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Extensive contact with DNA via mul-
tiple zinc fingers allows highly spe-
cific DNA-binding of zinc-finger-class
transcription factors, but can also slow
the target search process. Here we intro-
duce recent insights into how zinc-finger
proteins can rapidly scan DNA. Potential
application of the new knowledge to
the zinc-finger-based technology is also
discussed.

Introduction

Cys,-His, type zinc-finger proteins are
the most common family of transcription
factors with > 500 genes encoded in the
human genome. These proteins recognize
target DNA sequences via three or more
zinc-finger domains. Their extensive con-
tact with DNA via multiple zinc fingers
enables high stability of the sequence-spe-
cific complexes (with typical dissociation
constants, K, in the pM to nM range)
that regulate gene transcription. The zinc-
finger protein family includes both consti-
tutive transcription factors (e.g., Spl) and
inducible transcription factors (e.g., Egr-1).
Expression levels of constitutive transcrip-
tion factors in the nuclei are constantly
high. For example, Sp1’s concentrations in
the nuclei were estimated to be as high as
~100 nM. Inducible transcription factors
are shortlived proteins whose expressions
are induced only by certain stimuli to the
cells. Within their short lifetimes (Y2 — 1
h for Egr-1),! inducible transcription fac-
tors must rapidly scan DNA, find targets,
and activate or repress particular sets of
genes so that the cells can rapidly respond
to the stimuli. Although both stability in
target binding and rapidity in target search
are important, these two are mutually
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opposing issues. This is a problem known
as the speed-stability paradox.? In the pres-
ent article, we introduce recent insights
into how zinc-finger proteins efficiently
scan DNA and resolve the speed-stability
paradox. The new knowledge seems useful
for understanding natural zinc-finger tran-
scription factors as well as for improving
artificial zinc-finger proteins.

Egr-1: An Inducible Zinc-Finger
Transcription Factor that Must Act
Fast

Egr-1 (also known as Zif268) is one of the
best-characterized zinc-finger proteins. The
crystal structure of Egr-1 bound to its tar-
get DNA was solved in 1991, which greatly
helped researchers not only to understand
DNA-recognition by zinc-finger proteins
but also to develop the zinc-finger technol-
ogy. Egr-1 plays crucial roles particularly
in the brain and cardiovascular systems in
mammals. In the brain, Egr-1 is induced by
synaptic signals in an activity-dependent
manner and activates genes for long-term
memory formation and consolidation.*> In
the cardiovascular system, Egr-1 is a stress-
inducible transcription factor that activates
the genes for initiating defense responses
against vascular stress and injury.® Egr-1
recognizes a 9-bp target DNA sequence,
GCGTGGGCG, via three zinc fingers.
Egr-1 induced by the cellular stimuli acti-
vates more than 50 genes. For example,
Egr-1 induced by vascular stress activates
genes of pivotal signaling proteins TNFa,
ICAM-1, CD44, PDGF A/B chains,
TGFB and M-CSF."*” Gene activation by
Egr-1 is rapid. Expression of these proteins
is found ~30 min after Egr-1 expression.”
Considering this time gap, together with
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Figure 1. (A) Speed-stability paradox. (B) The search and recognition modes found in the DNA-scanning process of the zinc-finger protein Egr1. In the
search mode, a zinc finger (red) is mainly dissociated while the other zinc fingers (green and yellow) are nonspecifically bound to DNA. In the recogni-
tion mode, all zinc fingers are in contact with DNA. (C) Intersegment transfer observed in the coarse-grained molecular dynamics simulations.

the times typically necessary for transcrip-
tion (-5 min), RNA processing and export
(-20 min),® and translation (-5 min),’ gene
activation by Egr-1 seems to occur in less
than ~2-3 min. In this short time, Egr-1
must find its target DNA sites and recruit
RNA polymerase II for transcription.

Speed-Stability Paradox
in DNA Scanning

Transcription factors have to initiate their
role by searching for its target DNA sites
among billions of DNA base pairs in
the nucleus. While scanning DNA, they
should discriminate the target sites from
an enormous amount of nonspecific sites
based on relatively small difference. In the
target search process, the transcription
factors perpetually change their locations
on DNA in a stochastic manner. Three
major mechanisms for proteins’ trans-
location on DNA are known: 1) sliding,
2) dissociation and re-association, and
3) intersegment transfer (also known as
direct transfer)."”!? When considering
the DNA-scanning process, one should
remember that DNA concentration in the
nuclei is extremely high: ~100 mg/ml."
This corresponds to -5 mM for 30-bp
segments. With typical affinities for non-
specific DNA (K, around 0.1 — 10 uM),
transcription factors in the search process
in the nuclei should be mostly bound
to nonspecific DNA sites, rather than
in the free state, before reaching their
target sites.”? Although this can in prin-
ciple shorten the search time via reduced
dimensionality,"* trapping by the nonspe-
cific DNA sites can substantially slow the

search process.'”"
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In their 2004 paper on theoretical con-
siderations on kinetics of protein-DNA
interactions,” Slutsky and Mirny demon-
strated that rapidity in target search and
stability in target binding are difficult to
simultaneously be achieved without a spe-
cial mechanism. This speed-stability para-
dox is highly relevant to zinc-finger proteins
that involve several zinc fingers as DNA-
binding domains. Extensive contact with
DNA via multiple zinc fingers is obviously
advantageous for high stability of the spe-
cific complex with a target site. However,
the extensive contact with DNA can slow
the search because the protein molecule
has to break a larger number of interactions
with DNA whenever it moves from one site
to another on nonspecific DNA for scan-
ning (Fig. 1A). Despite this problem, zinc-
finger transcription factors such as Egr-1
achieve both rapid search and high affinity
for target sites. How do the natural proteins
resolve the speed-stability paradox?

Some theoretical research groups con-
sidered a model known as the “confor-
mational switch model” as a mechanism
that can resolve the speed-specificity para-
dox.>!%18 In this model, the speed-stability
paradox is resolved via rapid conforma-
tional transitions of the proteins between
the search and recognition modes. The
search mode is suitable for the proteins’
rapid translocation but unsuitable for
high stability and specificity, whereas
the recognition mode is unsuitable for
rapid translocation but suitable for high
stability and specificity. By taking these
two modes dynamically while bound
to nonspecific DNA sites, the proteins
can efficiently scan DNA in this model.
Owing to recent advances in experimental
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and computational biophysics that have
enabled investigations of sub-nanoscale
dynamics in the DNA-scanning pro-
19-22 the

cesses, theoretical

model has become easier.

examining

The Search and Recognition
Modes of Egr-1

By using NMR spectroscopy and coarse-
grained molecular dynamics simulations,
Zandarashvili et al. found that the confor-
mational switch model explains well how
Egr-1 can achieve both high specificity in
binding and rapidity in search.” Egr-1
binds to its target DNA via three homolo-
gous zinc fingers ZF1, ZF2 and ZF3 (con-
nected with two 5-residue linkers).> The
NMR investigations on Egr-1 bound to
nonspecific DNA indicated that Egr-1
undergoes  highly dynamic domain
motions when scanning DNA.? Egr-1’s
ZF1 in the nonspecific DNA complex is
mainly dissociated from DNA and under-
goes independent collective motions with
ZF2 and ZF3 being nonspecifically bound
to DNA. The dynamic behavior of ZF1
in the DNA-scanning process was unex-
pected, because crystallographic studies
of the specific complex indicated that all
of Egr-1’s three zinc fingers are equally
involved in binding to the 9-bp target
sequence.’ In light of the conformational
switch model, the dynamic state of Egr-1
bound to nonspecific DNA via only two
zinc fingers corresponds to the search
mode (Fig. 1B); the state observed in
the crystal structure of the specific com-
plex with all three zinc finger domains
bound to DNA corresponds to the rec-
ognition mode. Domain motions seem to

59



A Net charge B A L C
’m._ Egr1  Spt o] ZF1 ZF2 ZF3
Eg;;i mﬂm&msm;ﬁf:::”“ YiE A g
KEKQHICHIQGC =
B o CEEm D
Eor-1 Fogiocns—-GewrSRsoRbITaRtZE) Lo tie | o 0
Sp1 {FGERFFMCTWSYCGRRETRSDELQREKRTH 2
Eb zl 40
Egr-1 mm:--cmmmn ZE3 +de  +de
Sp1 TGERKFACFE--CPKRFMRSDHLSKHIKTH P

=
ZF2

Figure 2. (A) The amino-acid sequences and net charges of the three zinc-finger domains of Egr-1 and Sp1. (B) Electrostatic binding free energies for
Egr-1's three zinc finger domains (C) Inter-domain interfaces in the crystal structure of the Egr-1 / target DNA complex. Two hydrogen bonds involving
a salt bridge stabilize inter-domain interactions between ZF2 and ZF3, whereas there is no corresponding stabilization between ZF1 and ZF2.

permit the transitions between the search
and recognition modes of Egr-1. Because
ZF1’s domain motions occur on a nano-
second timescale, transitions between
the two modes can occur more rapidly
than translocation. Owing to ZFI’s local
dissociation, Egr-1 can rapidly transfer
from one nonspecific site to another in
the search mode. By kinetic experiments
and coarse-grained molecular dynamics
(CGMD) simulations, Zandarashvili et
al. found that ZF1’s local dissociation in
the search mode can facilitate interseg-
ment transfer between two DNA duplexes
via an intermediate where an Egr-1 mol-
ecule transiently bridges two DNA mol-
ecules (Fig. 1C).” This process follows
the “monkey-bar” mechanism.”? In fact,
Egr-1’s intersegment transfer between two
nonspecific DNA duplexes was found to
occur very efficiently with a second-order
rate constant of 3.6 x 10° M s, Based
on the CGMD data and the distance
between two DNA ends of a nucleosome,
they speculated that Egr-1 might bypass
nucleosomes via intersegment transfer
effectively and carry out continuous scan-
ning for an efficient target search.

Balance Between the Search
and Recognition Modes

Zandarashvili et al. demonstrated that the
balance between the search and recogni-
tion modes could be modulated via muta-
genesis.”? ZF1’s weaker interactions with
DNA and with ZF2 appear to be the deter-
minants of ZF1’s unique behavior in DNA-
scanning (Fig. 2). In fact, T23K/Q32E
mutations that strengthen these interac-
tions suppressed ZF1’s domain motions in
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DNA-scanning to a level comparable to
those for ZF2 and ZF3. In other words,
these mutations increase the population
of the recognition mode, and decrease
the population of the search mode. This
caused significantly lower efficiency in
intersegment transfer. It is probably pos-
sible to lower the population of the recog-
nition mode by weakening ZF-DNA and
ZF-ZF interactions. Such artificial modu-
lation of the search and recognition modes
could be useful in the zinc-finger-based
technology (see below).

The balance between the search and
recognition modes for natural zinc-finger
proteins may depend on whether they are
inducible or constitutive transcription fac-
tors. Due to their high expression levels,
constitutive transcription factors do not
have to exhibit rapid search for rapid gene
activation. So the balance between speed
and stability for constitutive transcription
factors may be shifted toward stability in
target binding. Interestingly, comparison
of amino-acid sequences of Spl and Egr-1
zinc fingers supports this idea (Fig. 2A).
Together with its electrostatic free energy
profile (Fig. 2B), Egr-I’s charge distri-
bution (ZF1, +le; ZF2, +4e; ZF3, +4e¢)
suggests weak ZF1-DNA interaction,
whereas that of the constitutive transcrip-
tion factor Spl (ZF1, +7¢; ZF2, +4e; ZF3,
+4e) suggests strong ZF-DNA interac-
tions for all zinc fingers. Furthermore,
all amino-acid residues involved in inter-
domain hydrogen bonds and salt bridge,
which are found for ZF2-ZF3 interface of
Egr-1 (Fig. 2C), are conserved for both
ZF1-ZF2 and ZF2-ZF3 interfaces of Spl.
These facts implicate a low population of
the search mode and a high population of
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the recognition mode for Spl. This should
be investigated in further studies.

Relevance to the
Zinc-Finger-Based Technology
Artificial modulation of the balance
between the search and recognition modes
may allow improving the zinc-finger-based
technology. Engineering of Cys -His -
type zinc-finger proteins has been one of
the most popular strategies for artificial
gene control and in vivo gene manipu-
lation.*** The methodology to change
DNA-binding specificity of the zinc-fin-
ger proteins has been well established. It
makes use of affinity-based selection from
a pool of zinc-finger domains with random
mutations at residues responsible for DNA
recognition.” Combining the engineered
zinc-finger domains with other functional
domains enable creating the artificial zinc-
finger proteins that can control or manipu-
late particular genes. Artificial zinc-finger
transcription factors with transactivation or
repression domains have been successfully
created for controlling disease-relevant
genes.”*» Zinc-finger nucleases (ZFNs)
with a nuclease domain permit gene modifi-
cations via sequence-specific double-strand
break followed by endogenous repair pro-
cesses.”>?” Because the current zinc-finger-
based technology relies on affinity-based
selection that can give a strong bias toward
stability of the complexes with target sites,
it is possible that the current artificial zinc-
finger proteins do not necessarily locate
their target DNA rapidly.

In fact, there are some recent reports
on defects of artificial zinc-finger proteins
despite their high affinities for the target
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DNA sites.”?! Shimizu et al. found that
adding zinc fingers to ZFN substantially
the DNA-
cleavage activity of ZFN.*' This is under-
standable in light of the speed-stability

paradox, because additional zinc fingers

reduced sequence-specific

would certainly render slower search for the
target sites. Pattayanak et al. showed that
off-target cleavage, which will cause tox-
icity in therapeutic applications of ZFN,
becomes more significant with excessive
DNA-binding energy.® If the balance
between stability and speed is shifted too
much toward stability, the protein’s resi-
dence times at each nonspecific site should
become longer, which may let cleavage hap-
pen. Engineering to optimize the balance
between binding stability and search speed
could improve artificial zinc-finger proteins
for therapeutic applications.

Future Perspectives

Although target search by DNA-binding
proteins has been studied over three
decades, the field has been largely just
descriptive, lacking the maturity required
to enable engineering for improving the
search kinetics of natural or artificial
proteins. This was primarily because
there were no suitable methods for inves-
tigating the DNA-scanning process at
an atomic level. This critical barrier has
been cleared now by recent methodologi-
cal advances that have enabled obtaining
sub-nanoscale information on DNA-
scanning. We expect that further stud-
ies will enable optimizing the balance
between stability and speed for artificial
zinc-finger proteins. In particular, more
information on the determinants of tar-
get search speed for zinc-finger proteins
would help establish the strategy to create
artificial zinc-finger proteins that can rap-
idly locate their target DNA sites. Further
studies on DNA-scanning of zinc-finger
proteins can thus lead to substantial
improvement of artificial gene control
and gene manipulation, and may boost
the field of zinc-finger-based gene ther-
apy, which is currently at Phases 1 and 2
of clinical trials.
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