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ABSTRACT The screening of combinatori libraries is
becoming a powerful method for ideniyi r r the
stures of ligands for binding proeins, rymes, and other
receps. We describe an oiucleotide library search pro-
cedure in which the identity of each member is encoded in the
length of ucltdes.Thi o scheme allows bind-
ing-sIte preferences to be evaluated via DNA length determi-
nation byde ring gel eophoreis. We have applied this
method to determine the bndindg-site preferences for 18
Cys2HIS2 zinc finger do as the central domain within a
fixed context of fakn zinc fingers. An advantage of the
method is that the relative affinitfieo all members of the
library can be _ In addito to simply the
sequence of the oma or consensus ligan. The zinc finger
doma inseitis determined will be useful for modular zinc
finger protein design.

Combinatorial libraries consist of sets of related compounds
that can be searched for members that bind to a given
receptor. Several schemes have been developed for produc-
ing encoded libraries in which a signal identifying each
member is incorporated during library preparation. Signal
incorporation has been achieved by positional encoding
where each member is attached to a fixed location (1, 2) and
by chemical methods in which beads with single ligands also
include tags that can be read and decoded to reveal the
identity of the ligand (3-5). For nucleic acid ligands, most
libraries are screened by isolating single members and deter-
mining their sequences (6-9). We demonstrate a different
scheme here in which sequence information is encoded in the
lengths ofDNA fragments via a multiplexing procedure. The
length-encoding allows rapid readout via denaturing gel elec-
trophoresis. A major advantage of our approach is that the
properties ofthe entire library are simultaneously examined.
This allows both the determination of the optimal ligands
from the library and also quantitative evaluation of the level
ofdiscrimination at each monomer site. The determination of
relative affinities is aided by the use of competition experi-
ments with an equimolar mixture of all potential binding sites
(10, 11).
We have applied this method to a series of designed zinc

finger proteins. Zinc finger proteins of the Cys2His2 class
typically contain tandem arrays of28-30 amino acid domains
(12, 13). On the basis of mutagenesis studies (14) and the
crystal structure of the three zinc finger domains of Zif268
bound to DNA (15), it appeared that each zinc finger domain
contacts a site consisting of three base pairs with the three-
base subsites for each domain directly abutted. The apparent
modular nature of these single-domain-three base subsite
interactions suggested that novel DNA-binding proteins
could be created by linking domains ofknown specificity. We

have previously demonstrated that this is indeed possible
through the use of previously determined zinc finger speci-
ficity rules and a consensus zinc finger framework (16). We
have now constructed a zinc finger host-guest system in
which the first and third domains of three-domain proteins
are constant and the central domain is varied. We used the
same design strategy developed previously (16), creating
proteins which we term "QNR-XXX-RHR," [(Gln-Asn-
Arg)-(Xaa-Xaa-Xaa)-(Arg-His-Arg)], where the letters refer
to the single-letter code for the amino acids in the three
positions most critical in determining DNA-binding specific-
ity. The system is illustrated in Fig. 1. We constructed a total
of 18 proteins with different combinations of amino acids in
the X positions. Proteins of this form are expected to prefer
DNA-binding sites ofthe form 5'-G(A orG)G-NNN-GA(T or
A)-3', since the preferred subsites of the domains termed
QNR and RHR are expected to prefer 5'-GA(T or A) and G(A
or G)G, respectively (17).
The specificities due to the central domains can be exam-

ined by testing the binding ofthese proteins to a collection of
64 potential sites composed of a variable three-base-pair site
flanked by two fixed subsites recognized by the first and third
zinc finger domains. The method that we have developed
involves selection of the higher affinity sites from a pool of
sequences ofthe form 5'-GAG-N1N2N3-GAT-3' in which the
identity ofthe bases N' has been encoded in the lengths ofthe
fiagments in the pool by synthesis as shown in Fig. 2.

MATERIALS AND METHODS
Consrction of Genes and Proti Expre . A cassette

for constructing the genes for the three zinc finger proteins
was generated in the expression vector pG5 (18). This in-
cluded coding regions for the leader and first and third zinc
finger domains with Xma I and Age I restriction sites for
insertion of fragments encoding the central zinc finger do-
mains. Such fragments were synthesized individually or in
sets and cloned into the cassette. The identity ofall genes was
confirmed by sequencing. Proteins were expressed and par-
tially purified as described (16, 19).
Synthess ofBinding-Site Pooh. The set of 12 pools ofDNA

probes was synthesized with the use ofa MilliGen/Biosearch
Cyclone DNA synthesizer. The two randomized positions in
each pool were generated through the use of an equimolar
mixture of all four phosphoramidites. The length-encoding of
the different pools was accomplished in two steps. First, the
identity of the fixed bases in each triplet (regardless of
position) was encoded during oligonucleotide synthesis in the
order A > C > G > T, where each set differed in length by
one base from the previous set. Each pool included a palin-
dromic sequence at the 3' end so that the complementary
strand could be generated by self-primed polymerase action.
The sequences ofthe oligonucleotides synthesized are shown
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FIG. 1. (Upper) Amino acid sequences ofthe zinc finger proteins with fixed first and third domains and a central domain with variable contact
residues. The sequences consist ofthe zinc finger consensus sequence CP-1 foreach domain with altered contact residues and fla g sequences
derived from Spl used previously. Note that the serine residue in position 15 in the central domain was changed to aspartic acid wheneverarginine
was used in position 13 in this domain. (Lower) Expected alignment of these proteins on their potential binding sites.

in Table 1. The double-stranded DNA fragments generated
by self-primed polymerase reactions were cut with Kpn I and
BamHI and cloned into a slightly modified version of the
pEMBL vector (20). Plasmid DNA was prepared from each
pool and an equal amount of each was used for subsequent
manipulations. Equal amounts of plasmid DNA for each set
of four fixed bases were combined, cut with EcoRI, and
end-labeled with [a-32P]dATP. The remaining length-
encoding was performed by cleaving each of these three
mixtures of pools with different restriction enzymes in the
polylinker of the vector. The remaining cleavage was done
with Bgl II for (A, C, G, or T)NN sites, Xho I for N(A, C, G,
or T,)N sites, and HindIll for NN(A, C, G, or T) sites. The
restriction fragments were agarose gel-purified, extracted
with P-agarase (New England Biolabs), and combined.
DNA Bidig-Site Determinations. Mobility-shift selection

from the length-encoded pools was performed on 1.8% Sea-
plaque (FMC) agarose gels. Approximately 10 ng of the
labeled DNA pool were combined with protein in 35 mM Tris
chloride, pH 8.0/60 mM KCl/90 pM ZnCl2/3 mM dithio-
threitol/300 pig ofbovine serum albumin per ml/20 pig ofpoly
(dI-dC) per ml/10% (vol/vol) glycerol buffer. After 15 min at
room temperature, the samples were electrophoresed for 3.5
hr at 100 mA, and the gel was dried. The concentration of
each protein was empirically adjusted so that 1-5% of the
total pool was shifted. After visualization by autoradiogra-
phy, the protein-DNA complex bands were excised, rehy-
drated, and digested with P-agarase. The DNA was precip-
itated with ethanol, resuspended in Sequenase loading buffer
(United States Biochemical), and loaded onto an 8% poly-
acrylamide sequencing gel. A portion of the unselected pool
was also loaded as a standard. The resulting patterns were
visualized by autoradiography and quantitated with the use of
a PhosphorImager (Molecular Dynamics). Band intensities
were evaluated either by integration over the area of each
band or by measuring peak heights on a trace derived from
vertical integration across a lane containing the bands. Rel-
ative fractional saturation values for each pool were calcu-
lated by correcting the intensity ofeach selected band by the
intensity of the corresponding band from the unselected
standard. Normalized base propensities were calculated by
dividing each relative fractional saturation value by the sum
of the relative fractional saturation values at each position.

Deternination of Individual Biding-Site Relative Free En-
ergies. Thirteen individual binding sites were obtained by
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FIG. 2. Schematic view ofthe length-encoded multiplex binding-
site determination system. Twelve pools of DNA frgents are
prepared, each ofwhich is a mixture of 16 different sequences. In the
first pool, the identity of the first base on the variable control triplet
is fixed as an A, whereas the other two sites with the triplet contain
equal amounts of all four bases. The second pool has the identity of
the first base fixed as C and the framents in this pool are one base
pair shorter than those in the first pool, the length having been set
during pool synthesis. This is repeated as shown for the 12 pools.
After preparation, these pools are mixed and end-labeled. Those
members of the pool that are most tightly bound by a protein under
study are selected by using a mobility-shift gel to separate bound
from free DNA. The protein concentration is adjusted so that 1-5%
of the total pool is shifted. After selection, the DNA from the
protein-DNA complex is examined on a sequencing gel followed by
autoradiography. The length-encoding allows the sequences of the
preferred binding sites to be deduced directly from the pattern of
bands produced as shown for a hypothetical protein that prefers to
bind to 5'-GAG GCT GAT-3'.
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Table 1. Synthesized oligonucleotides
Pools Oligonucleotide sequence

ANN, NAN, NNA 5'-CTCTGGATCCACCA GAG NNN GAT TGGTACCAAT-3'
CNN, NCN, NNC 5'-CTCTGGATCCCCA GAG NNN GAT TGGTACCAAT-3'
GNN, NGN, NNG 5'-CTCTGGATCCCA GAG NNN GAT TGGTACCAAT-3'
TNN, NTN, NNT 5'-CTCTGGATCCA GAG NNN GAT TGGTACCAAT-3'

subcloning from the length-encoded pool. The relative dis-
sociation constants for the complexes between these sites
and the protein termed "QNR-QDR-RHR" (in which QDR-
Gln-Asp-Arg) were determined by using gel mobility-shift
assays under conditions identical to those used for the gel
mobility-shift selection experiments.

RESULTS AND DISCUSSION
Specifict Due to XXX = QDR In the Central Doman. As

an initial trial of our method, the DNA binding properties of
the protein containing the residues QDR (Gln-13, Asp-16, and
Arg-19) in the central XXX positions were examined. Do-
mains containing these contact residues have been previously
examined both as the central domain within the Spl frame-
work sequence (19, 21) and in the consensus sequence
framework (16). The pattern from the length-encoded multi-
plex assay for this protein is shown in Fig. 3 Upper. These
data are shown in the form ofa histogram ofnormalized base
propensities at each of the three positions in Fig. 3 Lower.

Scque1n1c. ILength

ANN 74
CNN 73
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NNT - 59

Arga 19 Asp-16 GIn-13

Examination of these data reveals a strong selectivity for G
determined by Arg-19, a slightly weaker preference for C
determined by Asp-16, and a more modest preference for T
with significant binding of A and G determined by Gln-13.
These results exactly parallel those obtained in the other
contexts noted above (16, 19, 21).
An important feature of the method is its potential for

evaluating the relative affinities of each protein for all 64
possible binding sites. This depends ofthe extent ofadditivity
of the relative free energy contributions from each base pair
in each position of the N1N2N3 subsites. To examine these
effects, we determined the relative dissociation constants
(and, hence, the relative binding free energies) for a set of 13
individual binding sites isolated from the length-encoded
pools by individual gel mobility-shift assays. The probe
containing the sequence GAG-GCT-GAT was found to be
bound most tightly. The sequences of the central three base
pairs for the 13 binding sites and their binding free energies
(in kcal/mol) relative to the GCT site are as follows: GCT, 0;
GCG, 0.4; TCA, 1.5; GCC, 1.7; GAG, 2.0; TTT 2.3; GAA,
2.7; ACG, 2.7; CCA, 3.0; ACT, 3.2; CGT, 3.5; TTC, 3.5;
CGA, 3.9. We used these data to estimate specificity free
energies, assuming independence between the three base
positions. This was accomplished by fitting the relative free
energies for each site to the expression AGwi, = AAGN1 +
AGN2 + AAGN3, where the variables are the AAGN'
values, the relative free energy contributions for the base N
at position i (relative to the most favored base at each
position). These nine AAGN' values were adjusted to repro-
duce the relative affinity data for the 13 binding sites. A
correlation coefficient of 0.98 was obtained between the
observed and calculated AG values. These results were
converted to normalized base propensities for each position
i via the expressionfx = e (AAGNkXn[e~d1NdT] for X =
A, C, G, and T with the summation over N' = A, C, G, and
T. Relative free energies were calculated from the multiplex
profile distribution via the expression AAGX' = -kTln(fxQ),
where fx is the normalized base propensity for base X in
position i and Q = 1/fx(max) in which fx(max) is the
normalized base propensity for the most favored base at

A.'CJG 'F A CG T A C G T

FiG. 3. Binding-site determination for the protein with XXX =
QDR. (Upper) Length-encoded multiplex profile for this protein. The
pattern is read from the top to the bottom in the 5' to 3' direction.
Thus, the top four bands correspond to the preferences at the
underlined position 5'-GAG-NNN-GAT-3'. The third band within
this set is prominent, indicating a strong preference for G in this
position. The middle set offour bands reveals the preferences in the
central position. The intensity of the second band indicates a clear
preference for C. The bottom set of four bands corresponds to the
position 5'-GAG-NNN-GAT-3'. Much less discrimination is ob-
served for this position. (Lower) Histogram for the data in (Upper)
corrected for the intensities of the bands from the unselected pool
and normalized. These correspond to relative base propensities.
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FIG. 4. Comparison of length-encoded multiplex data and those
derived from individual binding-site free energies. Normalized base
propensities obtained directly from the length-encoded multiplex
binding assay are compared with values derivedfom the bindingfire
energies for 13 individual sites by assuming independence between
the three positions in the center of the binding site.
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position i. This expression applies in the limit of low binding
saturation. These relative free energies were compared with
those derived from the individual binding experiments. A
correlation coefficient of 0.83 was found. The normalized
base propensities deduced from the individual sites and those
from the length-encoded multiplex profile are directly com-
pared in Fig. 4. Impressive agreement is achieved, suggesting
that the individual site preferences are reasonably additive.
The degree of discrimination at each position appears to be
slightly underestimated by the multiplex profile method. This
may be due, in part, to the effects of slight band overlap on
the integration methods used to convert the experimental
data to the normalized preferences. Overall, the level of
agreement validates the use of the length-encoded multiplex
method for the generation of the thermodynamic discrimina-
tion levels between optimal and suboptimal sites.

Examination of Additional Proteins. Seventeen additional
proteins were examined by the length-encoded multiplex
binding assay. A representative set of profiles is shown in
Fig. 5 Upper, and the complete set of histograms is shown in
Fig. 5 Lower. The results reveal a range of specificities. For
example, comparison of the QDR profile discussed above
with that for QNR shows that the specificity in the central
position is changed from C to A, paralleling results observed
on other contexts (17). In addition, however, the pattern in
the 3' position in the triplet also changed somewhat showing
less preference forT and more for A. This effect was strongly
enhanced for the QNN (Gln-Asn-Asn) protein, which showed
a strong preference for GAA. The preference for G in the 5'
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FiG. 5. Length-encoded multiplex profiles for 18 zinc finger
domains. (Upper) Experimental profiles for a representative set of
proteins. (Lower) Normalized base propensity histograms for the 18
proteins.

position is interesting in that the arginine residue often in this
position and known to form two hydrogen bonds to G in this
position in the Zif268 cocrystal structure (15) has been
replaced with the much shorter asparagine residue with little
change in specificity. The basis for this specificity remains to
be determined. The RHE (Arg-His-Glu) protein shows a clear
preference for TGG, suggesting discrimination for T by
Glu-19 in this context. Finally, not all of the proteins show
any clear specificity. For example, the DAR (Asp-Ala-Arg)
protein shows very little discrimination in any position.
Conlusons. A variety of methods for identifying sites for

DNA binding proteins have been developed (6, 7, 22). These
generally involve multiple rounds of selection and amplifi-
cation from a random or randomized collection of binding
sites and are very powerful for determining the optimal or
consensus site for a given protein. Because of their multiple
round character, however, these methods can be labor in-
tensive and the results are not readily interpretable in terms
of thermodynamic preferences. Such thermodynamic infor-
mation has been available only for a small number ofDNA-
binding proteins. One example is A repressor for which
binding free energies were determined for a natural binding
site and for all possible single-point mutations by individual
binding titrations monitored by filter binding (23). The length-
encoding multiplex method described herein efficiently pro-
vides a similar level of information about both the optimal
binding site and about the levels of discrimination at each
position within the site. The data obtained has provided an
expanded set of zinc finger domains with characterized
binding site preferences for future studies ofzinc finger-based
DNA binding protein design (16). Finally, since oligonucle-
otide-length differences are easily generated, measured, and
compared, the concept of length encoding should find utility
in other applications.
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