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Abstract

We have developed a novel vector system for the efficient assembly of polydactyl zinc fingers. Next to proteins that possess short
canonical TGEKP linkers between all constituting zinc fingers we constructed proteins with longer, 12 amino acid linkers between
two three-finger (3F) units and between three two-finger (2F) units. Fusions of these zinc finger domains with the VP16 activation
domain were tested for their ability to regulate a repressed genomic locus containing contiguous or noncontiguous zinc finger binding
sites in yeast. In contrast to other studies, which were mostly confined to in vitro tests, we did not obtain evidence that superior artificial
zinc finger transcription factors need to contain longer linkers between individual fingers. For the regulation of genomic loci, canonical
linkers within a highly regular backbone in combination with a contiguous 18 base pair DNA target site were found to provide a sound

base for polydactyl zinc finger design.
© 2005 Elsevier Inc. All rights reserved.
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Artificial transcription factors consisting of a designed
polydactyl zinc finger (PZF) domain for DNA binding,
linked to an activator or repressor domain, have recently
gained enormous attention as novel tools in molecular biol-
ogy [1,2]. In theory, it should now be possible to regulate at
will any gene from any organism for which sufficient geno-
mic sequence information has been obtained. PZF domains
are most successfully constructed using the highly modular
Cys,-His, zinc finger (ZF) domains. Just a few amino acid
residues within the a-helix of a Cys,-His, ZF domain are
crucial for the recognition of a particular triplet of a
DNA sequence. Via elegant experimental protocols opti-
mized ZF sequences for triplets starting with 5’ G, A and
C have now been elucidated [3-6].
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The most common strategy for the construction of PZF
domains involves PCR-mediated grafting of modules into a
regular scaffold with a canonical TGEKP’ five amino acid
linker sequence between the different ZFs [2]. Assembly of
six-finger (6F) domains in this way has been shown to lead
to a relatively modest increase in affinity for the corre-
sponding 18 bp target sites compared to the constituting
3F domains for their 9 bp target sites [7,8]. Since on theo-
retical grounds a much higher gain in affinity should be
possible, it was hypothesized that the helical periodicity
of ZFs connected via canonical linkers is just too short to
match the helical periodicity of B-form DNA [9]. Binding
of more extended PZF moieties would therefore increase
DNA unwinding, resulting in a structural tension that
counteracts the stability of the complex. For this reason,
the use of longer linkers at one or more positions within
6F proteins was expected to increase the stability of the
protein—-DNA complex and binding affinity. Indications
to support this view have been published by Kim and Pabo
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[10], who inserted LRQKDGERP and LRQKDGGG-
SERP linkers between two 3F domains and calculated a
6000-fold tighter interaction with the target site than for
its 3F components. Interestingly, these 6F proteins were
able to span one or two extra base pairs present between
the two 9 bp sequences of the half sites. In addition, Moore
et al. [11]found that insertion of TGGEKP linkers between
fingers 2 and 3 and between fingers 4 and 5 (3x 2F design)
resulted in high affinity binding of a 18 bp contiguous tar-
get site, while TGGGSEKP linkers allowed recognition of
noncontiguous target sites with one base pair inserted
between positions 6 and 7 and/or 12 and 13 of the original
18 bp sequence. Unfortunately, neither Kim and Pabo nor
Moore et al. tested the performance of a 6F protein with
only canonical linkers and all conclusions were solely based
on in vitro binding assays and transient in vivo assays using
plasmid-based reporter genes.

Apart from the possibility to vary linker length, the use
of different frameworks to construct PZF domains can lead
to different affinities for the binding sites [8]. So far there is
no consensus in the field and even mixtures of different
backbones within a single PZF protein are frequently
encountered in literature. In this work, we developed a
cloning vehicle for rapid and flexible production of PZF
proteins. To avoid any unnecessary bias and target site
overlap, PZF proteins were in principle constructed using
optimized 5'-GNN recognition helices [3] within a strict
Spl1C framework and cognate binding sites comply with
(GNN)G. The system allows a choice of flexible linkers
of different length at various positions in the multifinger
protein. The sequence of each linker, including the longer
linkers, complies with sequences known to lead to stabiliz-
ing o-helix C-capping interactions upon DNA binding
[9,12,13]. We systematically compared proteins arranged
in a 2x 3F and 3x 2F design with highly regular 6F proteins
for optimal DNA binding. Although PZF modules are
intended for manipulating expression of genomic loci, sys-
tematic analyses of different types of PZF modules for their
ability to be used on chromatin-embedded DNA are lack-
ing. Therefore, we introduced series of VP16-PZF fusions
into yeast (Saccharomyces cerevisiae) strains that carry a
stably integrated, repressed reporter gene with various
ZF target sites. The in vivo gene expression data were com-
bined with in vitro analyses for binding characteristics of
the different proteins. We found that strong in vitro bind-
ing does not guarantee a good performance of the corre-
sponding artificial transcription factor in  vivo.
Remarkably, the most optimal PZF modules for in vivo
transcriptional regulation possessed canonical linkers
between all fingers. These modules were also highly specific
for their corresponding uninterrupted target sites. 6F pro-
teins also performed much better than four-finger (4F) and
five-finger (5F) proteins for in vivo gene activation, a fea-
ture not observed previously. We did not find any indica-
tions that 6F proteins with short, canonical linkers
impose strain on the DNA helix that counteracts DNA
binding affinity.

Materials and methods

Construction of vectors and generation of PZF proteins. The pBluescript
II SK+-derived plasmid pSKN-SgrAl (Fig. 1A, cloning details in Sup-
plementary material) was used for the construction of ZF modules. Oli-
gonucleotides with the coding region optimized for recognition of a
particular 5'-GNN-3" DNA target sequence [3] were sequentially ligated
(see Supplementary material) into the (reoccurring) SgrAl site to obtain
the 6F modules PTF1 and E2C1 (Fig. 2B). PTF2 and E2C2 (Fig. 2B) were
constructed by fusing two 3F-encoding domains. DNA encoding the
C-terminal half of the 6F protein was isolated as a SgrAI-BspEI fragment
and cloned into a BspEl-digested plasmid encoding the N-terminal half of

A Polylinker I
Y Pstl Clal

Notl SV40 nls Nhel Kpnl BamHI  EcoRV  Xhol

5’ - GCGGCCGCTTGAGCCTCCGAAAAAGAAGCGTAAGGTCGAGCTAGCAGGTACCGGGATCCTGCAGGATATCGATCTCGA
CGCCGGCGAACTCGGAGGCTTTTTCTTCGCATTCCAGCTCGATCGTCCATGGCCCTAGGACGTCCTATAGCTAGAGCT

R P|L E PP KK KRIKVE|L AGTGTIULUGQDTIUDTULE
SgrAl
Sfil Agel Xbal SgrAl BspEI Xmal

GGCCCAGGCGGCCCTCGAACCCACCGGTGAATCTAGAAACGCCGGCGAGCTGGGTGGCGGTTCCGGAGAAAAGCCCGGGAA
CCGGGTCCGCCGGGAGCTTGGGTGGCCACTTAGATCTTTGCGGCCGCTCGACCCACCGCCAAGGCCTCTTTTCGGGCCCTT

A Q A AL EPTGESURNA AGETLGSGSGS GEI KPP G K

Polylinker II

Sfil SpelEcoRI  Bgill Nrul Narl Sall  Notl
GAAAACCTCGGGCCAGGCCGGCCAACTAGTGAATTCGAAGATCTCGATGCATTCGCGAGGCGCCGTCCACGGGCGGCCGC-3
CTTTTGGAGCCCGGTCCGGCCGGTTGATCACTTAAGCTTCTAGAGCTACGTAAGCGCTCCGCGGCAGCTGCCCGCCGGLG

K T S G Q A G Q L VNS KTISMHESU® RGA AVDGRP

pSKN-SgrAl

AmpR
B start FLAG-tag Notl stop

5-CTAGTTACGTACCATGGCTIGACTACAAGGACGACGACGATAAGCGGCCGCCCGGG CGA-3'
GATCAATGCATGGTACCGACTGATGTTCCTGCTGCTGCTATTCGCCGGCGGGCCC GCT

CYCI-

ADH
promoter

terminator

p426ADHI

URA3

2u

Fig. 1. Plasmids used in this study. (A) pSKN-SgrAl for the construction
of PZF-transcription factors. Relevant DNA sequences and the derived
amino acid sequence, which includes the SV40 nuclear localization signal
are shown. Sfil sites can be used for the excision of constructed ZF
modules, while a variety of unique restriction sites in polylinkers I and 11
allows translational fusion(s) of additional regulatory effector domains at
the N- and/or the C-terminus of the ZF moiety. (B) p426ADHI for the
expression of PZF-transcription factors in yeast. A linker, which adds an
N-terminal FLAG-tag to the expressed proteins, was inserted in the Spel
and Xhol sites of p426ADH [14].
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Fig. 2. Overview of the 6F protein designs used in this study. (A) The E2C(Spl) 6F construct with its cognate binding site. (B) 6F constructs developed
with pSKN-SgrAl. The PTF and E2C contiguous binding sites are shown above the constituting fingers to indicate the design of the corresponding

individual fingers f1-£6. (C) Alignment of E2C(Spl) and E2C1. Linkers are underlined, B-sheets are shown in boldface and a-helices are boxed. Differences
caused by applying the optimized GNN code [3] and pSKN-SgrAl for construction of E2CI are highlighted by asterisks.

the 6F protein. PTF3 and E2C3 were similarly constructed by sequential
ligation of 2F modules. In addition, a sequence encoding E2C(Spl) was
generated in the pSKN-SgrAl-like vector pSKNN (see Supplementary
material) via stepwise PCR protocols using long overlapping primers
(Figs. 2A and C). The herpes simplex virus VP16 transcriptional activation
domain was cloned upstream from the PZF-encoding sequence (see Sup-
plementary material). Norl sites were used to excise the fusion protein-
coding sequences for cloning into the p426ADH-derived [14] yeast
expression vector p426ADHI (Fig. 1B).

Construction of yeast strains. A Notl-Kpnl fragment of plasmid
pMELa UASc-10bp-UASc (kind gift of Dr. Karsten Melcher, University
of Frankfurt, Germany) [15,16], harbouring the MELI gene driven by the
MELI core promoter was used for the cloning of either one or three ZF
binding sites in the AatIl site (Fig. 3), which is located 79 bp upstream
from the nearest TATA box (cloning details in Supplementary material).
After subcloning of NotI-Kpnl fragments into pSKNN, constructs could
be inserted as Norl fragments into the yeast integration vector pINT1 [18].
Recombinant pINT1 plasmids harbouring the MELI gene in the same
orientation as the APTI gene were linearized with Sacl and Ncol and the
DNA was used to transform yeast strain 21RAmell [17] by a PEG/LiAc
transformation method [18]. Yeast colonies containing the MELI gene at
the PDC6 locus were selected. Plasmid p426 ADHI with the zinc finger-
containing modules (or control constructs) were subsequently transferred
into the reporter strains. The levels of FLAG-tagged proteins were verified
by Western blotting (see Supplementary material).

Galactosidase assays. Galactosidase assays were performed in triplicate
with three independently grown cultures for each yeast target strain/
p426ADHI-derived expression plasmid combination (see Supplementary
material).

Gel shift assays and determination of dissociation constants (see also
Supplementary material). Crude yeast cell extracts were prepared using
CelLyticTM Y Cell Lysis Reagent (Sigma), including 2mM DTT,
according to the manufacturer’s instructions. Samples were assayed for
DNA-binding activity using [0->>P]JdCTP end-labelled synthetic oligonu-
cleotide duplexes (Fig. 3) essentially as described by Moore et al. [19]
except that 20 mM Hepes (pH 7.2) was used as a buffer component instead
of Bis-Tris propane (pH 7.0). Apparent dissociation constants (Ky) for
binding reactions were determined by Scatchard analysis essentially as
described [20], with a constant amount of labelled binding site (15 pM)
and increasing amounts of unlabelled binding sites in each reaction. After
initial trials, conditions were—when possible—chosen in such a manner
that at the lowest probe concentration used (about 10-fold lower than the
estimated Ky) at least 50-60% was bound in complex with the PZF pro-
tein. Assays were performed in triplicate.

Results
Synthesis of PZF proteins and DNA binding sites

The vector pSKN-SgrAl (Fig. 1A) was used for the con-
struction of two different series of 6F proteins (Fig. 2). The
PTF series can be regarded as a random choice out of all
possible 6F proteins that could have been made. Although
not relevant for the present study, the unique 18 bp PTF
recognition sequence is present in the first exon of the
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1P9T9 GACGTACCTTCEATGTC GCCT GGC GCCGAT@CCAGACGTC
1P9TC9 GACGTACCTTCEATGTC GCCTCGGC GCCGATFCCAGACGTC
1P6T6TE GACGTACCTTCFATGTCT GCC GGCT GCCGATFCCAGACGTC

1P6TC6TC6 GACGTACCTTCGATGTCTCGCC GGCTCGCCGATQCCAGACGTC
1E GACGTACCTTCFGGGCC GGA GCC GCAGTGGCCAGACGTC
1E9T9 GACGTACCTTCFGGGCC GGAT GCC GCAGTGGCCAGACGTC
1E9TC?O GACGTACCTTCGGGGCC GGATCGCC GCAGTGGCCAGACGTC
1E6T6T6 GACGTACCTTCEGGGCCT GGA GCCT GCAGTGbCCAGACGTC

A
< >

B
< >

Fig. 3. Organisation of the chromosomal reporter for in vivo assays. The
MELI gene is driven by the MELI core promoter in which one MiglP and
two Galdp sites are present. The Aatll site was used for the cloning of ZF
binding sites shown in the sequence alignment underneath. They were
cloned using primer pairs indicated by arrows in (A) directly below the
corresponding sequence. The arrow to the left represents the opposite
strand of the sequence that is directly above it. The triplets for which ZFs
were designed are boxed and extra insertions within this 18 bp sequence
are shown in italics. An extra G, following the last GNN triplet is
indicated by a black triangle. Constructs with three ZF target sites were
obtained by ligation of three sets of primer pairs indicated in (A). Primer
pairs used for end-labelling are shown in (B).

PINOID gene (AF232236, At2g34650) of the model plant
species Arabidopsis thaliana. The E2C proteins are based
on E2C(Spl) as studied by Beerli et al. [8]. E2C(Spl),
which differs from E2CI1 in fingers 1 and 4 (Fig. 2C),
was included in our study as a reference PZF module.
Data from the E2C series served predominantly to corrob-
orate the ‘random’ PTF data. For the PTF series the indi-
vidual ZFs matched with GNN triplets occurring in the
18 bp sequence 5'-GAT GTC GCC GGC GCC GAT-3/,
for the E2C series the GNN triplets matched with 5'-
GGG GCC GGA GCC GCA GTG-3'. PTFI and E2CI
represent 6F modules with canonical TGEKP linkers con-
necting all individual ZF moieties, while PTF2 and E2C2
contain TGELGGGSGEKP linkers between fingers 3 and
4 and PTF3 and E2C3 between fingers 2 and 3 as well as
fingers 4 and 5. Apart from these 6F final versions, precur-
sors of these proteins were also used for experimentation.
Binding sites were designated 1P and 1E for single contig-
uous binding sites corresponding to PTF and E2C, respec-
tively (Fig. 3) and 3P and 3E for three direct repeats of the
same binding site. We accounted for any possible target
site overlap problem that is inherent to some of the
GNN triplet-binding ZFs, which require a G or T to be
present at the 5’ position in the neighbouring finger’s sub-
site [1]. Apart from a G residue downstream from the tar-
get site sequence, extra internal nucleotides were either T

or TC (Fig. 3). Insertions were placed after every 6 bases
and after 9 bases in the 18 bp PTF binding site, hence giv-
ing rise to the single target sites 1P9T9, 1P9TC9,
1P6T6T6, and 1P6TC6TC6 as indicated in Fig. 3 and
the triple target sites 3P9T9, 3P9TC9, 3P6T6T6 and
3P6TC6TC6. Correspondingly, interrupted target sites
for E2C (Fig. 3) comprised 1E6T6T6, 1E9T9, 1E9TCY,
3E6T6T6, and 3E9TI.

In vivo activity of VP16-PZF proteins

The ability of various VP16-PZF fusions to induce
expression of a reporter gene on a chromosomal locus
was tested in yeast. All single and triple contiguous and
noncontiguous target sites were cloned into the modified
promoter of the MELI reporter gene (Fig. 3). The differ-
ent reporter constructs obtained in this way were all inte-
grated into the PDC6 locus [17]. Growth of the ‘target’
strains in the presence of glucose results in active repres-
sion of the MELI gene through the presence of a Miglp
site [15,21] in the MELI core promoter (Fig. 3). The
actively repressed state of the genomic locus can be over-
come by ADH-promoter-driven expression of the appro-
priate VP16-PZF fusion construct from the 2u plasmid
p426ADHI. Our assay provides an excellent model for
the most common application of designed PZF-TFs.
Moreover, the presence of two Galdp sites (Fig. 3) allows
a direct comparison between the levels of VP16-PZF-med-
iated reporter gene expression in the presence of glucose
and the ‘maximum’ level of MELI activity observed after
galactose induction.

VP16-PTF1 and shorter precursors were tested for their
ability to activate MEL1 expression in yeast strains pos-
sessing either one (Fig. 4A) or three (Fig. 4B) uninterrupted
binding sites in the MELI promoter. The in vivo test sys-
tem clearly demonstrated that at least five ZFs are needed
within a PTF module to activate expression of the reporter
gene under repressed conditions. None of the VP16 con-
structs with four (VP16-PTFf3-6 and VP16-PTFf1-4) or
three ZFs (VP16-PTFf1-3 and VP16-PTFf4-6) was able
to induce detectable levels of a-galactosidase. As expected,
neither PTF1 nor VP16 alone were able to trans-activate
gene expression (Figs. 4A and B); at the same time neither
VP16-PTF1 nor any of the other ADH promoter-driven
constructs mentioned in this paper were able to activate
MELL1 expression in a control strain, lacking a ZF binding
site in the Aatll site of the modified MELI promoter (data
not shown).

The successful trans-activation of MELI expression via
the VP16-PTF1 protein in our test system allowed us to
compare characteristics of the PTF1 module with those
of differently designed 6F modules with longer linkers on
both contiguous and interrupted binding sites. As shown
in Figs. 4C and D, the introduction of a longer linker
between finger 3 and finger 4 (VP16-PTF2) dramatically
reduced MEL]I activation compared to VP16-PTF1, which
possesses TGEKP canonical linkers between all fingers.
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Fig. 4. Effect of different PTF and E2C constructs and controls on MEL1 expression in yeast strains carrying one or three binding sites. MEL1 expression
is shown as the percentage of expression measured in corresponding yeast target strains harbouring p426ADHI and grown in the presence of 2% galactose.
For 3P9T9-containing strains the galactose-induced expression was found to be relatively low, but this did not affect results. (A) Strains containing the 1P
binding site with various PTF-derived constructs. VP16-PTFf4-6 possesses the last three fingers (f4-f6) of the complete 6F PTF1 protein as indicated in
Fig. 2B. VP16-PTFf1-3 possesses the first three fingers. Similarly, the individual ZFs present in the four finger proteins (VP16-PTFf3-6 and VP16-PTFf1-4)
and the five finger protein VP16-PTFf2-5 can be derived from Fig. 2B. (B) strains containing the 3P binding site with various PTF-derived constructs. (C)
Strains with various single binding sites with PTF-derived constructs. (D) Strains with various triple binding sites with PTF-derived constructs. (E) Strains
with various single binding sites with E2C-derived constructs. (F) Strains with various triple binding sites with E2C-derived constructs.

VP16-PTF3, with 2 longer linkers dividing the 6F protein
in a 3x 2F configuration, was completely inactive. Surpris-
ingly, none of the VP16-PTF constructs was able to induce
reporter gene expression in yeast strains with interruptions
in the ZF binding site(s) (Figs. 4C and D). Thus the PTF1
interaction with the contiguous 18 bp target site is the most
effective interaction and is also very specific by not tolerat-
ing extra nucleotides enlarging the binding site.

Results obtained with 6F PTF modules were extended
by experiments performed with E2C(Spl) and pSKN-
SgrAl-constructed E2C versions of PZF domains. Strains
carrying E2C binding sites or derivatives thereof showed
relatively high background levels, indicating interference

of other yeast factors. Nevertheless, VP16-6F proteins were
able to further activate expression of the reporter gene
(Figs. 4E and F). The E2C(Spl) PZF module was some-
what less effective than the E2C1 module for MELI activa-
tion on the 3E target sequence, but on a single target site it
was much more effective. However, reporter genes
endowed with other target sites than the contiguous
18 bp sequence were also activated by VP16-E2C(Spl).
Although E2C(Spl) might be prone to some nonspecific
interactions compared to E2CI1, due to the presence of
two less specific ZFs in E2C(Spl) (Fig. 2C), the reason
why more extended target sites seem to be recognized is
not easily explained. The observed stimulation is specific
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Fig. 5. Western blot analysis of expression of a selection of PZF
constructs in strains carrying three corresponding contiguous binding
sites.

Table 1
Apparent K4 values for E2C and PTF proteins and their target sites

Protein Binding site Apparent Ky (nM)
E2C(Spl) 1E 0.4 (£0.1)
E2C1 1E 7.1 (£1.9)
1E9T9 >20
E2C2 1E >20
1E9T9 >20
PTF1 1P 1.5 (£0.7)
1P9T9 1.9 (£0.2)
PTF2 1P 5.4 (+0.9)
1P9T9 2.4 (£0.8)

Measurements were performed in triplicate. Standard deviations are
shown in brackets.

for the cloned binding sites, because VP16-E2C(Spl) did
not stimulate expression in yeast strains harbouring PTF
target sites (data not shown). In any case, for the pSKN-
SgrAl-generated E2C series as well as for the PTF series
the interaction between a PZF domain with canonical link-
ers and a noninterrupted 18 bp target site proved to be the
most efficient and specific for VP16-mediated trans-activa-
tion of a repressed genomic locus in yeast.

To exclude that the rather unexpected results of the in vi-
vo gene activation assay were caused by differences in pro-
tein synthesis we checked the presence of FLAG-tagged
PZF proteins by immunodetection (Fig. 5). All proteins
were produced at comparable levels, irrespective of the
presence of longer linkers and a VP16 domain.

In vitro DN A-binding properties of PZF proteins

Extracts from the yeast strains tested in the in vivo
system were used for gels shift analysis. Although not
affecting binding parameters, the presence of the fused
VP16 domain consistently led to the appearance of
supershifted bands (data not shown). This is probably
caused by interactions of VP16 with components of the
basal transcription machinery and/or other chromatin
components [22]. With a single shifted complex the

bound fraction is much easier to quantify, therefore we
used extracts from yeast strains producing ‘free’ PZF
domains for a detailed in vitro characterization. Calculat-
ed dissociation constants are shown in Table 1.

The yeast system was validated by the observation that
the apparent K4 for E2C(Sp1) with 1E was calculated to be
0.4 nM. This value was very close to the value of 0.5 nM
reported by Beerli et al. [8], who used purified Escherichia
coli-produced protein. The difference in Ky value for
E2C1 with 1E (7.1 nM) is most likely explained by the
use of two different individual ZFs in the E2C1 version
(Fig. 2C). A drawback of the yeast system is that the
PZF protein concentrations are relatively low, which ham-
pers any accurate determination of Ky values above 20 nM.
This was the case for all pPSKN-SgrAl-derived 6F proteins
with binding sites not listed in Table 1, including the 6F
proteins with two longer linkers (PTF3 and E2C3). In addi-
tion, none of the 3F proteins mentioned in our study
bound any of the target sites with a K4 value in the lower
nanomolar range (data not shown). Instead, all estimated
K4 values for 3F proteins, which can be regarded as constit-
uents of the more complex PZF domains used in our study,
were estimated to be well over 20 nM. Again this agrees
with data reported by Beerli et al. [8], who found K, values
ranging from 25 to 75 nM for a variety of 3F proteins. In
all those cases, where accurate measurements were not fea-
sible due to the combination of high K4 values and low pro-
tein concentrations as present in yeast extracts we did not
pursue further analysis of in vitro DNA binding.

The 6F protein PTF1 bound with nanomolar affinity to
the 1P and 1P9T9 site, with only a slightly higher K4 for the
1P9T9 site (Table 1). Surprisingly, in our in vivo test sys-
tem we observed a substantial difference in MEL1 expres-
sion; while the contiguous sites mediated efficient trans-
activation of MELI expression, no MEL activity was
detected in strains carrying 1P9T9 and 3P9T9 target sites.

Just as PTF1, the 2x 3F version of PTF (PTF2) exhibit-
ed nanomolar Ky values for the interaction with 1P
(5.4nM) and 1P9T9 (2.4 nM). The introduction of the
longer TGELGGGSGEKP linker between the two 3F pep-
tides thus does not have a major negative effect on the
binding of the 6F protein in vitro; the 2x 3F Ky values
are still much lower than measured for the two 3F compo-
nents separately. The in vitro data indicate that introduc-
tion of a single TGELGGGSGEKP linker causes a
modest preference of the resulting 2x 3F protein for the
interrupted 1P9T9 binding site over the 1P site. Remark-
ably, this was again not apparent in the in vivo assay (Figs.
4C and D) since PTF2 could trans-activate reporter gene
expression via the contiguous 1P and 3P sites, but not
the 1P9T9 and 3P9T9 sites.

While the in vivo and the in vitro data regarding PTF pro-
teins and their derivatives could be compared, a similar com-
parison proved to be problematic for the E2C series. As
mentioned above, E2C(Spl) is constructed with different
ZFs (Fig. 2C) with the purpose of serving as an internal stan-
dard, but not as a logical component of the series of E2C pro-
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teins. Of this series, only E2C1 was effective in vivo and had a
sufficiently low K value to be determined in our system. The
relatively high Ky value of 7.1 nM of E2C1 for binding to 1E
explains why Ky values for E2C2 just fell outside of the mea-
surable range, assuming that E2C1 and E2C2 follow the
same trend as PTF1 and PTF2 (Table 1). For the 2x 3F
E2C2 protein, an in vitro preference for the 9T9 binding site
might also exist, but could not be established under the exper-
imental circumstances.

Discussion

Successful use of PZF-containing artificial transcription
factors to modulate expression of eukaryotic genes
requires that the PZF domains can interact efficiently with
cognate recognition sites that are present within chroma-
tin. The yeast system developed in this study offers the
possibility to test transcription factors based on zinc fin-
ger technology for their potential to regulate a genomic
locus and—at the same time—allows the production of
different types of PZF proteins for in vitro analysis. Our
study describes, for the first time, a systematic comparison
of different 6F designs, including a ‘straight’ 6F peptide
with only canonical linkers between the individual ZFs.
The well established 6F peptide E2C(Spl) was included
a reference.

While several studies have indicated that artificial
transcription factors with shorter PZF modules can influ-
ence gene expression in vivo, even on genomic loci [23—
25], we did not find any transcriptional activation of
the repressed genomic yeast reporter locus via VPI16-
PZF modules with less than five ZF moieties. Apparent-
ly, our in vivo assay system puts up a high threshold for
establishing contact with the binding site. Regarding the
fact that most PZF modules to be constructed will be
intended for in vivo applications, most notably on a
genomic locus, a robust assay to test a logical series of
PZF designs to function on a genomic locus was advan-
tageous. Because of the challenging in vivo requirements
in our experimental setup, several practical conclusions
regarding PZF design can now be drawn with more cer-
tainty. First of all, efficient transcriptional stimulation
can only be achieved when a PZF domain possesses an
apparent Ky value for its cognate binding site that is
below 10nM wunder our experimental conditions.
Remarkably, as a second point, it is absolutely clear that
a low Ky value for a PZF-DNA interaction is no guar-
antee that this interaction will be useful in vivo. In addi-
tion to these conclusions it should be remarked that an
apparent Ky value is a rather arbitrary unit as there is
no strict consensus on a uniform method for establishing
these values for protein-DNA interactions. K4 values can
vary considerably when determined under different condi-
tions [19] and a calculated value can therefore not direct
PZF design for in vivo applications. The third and most
important conclusion to be drawn from our experiments
is that a very strict 6F design with only TGEKP canon-

ical linkers between the individual fingers performs opti-
mally in vivo with great specificity for contiguous 18 bp
target sites.

Our 2x 3F designs (PTF2 and E2C2), with the longer
TGELGGSGEKP linker between finger 3 and finger 4,
showed a dramatic reduction in the trans-activating
potential compared to the 6F modules with canonical
linkers between all constituting ZFs. The presence of extra
base pairs within the binding site completely abolished
trans-activation. Despite our efforts to comply with
insights based on structural analysis of linker properties
[9,12,13,26], it might be argued that our longer linker does
not have the most optimal design. However, in vitro the
TGELGGSGEKTP linker containing PTF2 protein showed
strong interactions with both the 1P and 1P9T9 target
sites (Table 1), similar as observed for PZFs with alterna-
tive designs of longer linkers in comparable in vitro test
systems [10,11,19,26]. Although we cannot exclude that
superior longer linkers can be designed, it seems unlikely
that a particular need for longer linkers exists in vivo in
order to meet any progressing unwinding of the DNA
caused by an increasing number of zinc fingers. This con-
clusion is likely to be a universal lead for PZF design.
Recent structural data do indeed suggest that PZF
domains with TGEKP linker sequences should provide
ample flexibility to bind DNA without any destabilizing
effects [27].

The discrepancies between in vitro and in vivo data
are not easily explained, but must originate from a rather
basal difference between naked DNA and similar
sequences presented as chromatin-embedded DNA. The
helical periodicity of B-form DNA in solution is
~10.5bp per turn, but it has been shown that DNA
unwinding can be actively induced upon binding of PZFs
[28]. However, DNA that is organised within a nucleo-
some has a different helical periodicity [29] and is prob-
ably less prone to allow conformational changes.
Altogether, our data indicate that the helical periodicity
of a longer PZF domain with only short canonical
TGEKP linkers fits best with the helical periodicity of
contiguous target sites present in chromatin-embedded
DNA. The demonstration that the most regular PZF
design has in fact all valuable traits for gene regulation
in vivo strongly indicates that designing biologically
active PZF domains in such a manner will be a success-
ful and reproducible strategy.
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