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Abstract Using two synthetic oligonucleotides, we have con-
structed a new gene containing three zinc finger motifs of the
Cysz-Hiss type. We named this artificial gene ‘Mago’. The
Mago nucleotide triplets encoding the amino acid positions,
described to be crucial for DNA binding specificity, have been
chosen on the basis of the proposed recognition ‘code’ that relates
the zinc finger’s primary structure to the DNA binding target.
Here we demonstrate that Mago protein specifically binds the
‘code’ DNA target, with a dissociation constant (Ky) comparable
to the K, of the well known Zif268 protein with its binding site.
Moreover, we show that the deduced Mago ‘code’ and the
‘experimental’ selected DNA binding sites are almost identical,
differing only in two nucleotides at the side positions.
© 1997 Federation of European Biochemical Societies.
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1. Introduction

The ability to design DNA binding proteins able to recog-
nize specific target sequences can be a powerful tool in re-
search, biotechnology, and medicine. Various strategies have
been reported for generating DNA binding proteins with new
or altered target specificity [1-6]. The zinc finger of the class
Cyse-His, appears to be optimal for this purpose because of
its relatively simple and versatile structure. It is a small motif
of 28-30 amino acids, folded into a compact globular module,
that comprises an o-helix containing two invariant histidine
residues coordinated through a zinc atom to two cysteines of
a single B-turn [7,8]. The zinc finger domain, originally dis-
covered in the transcription factor TFIIIA [9], has been sub-
sequently found in a huge variety of regulatory proteins con-
taining different numbers of tandem arrays of zinc finger
domains, coupled with distinct functional domains [7,10-13].
The X-ray crystal structures of the three zinc finger domains
of the transcription factor Zif268 bound to a DNA target site
reveal that the individual finger domains bind DNA with spe-
cific contacts through the amino-terminal part of the a-helix
[14]. Zinc finger protein recognition of DNA involves an anti-
parallel arrangement of protein in the major groove of DNA,
the amino-terminal region is involved in 3’ contacts with the
target sequences, whereas the carboxyl-terminal region is in-
volved in 5" contacts. Each finger domain appears to contact
three adjacent base pairs of DNA mainly through three key
residues, located in positions —1, +3 and +6 of the o-helix. In
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addition the amino acid at position +2 appears to play an
auxiliary role enhancing the specificity of the amino acid at
other positions. To design new zinc finger proteins, each finger
domain can be altered in these specific amino acid positions
and multiple zinc fingers can be ‘mixed and matched’ to ob-
tain novel DNA binding specificity [1,8,15-17]. In particular,
a ‘code’ that relates the amino acids of a single zinc finger to
its associated DNA target has been proposed for a variety of
zinc finger domains. This ‘code’, initially predicted to be ‘al-
phabetic’, with an invariant corresponding amino acid/base
pair, is now described to be ‘syllabic’, depending on structural
characteristics of every single zinc finger module and the con-
text in which it is inserted [15-21]. Using and expanding this
restricted ‘code’ several research groups have recently engi-
neered and selected peptides containing zinc finger domains
able to bind and recognize specific DNA sequences [1,15-23].
Zinc finger proteins related to TFIIIA and Zif268 appear to
provide the most versatile framework for design. Taking ad-
vantage of these data, we have designed and engineered a new
three zinc finger peptide, named ‘Mago’, able to bind the
‘code’ predicted DNA sequence: 5'-ATG TGG GTT-3'.

2. Materials and methods

2.1. Construction of the Mago gene

Using as a model the three zinc finger peptide backbone proposed
by Choo et al. [1] we synthesized two overlapping oligonucleotides
named ‘5p’ (sense) and ‘3p’ (antisense), respectively 176 and 175 nu-
cleotides long. The synthesis was performed with a standard scale of
40 nmol. 5 ug of each oligonucleotide was annealed, by the 20 nt long
overlapping region, in a total volume of 50 pl in the following buffer:
10 mM Tris-HCI (pH 7.5), 5 mM MgCl,, and 7.5 mM DTT. The
reaction was heated to 75°C and slowly cooled to 37°C, then 4 pl of
10 mM dNTP and 2 pl (10 U) of Klenow (BioLabs) were added and
incubated for 20 min at 37°C. 1 pl of the resulting mixture was used
as template for the following amplification reaction: (94°C-30 s, 65°C-
30 s, 72°C-1 min) X 32 cycles, +10 min at 72°C, using as primers two
24 nt long oligonucleotides (5'-CCCAAGCTTGGATCCATGTATC-
CA-3’ and 5'-CCCAAGCTTAGATCTACTCGAGTT-3'), located at
the ends of the 322 bp long DNA fragment (Fig. 1). 10 ul of the
amplification reaction was checked on a 1.5% agarose gel; the remain-
ing part was phenol extracted, ethanol precipitated, resuspended in 47
ul of HoO and digested in the appropriate conditions with BamHI and
BgllII restriction enzymes (BioLabs). Finally, 100 ng of a treated
DNA fragment was ligated in the pGEX-4T-3 expression vector
(Pharmacia Biotech).

We arranged, by PCR amplification, the three zinc finger coding
region of the Zif268 gene [24] in the pGEX-4T-3 expression vector. To
this end we realized two oligonucleotides located respectively from nt
‘1294 to 1320’ and from nt ‘1428 to 1454’ on the cDNA sequences of
Zif268. The two oligos were designed with two extra restriction sites
at the ends, compatible with the cloning strategies.

2.2. Electrophoretic mobility shift assay
The electrophoretic mobility shift assay (EMSA) was performed by
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incubating 0.5-1 ng of oligonucleotide probe and purified GST pro-
teins (0.5-2 pug), for 30 min at room temperature in the presence of the
binding buffer: 20 mM HEPES (pH 7.9), 100 mM KCl, 1| mM DTT,
2 mM MgCly, 0.1% NP40, 10 uM ZnCly, 10% glycerol, 50 pg/ml
BSA, 100 ng of poly(dI-dC). After incubation the mixture was loaded
onto a 5% polyacrylamide gel (30:1 acrylamide/bisacrylamide) and
run in 0.5XTBE running buffer at room temperature. The DNA
sequences of the oligonucleotide probes were: 5'-ATTAACCATGTG-
GGTTGGCTGCTCC-3' (Mago ‘code’ deduced DNA binding site)
and 5’-ATTAACCGCGTGGGCGGGCTGCTCC-3' (Zif268 DNA
binding site). Unlabeled competitor oligonucleotides were added, in
the reaction mixture, at 100-, 50- and 25-fold molar excess of the
amount of labeled DNA. The mutant oligonucleotide competitors
were completely mutagenized in the core region (underlined) corre-
sponding to the DNA binding sites of both Mago and Zif268. All the
oligonucleotides used as probes have TTT 5 overhanging from one
strand, and were labeled using a terminal Klenow reaction [23].

2.3. Filter binding

To derive the apparent dissociation constant (K4) we used the filter
binding analysis as described by Stockley [25]. Basically we deter-
mined the fraction of labeled DNA oligonucleotides bound at a series
of peptide concentrations (GST-Mago and GST-Zif268). Binding re-
actions containing oligonucleotide probes (20 000 cpm, corresponding
to <1 ng), peptide (from a dilution series between 107° M and 10~
M) and binding buffer (B) (20 mM HEPES (pH 7.9), 100 mM KCl,
0.5 mM DTT, 50 pg/ml BSA, 10 pM ZnCly) were incubated in a final
volume of 50 ul for 30 min at room temperature. Then, each sample,
diluted to 100 pl with buffer B, was applied on a Millipore 1225 filter
(presoaked for several hours in filter binding buffer: 20 mM HEPES
(pH 7.9), 100 mM KCl, 0.2 mM EDTA), and placed on a filtration
apparatus connected to a vacuum pump. After a quick wash with 5 ml
of buffer B, each filter was removed, dried and placed in a vial with
3 ml of scintillation liquid. Radioactivity associated with each sample
was determined by counting on an open channel. The value of each
sample was corrected by subtracting the count of a background sam-
ple (no protein). A freshly thawed sample of the peptide was used for
each set of experiments. Each experiment was performed in duplicate.

2.4. DNA sequencing

Every construct generated and presented in this paper has been
checked by nucleotide sequence analysis, performed using the Seque-
nase kit according to the manufacturer’s instructions (United States
Biochemical).

2.5. Expression of recombinant fusion protein

Mago and Zif268 DNA fragments were inserted into the BamHI
site of pGEX-4T-3 expression vector (Pharmacia Biotech). Each re-
combinant molecule was expressed in BL21 (DE3) host bacteria by
IPTG induction and purified using glutathione-agarose beads [26].
The isolation of each recombinant protein was checked by Coomassie
blue staining of SDS polyacrylamide gels.

2.6. CASTing DNA target selection

The CASTing DNA target selection was performed following the
methods reviewed by Wright and Funk [27]. In particular, a 44 base
oligonucleotide was synthesized to contain a central region of 12
random bases flanked by 16 base regions with the defined sequence:
5'-ACGCGTCGACGGATCC(A/C/GIT)12AAGCTTGTCGACACG-
C-3'. To yield a mixture of double-stranded DNA fragments enriched
in each possible permutation, one partially overlapping oligonucleo-
tide was annealed and extended by AmpliTaq polymerase (Perkin
Elmer). This mixture was incubated with GST-Mago fusion protein
bound to beads (S pl) in binding buffer (20 mM HEPES (pH 7.9), 100
mM KCl, | mM DTT, 2 mM MgCls, 0.1% NP40, 10 pM ZnCl,, 100
ng of poly(dI-dC), 10% glycerol, 50 pg/ml BSA) in a final volume
reaction of 25 pl, for 30 min [28]. Beads were centrifuged and washed
four times with binding buffer and then boiled for 5 min. The oligo-
nucleotide mixture eluted from the beads by boiling was used for PCR
amplification with the amplifying oligonucleotides corresponding to
the invariable region [28]. After four rounds of selection-amplification,
a fraction of the PCR reaction was cloned in the pGEM-T Easy
Vector and each individual insert was end-labeled and further exam-
ined by EMSA (performed as described above). The inserts showing
the most intense signal were then sequenced and aligned.
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3. Results

3.1. Design of the Mago gene

Using as a model the three zinc finger peptide backbone
proposed by Choo et al. [1], we engineered the artificial
gene named ‘Mago’, directed to target the predicted DNA
sequence: 5'-ATG TGG GTT-3’. As shown in Fig. 1, we
synthesized a DNA fragment 322 bp long, encoding a peptide
containing three zinc finger domains derived from TFIIIA
protein [1], and the epitope tag from an influenza hemagglu-
tinin (HA) subtype [29]. The design of the zinc finger region of
the Mago gene was based on the available recognition ‘code’
that relates specific amino acid positions of the o-helix of a
single finger domain to its cognate DNA target triplet. In
particular, we chose the amino acid/nucleotide base contacts
more frequently represented in the list of the syllabic ‘code’
signatures reported by Choo and Klug [17,30]. We decided to
modify only the positions most critical in determining DNA
binding specificity (positions —1, +3 and +6 of the o-helix)
and to keep invariant the zinc finger peptide backbone pro-
posed by Choo and Klug. Schematically, the resulting struc-
ture of the Mago protein was as follows: the third finger
domain, at the carboxyl-terminal region, was designed to rec-
ognize the DNA triplet 5'-ATG-3’, through the amino acid
residues arginine, valine, and asparagine, respectively in the
crucial positions of the o-helix —1, +3 and +6; the second
finger was designed to target the DNA triplet 5'-TTG-3'
through the amino acid residues arginine, histidine, and threo-
nine (—1, +3 and +6) and finally the first finger was planned
to recognize the triplet 5'-GTT-3’ through the amino acid
residues asparagine, threonine and arginine (—1, +3 and +6)
(Fig. 1).

Moreover, we constructed a second gene encoding the three
zinc finger domains of the well known Zif268 protein [24] in
order to have a natural model system to compare with the
functional properties of the synthetic Mago protein.

3.2. DNA binding activity

The bacterial produced and purified GST-Mago fusion pro-
tein was used in EMSA to test its ability to bind in a specific
manner the code deduced DNA target sequence (Fig. 2A). A
clear shift of the GST-Mago protein was observed in the
presence of the labeled oligo containing the ‘code’ deduced

Hind Il BamHI Pst
AAGCTTGGATCCATGTATCCATATGATGTTCCAGATTATGCTAGCCTGE. CCCTTC 66
M(Y¥ P YD V P D Y} A S L Q E E K P F 18

CAGTGCAGAATCTGCATGAGAAACTTCAGC AAC AGAAGC ACC CAGACC AGA CACACCAGACACACC 132
Q CR I CMRNTFS N RS T QT R HTRHT 40
-1 12 3 4 5 6 7 8 9

GGCGAGAAACCCTTCCAGTGCAGAATCTGCATGAGAAACTTCAGC AGA GGCGGC CAC CTGGTG ACC 198
G E K P F O CRICMZRNTFS R GGG H L V T 62
-1 12 3 45 6

CACCTGAGACACACCGGCGAGAAGCCCTTCCAGTGCAGAATCTGCATGAGARACTTCAGC AGA GCCGCC 264
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Fig. 1. Nucleotide and amino acid sequences of the synthetic three
zinc finger gene, named Mago. The amino acid residues spanning
the o-helix regions of each zinc finger are numbered and underlined.
The nucleotides and the corresponding amino acid positions (—1,
+3 and +6), described to be crucial for DNA binding specificity, are
indicated in bold. The nine amino acids corresponding to the epit-
ope tag HA are indicated between parentheses. Restriction enzyme
sites used for the construction and cloning strategies of the gene are
indicated.
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Fig. 2. GST-Mago and GST-Zif268 fusion protein binding activity analyzed by EMSA. A: Binding of GST-Mago to the recognition ‘code’
DNA target probe (5'-ATG TGG GTT-3"). Competition assays were performed by adding to the reaction mixture a 100-, 50- and 25-fold mo-
lar excess of unlabeled ‘code’ and mutant targets, as indicated above the lanes. B: Binding of GST-Zif 268 protein to its DNA target probe
(5'-GCG TGG GCG-3'). Competitions were performed with a 100-fold molar excess of unlabeled DNA target and mutant target, as indicated

above the lanes.

target 5'-ATG TGG GTT-3’, indicating a strong DNA/pro-
tein interaction. Formation of the complex DNA/GST-Mago
was inhibited by competition with the unlabeled ‘code’ de-
duced target itself (up to 1:25 dilution), while no competition
was observed in the presence of an oligo completely mutagen-
ized in the nine base pair target sequence.

Concomitantly, the GST-Zif268 DNA binding properties
were analyzed and compared in EMSA performed in the
same conditions described above for GST-Mago protein
(Fig. 2B). We used as a probe an oligo containing the
Zif268 DNA target sequence 5'-GCG TGG GCG-3' [31],
competed with itself unlabelled and with an oligo completely
mutagenized in the nine base pair target sequence. These data
together demonstrate that the binding of GST-Mago protein
to its ‘code’ deduced target sequence is efficient and specific,
similar to the ‘natural’ Zif268 protein.

3.3. Filter binding

The high affinity of the GST-Mago peptide for the ‘code’
deduced target revealed by EMSA was more precisely deter-
mined by measuring the relative dissociation constant (Kjy)
[25]. To derive the apparent K4, we performed filter binding
experiments with both GST-Mago and GST-Zif268 purified
proteins, using as a probe their respective targets. Under our
experimental conditions (see Section 2) we obtained for the
GST-Mago/‘code’ target complex and the GST-Zif268/DNA
complex comparable Kys of 5 nM and 1 nM respectively,
indicating a similar affinity of the two proteins toward their
own targets.

3.4. CASTing DNA target selection

We used the GST-Mago protein to pick up the preferred
DNA binding sites in a pool of random oligonucleotides. To
this end, we performed cyclic amplification and selection of
targets (CAST) experiments [27]. Basically, the pool of oligo-
nucleotides obtained after four rounds of selection-amplifica-
tion was cloned in the pGEM-T Easy Vector and the critical
DNA region was amplified and labeled for further screening
by EMSA (Fig. 3A). Using this assay, we analyzed 100 indi-

vidual clones and 10 of them, chosen on the basis of the shift
signal intensity, were sequenced. In particular, the DNA se-
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T

A
Mago "code" target: ATG TGG GTT §
Mago "CASTing" targets: TTG TGG GAT =
B CTG TGG GAT

Fig. 3. Typical mobility shift assay of the CASTing selected GST-
Mago DNA targets. A: Twelve end-labeled DNA fragments, ob-
tained after four CASTing selection-amplification cycles, tested and
compared with the ‘code’ DNA target probe, for their ability to
bind the GST-Mago protein. B: Sequence alignment of Mago ‘code’
DNA target sequence and two CASTing selected DNA targets cor-
responding to the most intense gel shift signals. Clone 10 (shown in
A) is indicated with an asterisk. The invariable core region of the
Mago DNA targets is underlined.
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quences of two of them corresponding to the most intense
shift were: clone 10, 5'-TTG TGG GAT-3' (Fig. 3A) and
clone 30, 5'-CTG TGG GAT-3’ (data not shown). Alignment
of these CASTing Mago DNA binding sites with the ‘code’
deduced target demonstrates that they are almost identical. In
fact, as shown in Fig. 3B, the target sequences share a com-
mon core region 6 nt long and differ in only two nucleotides
at the side positions.

4. Discussion

The possibility of engineering a DNA binding protein able
to target a desired promoter and to exert a regulatory func-
tion when fused with appropriate domains is an attractive tool
for a large number of applications [1-4]. Zinc finger proteins,
because of their structure plasticity and modularity, have been
chosen by several research groups as the framework to design
new artificial transcription factors [15-23]. In particular, a
‘code’ that relates the primary structure of a single zinc finger
to its associated DNA target has been proposed. This ‘code’,
even if not complete and partially degenerate, can make it
possible to generate optimal zinc finger domains for many
desired target sequences. We used the list of the recognition
‘code’ signatures reported by Choo and Klug [17,30] to con-
struct a synthetic gene, named Mago. Here we showed that
Mago recognizes with high affinity and specificity the ‘code’
predicted DNA sequence 5'-ATG TGG GTT-3'. We used
different approaches to study Mago protein properties. Mobil-
ity shift analysis of GST-Mago purified fusion protein re-
vealed that Mago binds the ‘code’ DNA target in a specific
manner. Moreover, the intensity of the Mago protein shift is
comparable with the shift of the well characterized Zif268
protein combined with its natural DNA target. The affinity
of the GST-Mago peptide for the recognition ‘code’ target has
been determined by measuring the relative Ky. In our exper-
imental conditions the Ky of Mago protein relative to the
‘code’ target was comparable to the Ky of Zif268 protein
relative to its DNA target, indicating that the complex
GST-Mago/‘code’ target was almost as stable as the GST-
Zif268/DNA complex. Finally the CASTing target selection
demonstrated that the deduced Mago ‘code’ and the ‘exper-
imental’ selected DNA binding sites are almost identical, dif-
fering in only two nucleotides at the side positions. In agree-
ment with this finding, the study of the interaction between
transcription factors and their DNA targets has pointed out
the presence, within many binding sites, of a conserved core
region, flanked by nucleotide positions more susceptible to
variation [31]. In the cell environment a transcription factor
can bind multiple DNA targets with different affinity, exerting
an additional level of transcriptional regulation [32]. The cal-
ibration of the binding affinity/specificity is one of the critical
points in the design of synthetic zinc finger peptides [18,19,23].
Moreover, data accumulated in literature suggest that not
only the amino acid positions described to be crucial for the
recognition ‘code’ (—1, +3 and +6 of the a-helix), but also
some other amino acid positions, for example position +2 of
the ao-helix and some context-dependent contacts, can play a
role in zinc finger DNA binding properties [20,21,23]. All
these speculations taken together suggest that proteins de-
signed on the basis of the available ‘code’ need to be empiri-
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cally tested for their DNA binding properties. Mago protein,
constructed on the basis of the ‘code’, binds the selected DNA
target with high affinity and specificity. The next step planned
for Mago protein is to study its functionality in the appropri-
ate eukaryotic cell system.
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