CHAPTER 2

C,H, Zinc Fingers As DNA Binding Domains

Shiro Iuchi

Abstract
ﬁ great number of C,H) zinc finger proteins selectively bind

to specific DNA sequences and play a critical role in con-
rolling transcription of genes. The specific binding is
achieved by zinc finger domains with Bt structure that is formed
by tetrahedral binding of Zn*" ion to the canonical cysteine and
histidine residues. Two to three tandem zinc fingers are
necessary and sufficient for the specific binding without
participation of any other domains. Zinc fingers bind in the major
groove of the DNA, wrapping around the strands, with specificity
conferred by side chains of several amino acid on the o helices.
Some zinc finger proteins undergo homodimerization by
hydrophobic interactions or by finger-finger binding and
reinforce the specific binding to DNA. Conserved linkers
between tandem fingers are necessary for stabilizing the DNA
complex. Regulatory mechanisms of zinc finger binding to DNA
are emerging. Some cellular factors are found to acetylate and
phosphorylate zinc fingers and the linkers of a few proteins. These
modifications alter the binding activity of the zinc finger
proteins and hence control expression of their target genes. Other
factors can methylate promoter regions of genes. This modification
alters affinity of zinc finger proteins for the DNA segments and
hence controls expression of their target genes.

Introduction

The C;Hj zinc finger consists of twenty to thirty amino acid
residues that have a special secondary structure stabilized by zinc
tetrahedral binding to two cysteine and two histidine residues.!
Proteins with these zinc fingers are called C,H; zinc finger
proteins. The C;H; zinc finger protein family is the largest group
of all zinc finger protein families (Table 1) and the second largest
group of all protein classes after the envelope glycoprotein GP120
family. The proteins are present in prokaryotes as well as eukaryotes
and are abundant in mammals. More than 700 human genes, or
greater than 2% of the total human genes, encode C,Hj; zinc
finger proteins.” Not surprisingly, C;H, zinc finger proteins
participate in a variety of cellular activities including develop-
ment, differentiation, and tumor suppression. Among C,H, zinc
finger proteins, many bind to DNA duplexes in a finger-mediated
specific manner and participate in controlling expression of the
target genes. C;H» zinc fingers, which are often described as
X,CX,4CX,HX, gH to show the intervals between the zinc
binding residues, contain two B strands and one o helix. All the
primary, secondary and tertiary structures are important for
binding to DNA duplexes. In this chapter the general features of
C,H; zinc fingers-DNA binding are described.

Folding of C,H, Zinc Fingers

Requirement of zinc ion for transcription factors to bind their
cognate DNA was found in Xengpus TFIIIA (Transcription Fac-
tor I11A) first.8 The requirement was due to the ion coordination
with a small peptide domain, named zinc finger, that
contains two canonical cysteine and histidine residues.** Now,
thousands of proteins are known to have C;Hj zinc fingers and
the majority of the fingers are thought to bind to DNA. Zinc
finger proteins can take three states: unfolded, folded and
DNA-bound forms (Fig. 1 and for details of folded zinc finger
domain see ref. 1 and 3 as well as Fig. 1 of Chapter 8). Unfolded
zinc fingers do not bind to target DNA, but folded fingers bind
to the cognate DNA duplexes. The protein molecules of the DNA
complex are usually associated with other transcription factors
that bind to different domains on the zinc finger protein, or to
different parts of the zinc fingers. The CyH; zinc finger motif
contains all the information necessary for its folding but folds
properly only when Zn?* binds to the canonical residues, two
cysteines and two histidines.”!? The change in Gibbs free energy
(AG) of the folding is enthalpy-driven. The amount, about -8.8
kcal per mole (Table 2),!" indicates that the folded fingers are
very stable. C;H; zinc fingers contain three conserved
hydrophobic amino acids at position -12, -3 and +4 in addition
to the two canonical cysteines and histidines (see bolded amino
acids in the sequence below where the first amino acid residue of
the o helix is designated as position 1). It has been shown that
these seven amino acid residues are necessary and sufficient to
fold peptides properly by using a designed-synthetic peptide,
K(-13)-YACAACAAAFAAKAALAAHAAAHA-K13.” This
peptide binds Co?*, a substitute for Zn®*, to the cysteines with a
higher affinity than to the histidines, and the proper folding
occurs only when the ratio of the ion to the peptide is one or
higher. Similar binding of Zn®* to the zinc finger motif has also
been observed in the synthetic peptide of the zif268 third finger
[F(-12)-ACDICGRKFARSDERKRHTKIHLRQ-K15].1%12 The
authors of this work have proposed that the zinc finger folding
begins with binding of Zn*" to the canonical cysteines and then
establishes the tetrahedral structure involving the histidines. They
have also suggested that the o helix emerges at the
$(1)-DERKRHTKI-H11 sequence as the metal ion binding
proceeds.

Tandem C,H,; Zinc Fingers

C,H; zinc finger proteins often contain the fingers as tandem
repeats connected by short oligopeptides, called linkers. Based
on the number and repeat pattern of the fingers, C;Hj zinc
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Table 1. Number of zinc finger proteins reported as

of May 2003
Number Average Domain’s
Type of Proteins Length (AA)
CzH; 23,989 23
CCHC (CZHC) 5,215 17
RING 2,010 41
LIM 1,246 58
CZCZ (ZX)* 1,243 65
CCCH (C,CH) 1,019 26
TAZ 51 81

Data are taken from Pfam 9.0 at Washington Uninversity in St.
Louis. *The number is for proteins containing two C2C; fingers.

finger proteins can be divided into four classes (Fig. 2), (A) single
C;H;, (B) triple C;H;, (C) multiple-adjacent C;H,, and (D)
separated-paired C;H; zinc finger proteins.'? This classification
is useful to predict how the zinc fingers of the proteins exert their
binding activity. The single zinc finger differs from the other zinc
fingers in that it requires an additional, non-zinc finger domain
to establish the binding to the target DNA.! The other classes,
that is the triple, multiple-adjacent and separated-paired C,H,
fingers, bind to the specific DNA sequence without the aid of
other domains. Both the triple C;H; and the multiple-adjacent
C;Hj zinc fingers bind to the cognate DNA at the three consecu-
tive fingers.'> Another experiment has shown that a finger pep-
tide with four-tandem identical repeats binds to the target DNA
sequence at the three consecutive fingers only."® Furthermore,
the separated-paired C;H; finger can also specifically bind to the
cognate DNA, often at the one pair finger. Taking all these
results into account, it may be concluded that two to three
successive C,Hj zinc fingers are the most suitable unit to
specifically bind to the cognate DNA.

Multiple-adjacent C;H, zinc fingers bind to the DNA, based
on the rule that two to three successive fingers are responsible for
the specific DNA binding, but the fingers have additional DNA
contacts. For example, TFIIIA with nine zinc fingers establishes
the DNA binding at fingers 1-3, but briefly touches the DNA at
finger 5 and weakly binds to the DNA at fingers 7-9.16¢-20
Another example is Zac. This has seven zinc fingers and binds to
a GC rich DNA duplex. Biochemical and genetic analysis have
shown that Zac binds to the DNA at the two consecutive fingers
(finger 2-3) and also at the three consecutive fingers
(finger 5-7), without involving finger 4.2! Accordingly, Zac
contacts the DNA at more than three fingers, keeping the two to
three finger-DNA binding rule. It is curious that extra fingers are
present in multiple-adjacent zinc finger and separated-paired zinc
finger proteins, but it is becoming increasingly clear that the ex-
tra fingers are engaged in other interactions not only with a
secondary locus of DNA but also with distinct molecules such as
RNA and proteins.!>?%24

It is interesting to speculate how these tandem zinc fingers
have evolved from a single finger. The Escherichia coli gene, arcA,
encodes a helix-turn-helix DNA binding repressor protein for the
genes directing aerobic respiration enzymes.” This gene has an
identical eleven-nucleotide sequence flanking a short region, and
this genetic organization prompts the region to duplicate sponta-
neously (Iuchi and Lin, unpublished). Similarly, the identical
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Figure 1. Schematic representation of three states of C,Hj zinc finger
proteins. A) Primary structure of proteins. Polypeptide has three tan-
dem fingers (ZF1, ZF2 and ZF3), each of which has & helix region
(thickline) and is connected by linker (L). Other domains of the polypep-
tide are presented by A, B, ---—-, Z. B) Folded zinc finger proteins. Zn**
tetrahedrally binds to the canonical cysteine and histidine residues and
stabilizes the zinc finger’s tertiary structure. (For details of folded C,H,
zinc fingers, see ref. 1 and 3 as well as Fig. 1 of Chapter 8). C) Zinc finger
protein-DNA complex. The o helices of three zinc fingers bind to the
DNA duplex in the major groove. Various domains of zinc finger pro-
teins, including a part of zinc fingers, interact with other transcription
factors.

linker sequences flanking the C,H, zinc finger DNA may allow a
zinc finger sequence to duplicate together with the linker itself
(Fig. 3). The duplication would in turn stimulate the gene
duplication further by using the linkers again or the zinc finger
itself. The multiple zinc fingers can gain a better affinity for a
DNA sequence and give the zinc finger protein molecules a
selective advantage over the original finger proteins to function
as transcription factors. This speculation is consistent with the
fact that many of the separated-paired C;H; and wriple C;H,
zinc fingers conserve amino acid residues between tandem zinc
fingers. After the duplication, point mutations would further
improve its affinity for the target. Alternative splicing within the
gene?®? or recombination with another zinc finger gene®® would
allow the finger peptide to acquire tandem hybrid zinc fingers
with a very different specificity. It should not be difficult to show
that gene duplication indeed causes the evolution in living cells
using well-established bacterial and yeast genetic systems.
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Table 2. Thermodynamic parameters for zinc finger reactions

Reaction ZF K, (M) AG AH TAS Reference
ZFP + In?** <> ZFPeZn?*

1 3.5 x 10° -8.8 -9.3 -0.5 11
ZFPeZn?* + DNA «> ZFPeZn?*eDNA
Zif268 3 2.2 x 10% NA NA NA 33
Zif268 3 2.8 x 10% -11 -6.9 45 29
TFIIIA 3 1.3 x 107 -9 -6.9 2.6 30
SP1 3 2.6 x 107 -10 NA NA 32
WT1 4 8.8 x 108 -12 7 19 29
YY1 4 1.8 x 10° -8 -11 -2.8 31

ZFP denotes zinc finger peptide. ZF shows number of zinc fingers per finger peptide. The relation between Gibbs free energy, enthalpy
and entropy is given by AG = AH -TAS, where T is absolute temperature. Negative AG value suggests that each above reaction favors
the association- over the dissociation- reaction. The unit of energy is kcal/ mol.

Overall Features of the Triple-C,H, Zinc
Fingers Binding

The change in Gibbs free energy of zinc finger-DNA binding is
similar to or higher than that of the zinc finger folding (Table
2)!12933 and the binding requires no enzyme action. AG is
constant over a biologically-meaningful temperature range, 5 to
45 °C.>! The reactions are mostly enthalpy- and entropy-driven
reactions, but some are only enthalpy- or only entropy-driven.
The AG values suggest that the C;H; zinc fingers bind to DNA
as strongly as some antibodies, whose K, for their antigens is 10°
to 10" M. 34 These zinc finger-DNA complexes are of such high
affinity that they routinely display an electrophoretic mobility
shift on native polyacrylamide gels.

When an amino acid and guanine are mixed in water, the
amino acid starts to associate with the nucleotide base and the
reaction soon reaches equilibrium. Tendency of the reaction is
described by the affinity constant, K, = 1/K4 = [aa-guanine] / [aa]
[guanine]. The K, of amino acids for guanine is in the order
arginine > lysine > glutamine > glutamate > glycine.>> Amino
acids also have an inherent K, for the three other bases. Accord-
ingly, it is predictable that the amino acid-base associations are
key for zinc finger peptides to specifically bind to the DNA du-
plexes. Indeed, the arginine-guanine contact, whose association is
the greatest of all the combinations, is quite often present in zinc
finger-DNA complexes (Fig. 4B and C). However, each amino
acid residue of the zinc finger peptides does not have free
mobility to access to the favorite bases due to the rigid zinc finger
structure. How the zinc finger peptides recognize and bind to the
cognate DNA duplex is a big question for the zinc finger-DNA
interactions and the answer has come mostly from structure-ori-
ented and genetic oriented analyses of zinc finger-DNA
complexes. In particular, the structure of Zif268-DNA and
TFIIIA-DNA complexes contributed enormously to the
understanding of how the triple fingers align with the DNA du-

lex and how each finger interacts with the nucleotides of the
DNA.7183 Three o helices of the Zif268 triple zinc fingers bind
in the major groove of the target DNA duplex antiparallel to the
primary strand (defined as the strand to which zinc finger con-
tacts most, Fig. 4A and for details of the binding see ref. 2), mak-
ing hydrogen bonds and forming hydrophobic interactions with
nucleotide bases and wrapping around the DNA for almost one
turn. In addition to hydrogen bonds and hydrophobic
interactions, phosphate contacts also participate in the zinc

finger-DNA complex formation. Phosphate contacts, linking to
the DNA backbone, may not be significant in determining the
spcciﬁcigy but appear to be important for strengthening the
binding.>” Through further analysis of various zinc finger-DNA
complexes, it was found that the overall DNA binding mode of
Zif268 is shared with other randem C,H; zinc fingers. These
fingers include TFIIIA, SP1, GL1, WT1 and Tramerack!”!8-384!
as well as the single finger GAGA. In addition to these GC-rich
DNA binding transcription factors, an AT-rich DNA recognizing
transcription factor, CF2II, is also thought to take the same
binding mode.” However, one AT-rich DNA binding transcrip-
tion factor, Nmp4, is proposed to associate with minor groove of

the DNA.#2

A Single C,H, zinc finger proteins

B Triple C,H, zinc finger proteins

( Multiple-adjacent C,H, zinc finger proteins

D Separated-paired C,H, zinc finger proteins

Figure 2. Schematic representation of four classes of C;H, zinc finger
proteins. Only one example is shown for each class. Some
multiple-adjacent C;Hj zinc finger proteins contain more than thirty
zinc fingers. The number and the pattern of C,H, zinc fingers indicate
how the zinc fingers are involved in the DNA binding (see text).
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L. ZF1 L ZF2 L

Figure 3. A model of intramolecular duplication of the zinc finger region. ZF1I flanked by two identical linker sequences for (L) would form a loop
overlapping at the identical sites, or form a hairpin structure complementing within the single strand at the identical sites. When DNA polymerase
reads the loop or the hairpin structure twice, then the zinc finger region is duplicated together with the linker sequence.

DNA of the Zif268-DNA complex takes a slightly unwound
B form so that the major groove is still wide and can be deep.
This form contains 11.3 bp per turn, which is slightly more bases
than the B-form itself (10.5 bp per turn).

Side Chain-Base Contacts in C,H, Zinc
Finger-DNA Complexes

Amino acid side chains on the surface of o helices in Zif268
are exposed to the cognate DNA duplex in the major groove, and
the side chains at position 6, 3, 2 and -1 contact selectively with
four successive bases (subsite) (Fig. 4B). Residues at position 6, 3
and -1 bind to three successive bases of the primary strand, the
strand contacted most by the side chains, and the residue at posi-
tion 2 binds to the fourth base present in the complementary
strand. In this way, Zif268 finger 3, 2 and 1 recognize the pri-
mary strand’s subsite, 5’-GCGT-3’, 5-TGGG-3" and
5’-GCGT-3, respectively. Of the four base pairs in the subsites,
the base pair(s) at the end is shared by adjacent fingers. Conse-
quently, the Zif268 triple zinc fingers bind to the ten nucleotide
base pair, 5’-GCGTGGGCGT-3’. Based on statistics, one can
predict with a high accuracy which side chain-base contacts can
happen at the key positions of the o helices in the Zif268 finger
context.*> Stereochemistry between amino acids and bases can
also predict the contacts with a similar accuracy or somewhat less
accuracy.

The rule that side chains positioned at 6, 3, 2 and -1 contact
bases is well preserved throughout the family of C;H, zinc fin-
gers, but additional contacts can occur in other fingers. Such an
example has been observed in the TFIIIA-DNA complex (Fig.
4C).1"18 There is an additional contact of the side chain at posi-
tion 10. Furthermore, some side chains at the regular positions 6,
3, 2 and -1 reach bases out of the subsites. When Zif268 was
engineered to bind to AT-rich DNA duplexes, many irregular
contacts occurred.>® In fact, many of these irregularities occurred
in the complementary strand but not in the primary strand.
These facts, together with results obtained by mutational analy-
ses, have led to the conclusion that there is no simple code for
side chain-base contacts.>¥” Superimposition of several
finger-DNA complex images showed that the irregular contacts
coincide with the slight difference in docking angle of the o helix
to DNA. The difference may reveal the influences of all of the

factors involved in specific zinc finger—DNA binding, including
amino acid residues within the subsite,?” linkers, and adjacent
fingers.>%

Absence of a strict rule in the side chain-base contacts makes
it impossible to predict the side chain-base contact with 100%

A

ZF3

CzF1 .~

Figure 4. A) Antiparallel binding of zinc fingers to DNA. The orienta-
tion of the zinc fingers and the primary strand are antiparallel. B) and
C) show amino acid side chain-nucleotide base contacts. Boxes show
subsites. The side chain-DNA contacts are drawn, based on the results
obtained with the crystallized Zif268-DNA complex B)>>¢ and with the
TFIIIA-DNA complex in solution C).!7 Similar results of the side
chain-DNA contact for the TFIITA-DNA complex has been obtained
with the crystallized complex. '



C.H, Zinc Fingers As DNA Binding Domains

accuracy, but it rather indicates that C;Hj zinc fingers are able to
bind to almost any DNA duplexes. The versatility of the zinc
finger binding relies on hydrogen bonds that can (i) make long
distance contact to bases with and without participation of a water
molecule (>2.75 angstroms),3 548 (ii) make contacts to more than
one base, and (iii) make contacts to bases with flexible angles.?
Zinc fingers’ binding also relies on nonspecific hydrophobic in-
teractions. Although it is difficult to predict exactly which zinc
finger peptide sequence specifically binds to a DNA sequence,
one can obtain desired zinc fingers by the phage display methods
and manipulate expression of the target genes with the obtained
finger proteins. 24

Linkers

About half of zinc finger proteins have a well-conserved linker,
TGEKP, between adjacent fingers.>” The importance of the linker
in zinc finger-DNA binding has been revealed by analyzing the
effect of mutation on DNA affinity after making substitutions
for the conserved residues™*> and by analyzing structures of
finger-DNA complexes. > The linker is flexible in solution
without DNA. Upon forming the finger-DNA complex,
however, the conserved lysine residue of the TGEKP sequence
(Fig. 1) interacts with the phosphate backbone. Moreover,
linkers contact the C terminus of the preceding o helix by
involving threonine and glycine residues so that the zinc
finger-DNA complex becomes more stable (C capping).'”>78
Alternative splicing of the W7 1 message disrupts the conserved
linker between finger 3 and 4 by inserting the sequence KTS.
The change from TGEKP to sequence TGKTSEP is accompa-
nied by a severe decrease in DNA binding. An NMR study of the
finger peptide-DNA complex has shown that the insertion in-
creases the flexibility between finger 3 and 4 and abrogates bind-
ing of finger 4 to its cognate site.”! These findings have demon-
strated that the conserved linker is not only necessary to promote
fingers to fit completely into the DNA major groove, but also
necessary to strengthen the DNA binding. A separated-paired
zinc finger class, ZAS family, also contains the TGEKP linker,>
but fingers belonging to a subtype of the same class,
basonuclin-type fingers, have a distinct linker, LRIKYMHK.!>¢0
Tramtrack also has a distinct linker sequence, KRNVKVYP?’

Dimerization of Zinc Finger Protein

DNA binding proteins often bind to the target DNA duplex
as dimers in order to increase their binding affinity and modulate
their regulatory activities.®! This is true for C;H, zinc finger pro-
teins. Many multiple-adjacent C;H; zinc finger proteins, such as
Ikaros, Roaz, GL1, SW15, TRPS-1 and Zac, form homodimers
on the target DNA duplex using their zinc fingers.>2462%4 GL1
forms a homodimer through the hydrophobic surface of zinc fin-
ger 1 that is not involved in the DNA binding. Similarly, SWI5
dimerizes through finger 1 at the hydrophobic surface of both
the P strand and the o helix’s C-terminal half. This hydrophobic
dimerization was applied to make the homodimer of an engi-
neered two-finger peptide on the DNA.®* However, the hydro-
phobic binding is not the only dimerization mechanism for zinc
fingers. Ikaros contains six zinc fingers. The N-terminal four fin-
gers participate in the specific binding to the DNA, and the
C-terminal two fingers, separated from the four and making a
pair of fingers, are responsible for the homodimerization.?? Re-
cently, a mutational analysis of zinc fingers 5 and 6 demonstrated
that amino acid residues on the o helix are responsible for the

H2PO4 CHsCO 7ZF |

Figure 5. Modification of zinc finger proteins and the target DNA.

specific finger-finger interaction and hence for the Ikaros
homodimerization.*? These amino acids correspond to those of
C,H; zinc fingers with DNA binding activity, and differ from
those needed for the hydrophobic dimerization.

Regulation of Zinc Finger Binding to DNA

In vitro zinc finger-DNA binding proceeds as long as both
substances are present in a suitable buffer, but the in vivo
binding does not happen automatically and proceeds only under
certain conditions. The regulation is mediated by modification
of either the zinc finger protein itself or the target DNA (Fig. 5).
The former can be executed by acetylation and also by phospho-
rylation, whereas the latter is mediated by methylation. All these
modifications increase or decrease the zinc finger protein-DNA
complex formation. The direction in which the regulation pro-
ceeds, repression or activation, depends on the fingers and the
DNA, as well as the regulatory signal involved.

Acetylation of Zinc Fingers

YY1 (Yin Yang 1), with four tandem C,H, zinc fingers, binds
to various 6genes and represses or activates their target gene
expression.®"® PCAF (p300/CBP associated factor) acetylates
YY1 at the zinc finger domain and inhibits DNA binding. PCAF
also acetylates members of the KLF (Kriippel-like factor) family
belonging to the triple C;H; zinc finger protein class.7%8 It
acetylates KLF13 at two lysines of the TGEKK linker between
finger 2 and 3 and results in stimulating the fingers to bind to
DNA. Another coactivation factor CBP/p300 acetylates a total
of six lysines including the linker’s two lysines, but it prevents the
fingers from binding to DNA. Of the six residues, the lysine of
finger 1 directly contacts bases. However, acetylation of this lysine
is not enough to interrupt the DNA binding and acetylation of
all six lysines s required. Moreover in vitro experiments showed
that KLF2 zinc finger cotransfected with PCAF increases the tar-
get Y globulin gene expression in vivo while the zinc finger
cotransfected with p300 decreases gene expression.®® Therefore,
it can be concluded that acetylation of KLF2 regulates the target
gene expression both positively and negatively. Because lysine resi-
dues are abundant in a variety of zinc fingers, acetylation of C;H,
zinc fingers is likely to be a common mechanism to regulate gene
expression by modulating the zinc fingers’ DNA binding activity.

Another domain of YY1, the central glycine-lysine-rich
domain, is acetylated by p300 and PCAF This acetylation has
nothing to do with the DNA binding but is required for fully
repressing the target gene transcription.
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Phosphorylation of Zinc Fingers

During mitosis, Ikaros is phosphorylated on threoine/serine
residues of the three linkers and interrupted for its DNA bind-
ing.”® Phosphoryaltion of linkers also occurs to Sp1. This sug-
gests that phosphorylation is a global inhibitory mechanism to
keep C,H; zinc fingers out of DNA during mitosis. Interestingly,
phosphorylation modifies the linkers as the favored sites. A few
interpretations can be given. First, modification of the conserved
linker is the most effective way to modulate zinc finger binding
activity because the linker is essential for the high affinity zinc
finger-DNA binding. Second, the modification sites, theonines/
serines, are always available in the conserved linkers. Finally, linkers
may be accessible even in the finger-DNA complexes so that zinc
finger peptides can be separated from the DNA as soon as the
regulatory signal is delivered to the fingers. The same arguments
can be applied to regulation by acetylation since it also modifies
linkers.

A serine residue of the C terminus immediately after a zinc
finger can be phosphorylated in the case of Crel (catabolite
repression) of Hypocrea jecorina, perhaps by caseinkinase-11-like
enzyme.”" Surprisingly, this phosphorylation increases the finger’s
DNA biding activity, suggesting that the unphosphorylated serine
residue may mask the finger's DNA binding activity directly by
interacting with the finger or indirectly by interacting with other
intramolecular domains.

Methylation of DNA

Engineered zinc fingers have been shown to distinguish
methylated DNA duplex from unmethylated.” It is becoming
increasingly clear that natural zinc fingers differentially recognize
methylated and unmethylated CpG (cytidine-guanidine dinucleo-
tide pairs) and play important regulatory roles in the expression of
target genes in vivo. CTCF (CCCTC-binding factor) has eleven
C;H; zinc fingers and binds to an element present between a
promoter and an enhancer in order to block the enhancer activ-
ity.”®> The CTCF binding sites are widely distributed in verte-
brates and several similar CpG-rich sequences are present in ICR
(imprinted-control region) of the #fg2/H 19 as well. Electrophoretic
mobility shift experiments have demonstrated that CTCF binds
to the CpG-rich elements of ICR but only when these are
unmethylated.”* Although more experiments have to be done to
obtain the CTCF function in vivo, the zinc finger
proteins are likely to participate in the genomic imprinting pro-
cess by differentially binding to the methylated- and unmethylated
CpG-rich elements.

Kaiso, with triple C;H) zinc fingers, is another example of
this type of DNA binding. However, in this case, the zinc fingers
recognize the methylated CpG-rich sequence but not the
unmethylated sequence.”>® In vivo transfection experiments have
shown that kaiso represses exgression of genes with methylated
binding sites in the promoter.”
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