGD H a8 5 A A xY RsaD i 3
R QLAT H ] 2 V QVGH H | 2
R GDAH A ] 1 T QLAT | gBE
R QRAS Ha B 1 T
K QSTS [ | B B 1 A
TA N TSQA [ ] H 4
G N TSAS | BN -
TG R SSGD B 1 K LAGT ) [} 1
R SASA B 1 *xE ARSRD i 0 B 3
* R NSGD 1 E RLRD ] B 4
R LNQV 1 V HLAT [ ] H B
K TGAS ] 1 V OHLTT BEE B 8 1
R TPSG B 1 L VGHH B ] 1
R TQTA B 1 c A
R Tsaa H | 2 c A Y HPAT " N 2
G N HPAN ;. 2 1
C G R DTSV ] 3 E HHSN e ] =]
R DAST B 2 L DSRA i B 2
R DASA -] 1
R DTSS a B - s T
e C 6T =*Tkssp M ] 2
G C A RNHD B B - * k sssp B | 1
* N RSTD ki 3 +xkpstp B H W N 1
*s rsTp H 6 A rssy [HEE H 1
s sris M 1 T nsss HE# EE
T rnsT M 1 TR0 H =
T rrsT M A
T TRys B E s A T
T raon 2 B g2 B AT § QIsT H | 3
N c s QIGA H ] 1
AC A QAAT g B T QYST B I 1
A QGTN ] R T QSAS 1] H
* V TSRD B H - T QsaH B H 1
S QRGA ] B o T QTSH B B 1
s QSTT B 2 T QPGH B - ] 1
ATsss BB 2 B T aoTT | B 1
T sssT ] BE K aDsT B £ 2
T T T
TC D TISN ] 1 TT T TAST a8 Bl
N TSTA B 1 T TASH B mE
v TssL 4 T Tssv | Bl
v TssI 1 T TSSA H BRE
vV TSNS 3 S HHTS N | BE
* R GSND 1 s naar B HA B
A TTSS 1 S HATT [ | Bl 4
T TAGS 1 c :
s TTss 1
S TssA 1 cCT K DHSS n ] 5
s LSTT 1 T HPST 'R H 1
G LssT 1 S DSSR [} BEE
Relative signature strength [ =1.00 [ o.80 0.60 2 0.40 .20 0.00

Ficure 3: List of different sequence-specific zinc finger clones obtained from phage selections, together with their binding site signatures.
Different zinc finger clones, selected using different base steps in podiiptX (), are denoted by the amino acids selected at the
randomized residue positions of F2 and Fg and their frequency among the total number of sequenced clones is indigatétig

binding site signature of each clone (i.e., the base preference at podKiams °X) is shown in a gray scale that is proportional to DNA
binding as measured by phage ELISA @Arrows at the top of the diagram remind the reader fiXats in the nominal triplet subsite of

F3, while 5X is in the nominal triplet subsite of F2. Zinc finger clones selected from the smaller sublibrary (LIB-B), in which residue
positions F3f1] and F3f-3] were fixed as Ser and Asp, respectively, are labeled with an asterisk (*).

relationship that explains base-specificity at theésition the failure to randomize the relevant network of zinc finger
of the nominal DNA triplet subsite may arise as a result of residues (e.gq-helical position+5, which may play a role
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AMINO ACID SELECTED AT POSITION -1 extensively, and adjacent zinc fingers have recently been
a |A CDEFGHIKLMNGPO GRSTUVWY found to interact in the NMR structure of a TFIFADNA
6o o0oo0o000001 00000 HE220 00 complex @1).
4 A‘O © 0000000000 011000 Possible Zinc Finger DNA Interactions Mediated by Zinc
X s |0 0000 1 Bloofor o2EeEl oo Finger a-Helical Position+2. The amino acid present in
clo oo o offloo20000200000 o-helical position+2 of a zinc finger can help determine
v v v vy o the spec_|f|C|ty for the _base pair at the interface of_two
¢ Tic T ATy T overlapping DNA subsites (Figure 1b). An Asp residue
RECOGNI T1ON P ATTERNS present in F3F2] of wild-type Zif268 was shown to play a
role in DNA recognition though a cross-strand contd&) (
and further examples were generated by the current phage
display experiments (e.g., Figure 5a). Inthese, a small subset
AMINO ACID SELECTED AT POSITION 6 of amino acids selected in F8R] showed significant
b | A coeromik i wnrons Ty correlations to the identity of the base pair in pos_it?'on
(Figure 5b), suggesting that cross-strand interactions may
o R °oee Elo o000 be a general mechanism of DNA recognition. Most of these
5¢ *°° ° e offfo o 002 o2 correlations could be rationalized as pairings between
Teo oo 0 0 0o o FAARG0 o hydrogen bond donors in F8PR] and guanine or thymine
c(Blo +Be v oo o 2 FEEARED0 o in DNA position X, in accordance with the framework of
v v ¢ ¢ v T ¢ the Zif268 model (Figure 1b). In contrast to amino acids
¢ ase e A1 6 TiC tAm that were never selected in positiet2, or those that were
RECOGNITIONPATTERNS selected but which showed no significant correlations, the

FIGURE 4: (a) Matrix comparison of amino acids present at-F3[  amino acids which consistently appear to play a role in DNA

1] and the base recognized in nucleotide positinThe number i ; " ; ; ; ;
plotted for each pair in the matrix is derived from the number of recagnition fram this position have side chains with multiple

times that pair occurs in the binding site signature of Figure 3, and ydrogen bonding groups. Itis possible that these residues
does not reflect the frequency of selection of particular clones. The can play a role in base recognition because they achieve
four most common pairings are GiA;, Arg:“G, Asp?C, and Thr: greater specificity by participating in buttressing networks
4T. The first three of these pairings are common interactions that [e.g., intramolecular networks analogous to the pairing of

form part of the zinc finger DNA recognition rules 18). Among _ 8 - oy .
the new pairings to be observed was a strong correlation betweenArg 1 and Asp-2 of each finger in wild-type Zif2685)].

4T and Thr, and a weaker one with Leu. Both of these were much nterestingly, the X-ray crystal structures of Zif268 variants
more significant than was observed in a previous study where show that positiont-2 of a zinc finger can also make cross-
corresponding pairings betweéh and Asn or GIn were selected  strand contacts to the DNA backbone or to a base position

more frequentlyq, 12). An additional interaction that was prevalent, \yhich is further along the complementary strand in the 5
and which had not been observed at all in the past, was betweendirection i)

His in residue position-1 and either cytosine or thymine on DNA. . ) L.

The amino acids found to occur with the highest frequency at I he Role of Zinc Finger Synergyf'o what extent is zinc
position —1 in a database of naturally occurring zinc fingers are finger synergy required for specific recognition of the 5
GIn(25%), Arg (16%), His (7.9%), Asp (6.2%), and Ser (5.9%) position of a nominal triplet subsite? First, selection of
(24). (b) Matrix comparison, again based on Figure 3, of amino i qjyidual zinc finger modules by the classical phage display

acids present at F2{6] and the base recognized in nucleotide . ; . .
position 5X. Strong pairings were observed between Agg:as  Statégies {, 810, 22) has failed to produce zinc finger
would be expected, and also Ai@: Other significant correlations ~ domains that bind specifically to diverse DNA sequences.
involved amino acids that bound bases with similar hydrogen Second, previous phage display experiments using a variant
bonding groups exposed in the DNA major groevkus, Lyswas  of our original Zif268 library @), in which the library of

grouped with°G or 5T, while Glu and Asn were grouped wifh ; ; - s ; )
or 5C. Additionally, Ser and Thr were frequently selected at F2- randomized middle fingers was modified by mutating F3

[+6], to bind opposite pyrimidines. Residues that occur with the [ 2] t0 Alain order to remove the constraint imposed by a
highest frequency at positioh6 in a database of naturally occurring ~ Cross-strand interaction, did not result in selection of fingers
zinc fingers are Arg (16%), Lys (15%), Val (10%), Thr (8.7%), that could discriminate adenine or cytosine in thedsition
(C;%(SAEI;Z))V'V::E: h(Gdgzﬁ)ré Gcl(;lm(g-ggf)'i fg[l fi-g‘?gﬁoannsd vazl; (?éi‘?%t of the middle triplet subsite (unpublished work). Although
in the database at a relatively Iowyfrequency{S%). Cbnvers?ely, this may indicate a requirement for synerglsth f"?gers' a
GIn, which is highly represented in the database (8.6%), was Negative result of course does not necessarily indicate that
selected only once in our experiments. individual zinc fingers are incapable of recognizing any base
triplet. The failure to bind subsites containirfg\, for
in DNA recognition, was not randomized). The lack of a instance, could have derived from the effect 4G8A base-
simple code, however, could also be a reflection of the step which would arise as a result of the experimental design
multiple ways in which one particular hydrogen bonding (the binding sites used in selections were of the form 5
pattern can be reproduced by different combinations of amino GCG-XXX-GCG-3, where the underlined base is nucleotide
acids from separate fingers. Moreover, inter-finger synergy position 5).
would allow stereochemical complementarity at the pretein A novel zinc finger phage selection strategy based on serial
DNA interface to be modulated by the variation in docking selection of C-terminal zinc finger modules was recently
arrangements between two adjacent zinc fingers. Althoughreported to produce fingers which bound to diverse DNA
no substantial direct inter-finger contacts were seen in the sequences containing various bases at tpetion of triplet
X-ray cocrystal structure of wild-type Zif26&), there is subsites 22). However, the sequence-specificity of these
no reason derivatives of these fingers could not interact moreselected fingers was not assessed in detail, and therefore the
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SELECTED BINDING SITE
FINGERS SIGNATURE
""" .;iiiiijiliiiiiiiiii; """"" V
F2 ' F3 4y 5y 5'x
8 -1123 GATC GATC
N n mR T/G
T A
N [ | [ ] T
T C
N | M G
b SELECTED SPECIFICITY  NO. OF
FINGERS FOR BASE 5'X  CLONES
: v
F2 F3 5'x
6 -11 GATC
R RLI [ | 4
R RS B 4
V T8 ] 3
R GS 1
Y RS 3
N TS 4
K LA 1
T RA B 1
E HR N 1
S HA 8 1
L D 8 2 2
E RS | 3
E RL n & 4
Vv T8 ] 4
A R N | 2
s SR 1
T DP [ ] 1
E HSK | 4

Ficure 5: (a) Example of related zinc finger clones showing the
effect of a-helical position+2 on DNA-binding specificity. Data
are shown in a similar format to Figure 3. This family of zinc fingers
was derived from selections using DNA-binding sites containing
4T5A or “T°C subsite interfaces. The base preference forP¥e

Accelerated Publications

extent of nucleotide discrimination, for example, at the 5
position of each triplet subsite, is not known.

In this paper, we have described phage display libraries
containing concerted variations in amino acids from adjacent
fingers, created in order to exploit the potentially enhanced
specificity arising from the overlap between abutting DNA
subsites. In contrast to previous studies, we have now
demonstrated that it is possible to select synergistic finger
pairs that specifically recognize any base at thpdsition
of a nominal triplet subsite. In addition to defining a
mechanism that is likely widely used by naturally occurring
zinc fingers, the results prove that simultaneous randomiza-
tion of the DNA-binding residues of adjacent zinc fingers is
a means of selecting fingers that bind specifically to a more
diverse set of DNA sequences.

Design of Zinc Finger Domains To Bind Any:@nh DNA
Sequence. Selections from the synergistic zinc finger
libraries described in this paper have demonstrated that zinc
fingers are capable of base-specific discrimination in the 5
position (and also the' 3osition) of their nominal triplet
subsite, while other phage display and site-directed mutagen-
esis experiments have previously shown base discrimination
in the middle and 3positions of the DNA triplet. Hence,
an important principle that finally emerges from these studies
is that the zinc finger module is capable of comprehensive
DNA sequence recognition, justifying the use of this
framework in the design of DNA-binding proteins. Our
current results additionally show that two adjacent zinc
fingers can specify virtually any combination of bases at the
interface between their respective DNA subsites. Extrapolat-
ing these findings to zinc finger design using the Zif268
framework implies that arrays of zinc fingers can be selected
to specify practically any given sequence of nucleotides. It
was recently shown that arrays of up to six finger modules
can be made to bind very tightly to 18 bp long sequences
(23). In effect, it should thus be possible to engineer zinc
finger DNA-binding proteins that bind to any unique region
of a large genome, for applications in medicine, biotechnol-

5X base pair appears to be determined by the amino acid presenipgy, and research.

at F3[-2], probably by the formation of cross-strand contacts, as
indicated by the arrow at the bottom of the figure. (b) Examples of
correlations between certain amino acids selected atH3and

the identity of the base present at positida Possible cross-strand
interactions are marked by the arrow. Selections revealed the
possibility of DNA contacts from five amino acids (Asn, GIn, Arg,
Lys, and His) which were all capable of donating a H-bond to the
exocyclic oxygen atom of either guanineg@r thymine (Q) in
nucleotide positiof X. The majority of clones isolated with these
amino acids at F3f2] are listed in this diagram together with the
binding site signature showing the base preference at poSion
Note that a few clones were isolated which do not follow this
pattern, and that these are omitted from the diagram. Overall, Ser
dominated the selections in positiér2 with an occurrence of 38%,

in accord with its presence in that position in over half of all known
zinc fingers. Threonine, Ala, and Gly occurred frequently in our
selections (15%, 15%, and 9%, respectively) but did not show any
discernible patterns of discrimination. Certain amino acids (Cys,
Asp, Phe, lle, Leu, Met, Pro, Val, and Trp) were never selected in
position+2 in our experiments, and it emerges that these are the
rarest residues found at that position in naturally occurring fingers

(24). As always, these phage selection results should be interpreted

with caution, however, as they do not necessarily imply a lack of
function for these residues in all fingers. For instance, if position
—1is fixed as Arg (to recognize guanine), positit is selected

as Asp when phage selections are performed within F2, while Glu
is preferred when selections are performed in the context of F3
(unpublished experiments).
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