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Abstract Krüppel-type or C2H2 zinc fingers represent a dominant DNA-binding
motif in eukaryotic transcription factor (TF) proteins. In Krüppel-type (KZNF) TFs,
KZNF motifs are arranged in arrays of three to as many as 40 tandem units, which
cooperate to define the unique DNA recognition properties of the protein. Each
finger contains four amino acids located at specific positions, which are brought
into direct contact with adjacent nucleotides in the DNA sequence as the KZNF
array winds around the major groove of the alpha helix. This arrangement cre-
ates an intimate and potentially predictable relationship between the amino acid
sequence of KZNF arrays and the nucleotide sequence of target binding sites. The
large number of possible combinations and arrangements of modular KZNF motifs,
and the increasing lengths of KZNF arrays in vertebrate species, has created huge
repertoires of functionally unique TF proteins. The properties of this versatile DNA-
binding motif have been exploited independently many times over the course of
evolution, through attachment to effector motifs that confer activating, repressing or
other activities to the proteins. Once created, some of these novel inventions have
expanded in specific evolutionary clades, creating large families of TFs that are
lineage- or species-unique. This chapter reviews the properties and their remarkable
evolutionary history of eukaryotic KZNF TF proteins, with special focus on large
families that dominate the TF landscapes in different metazoan species.

4.1 Introduction

The C2H2 zinc finger motif, first identified in studies of the Xenopus TF TIFIIA [1]
is by far the most common protein domain in metazoan TFs (see Chapter 3). Most
versions of this abundant motif correspond to a subtype called the “Krüppel-type”,
named for the Drosophila Krüppel protein, a developmentally active TF that bears
the canonical C2H2 zinc-binding structure [1, 2]. The C2H2 zinc finger motif was
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originally thought to be specific to eukaryotes, but a very similar structural domain
has been identified in some bacterial TF genes, hinting at more ancient origins [3].
The most striking and characteristic feature of these 28 amino acid motifs is a sec-
ondary structure that is dependent upon the coordination of a single zinc atom by
paired cysteine (C) and histidine (H) residues (Fig. 4.1). This zinc-dependent struc-
ture is required for the interaction between the finger motif and nucleic acids; in
the absence of zinc, or if elements of the conserved C2H2 structure are abolished
through mutation, zinc fingers lose their ability to fold properly and to bind DNA
[1, 4–6].

In addition to the paired cysteine and histidine residues, Krüppel-type zinc fin-
ger (KZNF) motifs contain a highly conserved inter-finger “spacer”, or H/C link
sequence, a seven amino acid segment with the consensus sequence TGEKP(Y/F)
(Fig. 4.1). KZNF proteins carry out many different kinds of molecular functions,
including protein-protein interactions, RNA binding, and sequence-specific binding
to DNA. Some DNA-binding KZNFs are now known to carry out functions related
to meiotic recombination and chromosome segregation [7–11], or maintenance of
DNA methylation marks [12, 13]. Additional functions related to chromosome
structure and maintenance may be found as new research is completed. However,
most KZNFs with specific DNA recognition capabilities are thought to function as
TFs, and this latter class of proteins is the primary focus of this chapter.

Typically, DNA binding KZNF proteins contain 3 or more zinc-finger motifs,
which are arranged in tandem within the protein (Figs. 4.1 and 4.2). These multi-
fingered, or “polydactyl” KZNF proteins include many of the best-known TFs in
eukaryotes, including yeast, plants, invertebrate and vertebrate species. TF proteins
with as many as 40 tandem KZNF motifs can be found in most vertebrate genomes
and long polydactyl KZNF proteins are also found in plants [14]. The tandem

Fig. 4.1 Tandem Krüppel-type zinc finger structure displaying the C2H2 motif. Individual zinc
ions interact with paired cysteine (C) and histidine (H) residues, stabilizing protein fold structure
within zinc fingers. Each finger consists of two β-sheets and one α-helix, the latter of which con-
tains residues that make up the DNA-binding interface (at positions –1, 2, 3, and 6 relative to the
helix) as indicated in the figure. The common structure of a finger sequence motif is represented,
with X denoting an amino acid residue of any type with the subscript representing the number
(X2–4 represents between 2 and 4 non-specified amino acid residues). The consensus sequence,
TGEKP(Y/F), is a highly conserved “H/C link” region between consecutive fingers
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Fig. 4.2 Exon and protein structure of a typical KZNF TF protein. Many KZNF genes, including
those of the KRAB, SCAN, BTB/POZ, ZAD and other families, contain one or more exons encod-
ing a specific N-terminal effector domain, and a second exon encoding a “spacer” or “tether” region
and an array of 3–40 zinc finger motifs. The tandem arrangement of KZNF-encoding sequences,
which contain highly conserved structural elements, has enabled rapid evolution of proteins of this
type

arrangement of KZNF motifs permits the adjacent fingers to interact and stabilize
DNA binding of the protein at specific sites, as will be discussed in more detail
in the following sections. While zinc-fingers define binding site specificity and
stability for KZNF proteins, most TFs of this type also require one or more “effec-
tor” motifs to translate site-specific DNA binding into gene regulatory activities
impacting neighboring genes.

Over the course of evolution, exons encoding tandem KZNF arrays have become
associated with coding sequences for a wide variety of different effector domains,
to generate proteins with novel structures and activities. Many of these novel KZNF
proteins have arisen in, and remain exclusive to, particular evolutionary lineages;
some of these species-specific genes have expanded through repeated duplication
events to form large families of lineage-specific genes. While this same process has
occurred for many gene types, the lineage-specific expansion of KZNF genes is a
striking and extraordinary story. This chapter will focus on basic functions of the
KZNF motifs, the types of TFs that rely on their highly specific targeting abilities,
and their remarkable evolutionary trajectory.

4.2 Zinc Finger–DNA Interactions

The structural elements that control the interaction between KZNF motifs and DNA
“target sites” include the paired cysteine and histidine residues, as well as the amino
acids surrounding them. The arrangement and spacing of elements within the finger
motif, including the H/C link, are critical to maintaining the zinc-finger structure,
and are therefore very highly conserved [1]. Most importantly for DNA binding,
residues near the C-terminal end of each finger fold into an alpha helix, position-
ing specific amino acids within the helix to interact directly with DNA (Figs. 4.1
and 4.3). In particular, positions –1, 2, 3 and 6 (relative to the alpha helix) play a
critical role in DNA interaction: together, the amino acids at these four positions in
each finger are thought largely to determine DNA binding specificity of the protein
[15, 16].

The array of multiple, adjacent fingers in these proteins winds around the DNA
double strand within the major groove, wrapping around the DNA molecule in an
intimate spatial relationship that places the DNA-contacting residues of each fin-
ger in register with nucleotides within a turn of the helix. The interaction between
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Fig. 4.3 KZNF motif DNA-binding interactions. The alpha helices of KZNF motifs contain amino
acid residues that bind to DNA nucleotides (at the –1, 2, 3, and 6 sites as shown at top). The
relationship between fingers and nucleotides is not one-to-one, as the amino acid at the +2 position
will interact with the nucleotide complementary to the neighboring finger’s +6 binding site. In this
fashion, fingers wind around the major groove of the DNA molecule (illustrated in the lower panel
of the figure)

the four DNA contacting amino-acid residues in each finger and nucleotides at the
DNA binding site is not a simple 1:1 relationship, as there is some overlap between
nucleotides bound by adjacent fingers [6, 17–19]. However, the arrangement is such
that each finger defines binding specificity at a net of 3 adjacent nucleotides, while
exerting some influence over the binding specificity of neighboring KZNF motifs
(Fig. 4.3).

4.2.1 Predicting a Zinc-Finger Code

This precisely structured relationship between nucleotides in a binding site and spe-
cific amino acids in the DNA-contacting portion of each C2H2 finger implies the
existence of a zinc-finger DNA binding “code”, and the possibility that a KZNF pro-
tein’s binding preferences might be predicted de novo from its amino acid sequence.
In fact, several different groups have designed mathematical formulas and infor-
matics tools that predict KZNF binding codes [19–21]. These programs are built
upon knowledge derived from in vitro DNA binding experiments and structural
data, together with calculations of predicted energies of interaction between spe-
cific amino acids and nucleotides. Although these methods have proved successful
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in designing custom KZNF proteins to bind with maximum efficiency to unique
sites both in vitro and in vivo [22] it is still unclear if they can accurately predict the
binding preferences of KZNF proteins as they exist in normal cellular contexts.

There are several reasons why KZNF arrays, and especially long polydactyl pro-
teins, might not behave in living systems as in vitro models would predict. Firstly,
most in vitro studies have focused on predetermined libraries of zinc-finger triplets
that are selected for maximal binding to naked DNA under non-biological con-
ditions; by contrast, natural selection in living systems operates in a much more
complex milieu, and has taken full advantage of the combinatorial possibilities to
produce KZNF protein repertoires of remarkable diversity. Since zinc-finger DNA
binding is known to be context-dependent, extrapolations from in vitro experiments
with specific KZNF triplets to the behavior of the highly diverse KZNF proteins in
metazoan cells are fraught with uncertainties.

Secondly, there is some evidence to suggest that some KZNF proteins might be
modified post-translationally in a cell-type specific way that could alter their DNA
recognition specificity. For example, phosphorylation of the DNA binding domains
in the KZNF protein, Yin yang 1 (YY1) has been shown to affect the protein’s ability
to bind DNA targets [23]. The extent to which most KZNF proteins are modified
in vivo is unknown.

Thirdly, it is not clear that all fingers in polydactyl proteins need be necessarily
engaged simultaneously, or ever engaged at all, in DNA binding. Indeed, several
proteins have been described in which the same KZNF motifs can act as DNA
binding elements in some instances, and serve alternative, unrelated functions in
other circumstances. For example, in the yeast KZNF protein, ZAP1, two of the
five zinc-fingers can serve alternatively as DNA-binding or zinc-response elements
[24]. In mammals, two C-terminal fingers in the KZNF protein, ZAC, can either
participate in DNA binding or be sequestered for interactions with protein partner,
p300 [25]. Through differential use of specific subsets of its seven KZNF motifs,
ZAC can recognize two distinct sets of high-affinity binding sites [26]. Similarly,
a 30-fingered protein, OAZ, can use subsets of fingers to recognize more than one
DNA binding site, and use others to mediate dimer formation or interactions with
protein co-factors [27]. Similar dual-purpose activities have been implicated for a
large number of KZNF proteins in many species [28]. There is therefore good rea-
son to suspect that many polydactyl proteins will act in this way, utilizing subsets of
fingers alternatively for various functions in a range of biological contexts.

4.2.2 Experimental Data on KZNF–DNA Interactions

Much current knowledge regarding the interactions between polydactyl KZNF pro-
teins and DNA binding sites is based on in vitro experiments; the in vivo functions
of most members of this abundant protein class remain a mystery. The picture
should be clarified significantly in the next several years, as in vivo DNA binding
sites for more polydactyl KZNF proteins are mapped through unbiased methods,
in particular, through chromatin-immunoprecipitation followed by high-throughput
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sequencing (“ChIP-seq”). To date, only a small number of proteins have been
examined using these unbiased methods. The conserved polydactyl KZNF protein,
RE1-silencing TF (REST), was one of the first TFs to be mapped using ChIP-seq
methods [29]. REST in vivo binding sites had been studied extensively on a gene-by-
gene level, and the results of ChIP-seq studies, while fascinating, largely confirmed
what was known about the binding site and types of preferred gene targets for this
regulatory protein.

However, the analysis revealed significant levels of protein binding to REST
“half sites”, representing 5′ or 3′ segments of the strong, well characterized 21
base-pair consensus sequence, referred to as “NRSE” (for neuron-restrictive silencer
element) that correlates well with the predicted binding site for the 8-fingered REST
protein (Table 4.1). The levels of half-site binding indicate that in some contexts,
REST may use only a portion of its fingers to recognize DNA, thereby significantly
increasing the potential regulatory repertoire of this abundant transcriptional regu-
lator [29]. Binding sites for a second polydactyl protein, the SCAN-KRAB protein
ZNF263, have also recently been identified using ChIP-seq; the single 24 nucleotide
consensus binding site predicted in these studies suggests that this protein uses
most of its 9 zinc-fingers for DNA binding [30]. The binding site predicted for
ZNF263 bears some similarity to the site that would be computationally predicted
from the protein’s amino acid sequence computationally, as well as some striking
differences.

Additional insights have also been provided through earlier ChIP experiments
coupled to microarrays (“ChIP-chip”) for a small number of additional KZNF pro-
teins, including the multifunctional protein, CTCF [31, 32]. However, despite this
progress, a remarkably tiny fraction of this exceptionally large and versatile pro-
tein family has known regulatory functions, gene targets, or DNA binding sites.
For that reason, most of what we know about their functional properties comes
from “special case” stories focused on the products of single, possibly unrepre-
sentative, KZNF genes. This picture should change dramatically, with the advent of
“next-generation” sequencing technologies and their coupling to chromatin-binding
assays, in the next few years.

4.3 Evolutionary History: The Rise and Fall
of Lineage-Specific KZNF Families

The polydactyl KZNF TF family includes hundreds of members in many eukaryotic
species (Fig. 4.4), many of which have highly been conserved over the course of evo-
lution [33]. An example includes the mammalian Krüppel-like factor (KLF) family,
a group of 17 three-fingered genes related distantly to the ancient TF, SP1 [34]. The
Drosophila genome contains 4 related Klf genes that share many properties, includ-
ing developmental expression and key roles in differentiation and development, with
the mammalian proteins [33, 34]. The KLF family exemplifies the features typical



4 Function and Evolution of C2H2 Zinc Finger Arrays 81

Ta
bl

e
4.

1
B

in
di

ng
si

te
s

an
d

fu
nc

tio
ns

fo
r

10
w

el
lk

no
w

n
po

ly
da

ct
yl

K
Z

N
F

pr
ot

ei
ns

G
en

e
na

m
ea

N
um

be
r

of
C

2H
2

do
m

ai
ns

B
in

di
ng

si
te

se
qu

en
ce

m
ot

if
lo

go
b

M
et

ho
db

K
no

w
n

fu
nc

tio
ns

c,
d

Y
Y

1
[1

]
4

C
om

pi
le

d
�

Po
si

tiv
e

an
d

ne
ga

tiv
e

co
nt

ro
lo

f
ce

llu
la

r
an

d
vi

ra
lg

en
es

vi
a

hi
st

on
e

m
od

ifi
ca

tio
n

R
E

ST
[2

]
9

C
hI

P-
se

q
�

R
ep

re
ss

es
ne

ur
on

al
ge

ne
tr

an
sc

ri
pt

io
n

in
no

n-
ne

ur
on

al
ce

lls

R
R

E
B

1
[3

]
15

SE
L

E
X

�
M

ay
be

in
vo

lv
ed

in
R

as
/R

af
-m

ed
ia

te
d

ce
ll

di
ff

er
en

tia
tio

n

K
lf

4
[4

]
3

C
hI

P-
se

q
�

R
eq

ui
re

d
fo

r
es

ta
bl

is
hi

ng
th

e
ba

rr
ie

r
fu

nc
tio

n
of

th
e

sk
in

an
d

fo
r

po
st

na
ta

lm
at

ur
at

io
n

an
d

m
ai

nt
en

an
ce

of
th

e
oc

ul
ar

su
rf

ac
e

E
vi

1
[5

]
10

SE
L

E
X

�
Pl

ay
s

a
ro

le
in

de
ve

lo
pm

en
t,

ce
ll

pr
ol

if
er

at
io

n
an

d
di

ff
er

en
tia

tio
n

C
T

C
F

[6
]

11
C

hI
P-

se
q

�
T

ra
ns

cr
ip

tio
na

lr
eg

ul
at

io
n

by
pr

ev
en

tin
g

in
te

ra
ct

io
n

be
tw

ee
n

pr
om

ot
er

an
d

ne
ar

by
en

ha
nc

er
s

an
d

si
le

nc
er

s



82 L. Stubbs et al.

Ta
bl

e
4.

1
(c

on
tin

ue
d)

G
en

e
na

m
ea

N
um

be
r

of
C

2H
2

do
m

ai
ns

B
in

di
ng

si
te

se
qu

en
ce

m
ot

if
lo

go
b

M
et

ho
db

K
no

w
n

fu
nc

tio
ns

c,
d

Z
fx

[4
]

13
C

hI
P-

se
q

�
R

eq
ui

re
d

fo
r

se
lf

-r
en

ew
al

of
em

br
yo

ni
c

an
d

ad
ul

t
he

m
at

op
oi

et
ic

st
em

ce
ll

Z
fp

42
3

[7
]

30
SE

L
E

X
�

Pl
ay

s
a

ce
nt

ra
lr

ol
e

in
B

M
P

si
gn

al
in

g
an

d
ol

fa
ct

or
y

ne
ur

og
en

es
is

SP
1

[8
]

3
C

om
pi

le
d

�
R

eg
ul

at
es

th
e

ex
pr

es
si

on
of

ge
ne

s
in

vo
lv

ed
in

ce
ll

gr
ow

th
,

ap
op

to
si

s,
di

ff
er

en
tia

tio
n

an
d

im
m

un
e

re
sp

on
se

s

Z
N

F1
43

[9
]

7
C

om
pi

le
d

�
A

ct
iv

at
es

th
e

ge
ne

fo
r

se
le

no
cy

st
ei

ne
tR

N
A

a N
um

be
r

in
br

ac
ke

tr
ef

er
s

to
lit

er
at

ur
e

re
po

rt
in

g
bi

nd
in

g
si

te
s

[1
–9

,2
9,

73
–7

5,
78

,8
0–

83
].

b
Ta

ke
n

fr
om

JA
SP

A
R

da
ta

ba
se

(h
ttp

://
ja

sp
ar

.g
en

er
eg

.n
et

/)
;I

n
M

et
ho

d
co

lu
m

n,
“c

om
pi

le
d”

re
fe

rs
to

bi
nd

in
g

si
te

s
de

te
rm

in
ed

by
m

ul
tip

le
m

et
ho

ds
.

c Ta
ke

n
fr

om
th

e
U

ni
Pr

ot
da

ta
ba

se
(h

ttp
://

w
w

w
.u

ni
pr

ot
.o

rg
/)

.
d
A

da
pt

ed
fr

om
th

e
N

C
B

I
E

nt
re

z
da

ta
ba

se
(h

ttp
://

w
w

w
.n

cb
i.n

lm
.n

ih
.g

ov
/E

nt
re

z/
).



4 Function and Evolution of C2H2 Zinc Finger Arrays 83

Fig. 4.4 Phylogenetic distribution of polydactyl KZNF protein families. The distribution and num-
ber of polydactyl KZNF proteins in different families is shown in this phylogeny of all eukaryotic
model systems. The gain and loss of genes over evolution can be seen along the tree for all poly-
dactyl C2H2 (red) BTB/POZ (orange), ZAD (green), KRAB (blue), and SCAN (purple) KZNF
families. The numbers of genes in each family are shown in the accompanying table. Information
was compiled from the PFAM Database [76], unless otherwise noted as coming from [1][79],
[2][77], [3][39], [4][42] or [5][41]

of many KZNF family groups: most of these proteins contain short KZNF arrays,
and have been well conserved in metazoan species.

However, most genomes contain subfamilies of KZNF genes with very different
evolutionary histories and fates. Over the course of evolution, distinct KZNF fami-
lies have emerged independently in different lineages, through exon shuffling events
that bring DNA sequences encoding polydactyl KZNF arrays together with dif-
ferent types of protein-interaction or chromatin-modifying “effector” domains (see
Chapter 12 for a general overview of TF effector domains). New versions of KZNF
proteins, coupling long polydactyl arrays with different types of activation, repres-
sion, or protein-interaction effectors, have arisen in different evolutionary lineages.
Some of the genes encoding these novel constructs have subsequently expanded by
repeated duplication events into large gene families; these in turn have either been
integrated into key regulatory networks and conserved, or lost and replaced by other
KZNF families in subsequent lineages.
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4.3.1 An Ancient Family: BTB/POZ

One of the most ancient families of this type, in which arrays of KZNF fingers
are attached to an N-terminal BTB/POZ motif, is represented in most eukaryotic
species. As with many families, the numbers of BTB/POZ proteins has varied
throughout evolution, changing through whole genome duplications, single-gene
duplications, and gene loss (Fig. 4.4). The BTB/POZ domain (named BTB because
of its presence in Drosophila Broad Complex, tramtrack and bric a brac genes,
and POZ for “poxviruses and zinc finger”) is found associated with several types
of proteins, including but not limited to those containing KZNF array. The primary
function of BTB/POZ appears to be protein dimerization, although the activities of
the proteins in which this domain are found suggest a more specific functional role.
Several BTB/POZ-KZNF proteins are found in Drosophila, where they play key
roles in both local gene regulation and higher-order chromatin structure, often in the
context of embryonic development [35]. Similar developmental functions have been
attributed to BTB/POZ-KZNF proteins in humans and mice. Whereas the originally
discovered BTB/POZ genes function mainly as transcriptional repressors, these pro-
teins can operate as agents of chromosome decondensation and gene activation as
well [36].

4.3.2 Lineage-Specific Inventions

In addition to this older family of genes, most metazoan genomes appear to carry
surprisingly large numbers of lineage-specific KZNF genes. Typically, these genes
represent novel constructs, in which exons encoding specific N-terminal effec-
tor domains are spliced to one or more exons encoding adjacent elements of a
C-terminal KZNF array (Fig. 4.2). Most of these proteins also contain a region
between the effector and KZNF motifs, usually referred to as a tether or spacer
sequence. This typical structure is found in KZNF proteins of several different
types, which are restricted to certain evolutionary lineages and have expanded by
duplication into large TF families.

In Drosophila, 98 genes are found that encode KZNF attached to an N-terminal
repressive motif called ZAD, whose function is as-yet poorly characterized [37].
Like BTB/POZ, the ZAD domain facilitates protein-protein interactions. A single
ZAD-like gene, ZNF276, exists in vertebrate species, but an expanded ZAD family
is found only in insects with the largest numbers found in higher homometabolous
species (i.e. those that go through metamorphosis) (Fig. 4.4) [38]. Like the largest
KZNF families in other species, ZAD-KZNF genes are found clustered together
on insect chromosomes, reflecting the fact that the families arose through repeated
rounds of tandem segmental duplications [39]. Although most ZAD-KZNF genes
are of unknown function, most are expressed in the female germline and a few have
been linked to developmental mutations in Drosophila [38]. The lineage-specific
expansion of this class of KZNF proteins, phenotypes associated with certain family
members, and their developmental expression make it likely that the ZAD-KZNF
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proteins play a role in species-specific developmental processes. A role for these
genes in regulating developmental pathways could explain the dramatic expansion
of the ZAD-ZNF family particularly in metamorphic species.

In vertebrate genomes, two other KZNF families have expanded into large
gene families that are limited to certain evolutionary clades. In proteins of the
SCAN-KZNF family, a C-terminal protein-interacting SCAN domain is attached
through a tether sequence of varying length to N-terminal KZNF arrays [40]. SCAN
domains are found in most vertebrates and are associated with a variety of other pro-
tein motifs, but the combination of SCAN with KZNF arrays has only been detected
in mammals [40, 41]. After SCAN-KZNF genes arose, they expanded into a small
family in most mammalian species, with a total of 57 protein-coding genes in the
human genome (Fig. 4.4). Like the ZAD-KZNF genes in insects, SCAN-KZNF
coding genes are frequently found in clusters, with related family members located
adjacent to each other at specific chromosomal sites. The primary expansion of
this family through segmental duplications must have occurred relatively early in
mammalian evolution, since most SCAN-KZNF gene clusters, and the genes that
are resident within them, are represented by orthologs in the different mammalian
species. Nevertheless, a small number of lineage specific SCAN-KZNF gene dupli-
cates have also been identified in comparisons between the gene sets of human, dog
and mouse [40, 42]. A small number of mammalian SCAN-containing KZNF pro-
teins also include a KRAB motif (see below), and SCAN- and KRAB-containing
KZNF genes are sometimes found together in chromosomal clusters [41, 42]. These
data indicate some intermingling of genes of these two types over the course of
evolutionary history.

4.3.3 A Case Study: The KRAB-ZNF Family

A second major KZNF family has diverged rapidly and dramatically in gene copy
number in different mammalian lineages. The KRAB-A, or Krüppel-associated
box, type A domain is a 41-residue element that interacts with a ubiquitous co-
factor, called KAP-1, to attract histone deacetylase complexes to specific DNA
sites [43–47] (also see Chapter 12). A single gene, called Meisetz or Prdm9, was
formed through association of an exon encoding a KRAB domain, together with
sequences encoding a second effector, the SET domain, to an exon encoding tether
sequence and polydactyl KZNF array, in early metazoan history [48]. A recogniz-
able Prdm9 ortholog can be found in echinoderms, protochordates, and vertebrate
species. However both KZNF-motif number and sequence of the DNA-binding
amino acids in the PRDM9 protein vary widely between species, exhibiting signs
of strong positive selection [49]. In addition to its predicted role in transcriptional
regulation, Prdm9 has recently been shown to play a key role in marking hotspots
for meiotic recombination in mammals [9, 10, 50].

Whereas Prdm9 and its close relatives form a very small family in most ver-
tebrates, a revised version of this protein type, containing one or more KRAB
domains and a KZNF array but lacking the SET domain, has undergone dramatic
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expansion especially in mammalian lineages. Over 400 KRAB-KZNF genes exist
in the human genome, and similar numbers are found in all mammalian genomes
that have been examined [42]. By their sheer numbers, this single family of KZNF
proteins dominates the mammalian transcription-factor landscape, comprising up to
one-fourth of that total number of predicted human TF genes [51]. Most intrigu-
ingly, although all mammals have roughly equal numbers of proteins of this type,
the number of 1:1 orthologous pairs is remarkably small. For example, although
both human and mouse possess hundreds of KRAB-ZNF genes, only 112 genes
represent convincing orthologs that are shared by these two species [42]. About
one-third of human KRAB-ZNF genes are primate-specific, and a similar number
of mouse genes can be found only in other rodents. For example, a cluster of mouse
genes on chromosome 13 (chr13), including genes involved in regulating the sex-
limited expression of target genes, contains many KRAB-ZNF coding sequences
that are restricted to the Mus lineage [52]. Similarly, about 30 human genes of
this type have arisen through segmental duplication since the divergence of old
world monkeys, creating novel transcriptional regulators that exist only in higher
primates [53].

The tendency toward tandem segmental duplication may help explain why
KRAB-KZNF genes have been gained and lost so frequently over the course of ver-
tebrate evolution. Tandem segmental duplications, like those found in the KZNF
gene clusters, are known to be hotspots of copy number variation (CNV) both
between and within species, driving duplications and deletions through illegiti-
mate recombination events [54, 55]. If the duplication units include a full-length
gene, each recombination event can give rise to versions of the chromosome with
one less or one additional gene, respectively. Recent studies have confirmed that
many protein-coding genes are copy-number variant in the human population, and
genes located in segmental duplications rank among those most likely to lost or
gained in certain human individuals. Not surprisingly, many KRAB-KZNF loci
are found among recently generated segmental duplications [53] and among these
copy-number-variant genes.

As these data show, the KRAB-KZNF gene family has evolved rapidly, and still
is evolving, with novel genes created through duplication, and even some conserved
genes displaying sequence changes that reflect the influence of positive selection.
Recent studies show that as new duplicates arise, they can change rapidly in func-
tion through two different routes. First, the newly duplicated genes can change in
expression pattern, diverging from the parental gene copy in tissue-specific sites
and levels of gene expression [53]. Although KRAB-KZNF genes reside in closely
packed gene clusters, neighboring genes do not often share similar expression pat-
terns, even when the two genes are closely related [42, 53, 56–58]. These data
suggest that (1) the genes are typically duplicated along with the regulatory elements
needed to drive their tissue-specific expression patterns, and (2) that neighbors are
probably shielded from the influence of enhancers or repressive elements control-
ling the surrounding genes. Whatever the mechanism, the ability to quickly adapt
unique expression patterns after duplication has provided a rapid path to functional
divergence for KRAB-KZNF genes.
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The second route through which new KRAB-KZNF paralogs can diverge rapidly
from parental genes is through sequence changes that affect the DNA binding
properties of the encoded proteins. This divergence occurs through two different
mechanisms. First, paralogous gene copies can acquire non-synonymous mutations
in the DNA-binding amino acids in the finger motifs; for many KRAB-KZNF
gene paralogs, the acquisition of novel DNA-binding sequences has occurred under
the influence of positive selection [41, 53, 56, 59, 60]. An alternative path to
paralog divergence involves a mechanism that is unique to proteins like the poly-
dactyl KZNFs, which contain multiple, similar motifs that are encoded in a single
exon (Fig. 4.3). The sequences encoding these protein motifs are essentially tan-
dem repeat sequences, and are prone to the same types of duplications and deletions
observed for microsatellites and other simple genomic repeats. As a result, paralo-
gous KRAB-KZNF proteins often differ from each other in KZNF motif number,
often due to the deletion or duplication of one or more zinc-fingers from the middle
of the KZNF array [59, 60]. This process can occur rapidly, giving rise to proteins
that are otherwise nearly identical, but contain different numbers and arrange-
ments of tandem KZNF motifs [53]. Because of the intimate relationship that exists
between an ordered array of amino acids in the KZNF alpha-helical region and the
nucleotide sequence at target sites, deletion or duplication of fingers from within an
array is expected to have significant impact on DNA binding, target-site preference,
and stability of KZNF association with DNA.

4.3.4 A General Path to Rapid Divergence
for Polydactyl KZNF Genes

Although these paths to paralog divergence are best described for mammalian
KRAB-ZNF genes, the pattern of divergence also follows for SCAN-KZNF sub-
family [42] and our recent studies indicate a similar pattern for primate BTB/POZ-
KZNF proteins [53]. There is no reason to believe that similar patterns of divergence
would not have defined the growth of KZNF gene families of other types and in other
species as well. In fact, a recent survey of KZNF genes in multiple species detected
lineage-specific family members in virtually every genome analyzed, and showed
that positive selection acting to diversify DNA-binding capabilities of KZNF pro-
teins of many different types [41]. The key feature that drives duplication and
deletion of KZNF motifs in KRAB-KZNF genes is the occurrence of multiple,
tandemly arranged finger-encoding repeats in a single exon; this kind of structure is
present in a large fraction of KZNF genes in every species (Fig. 4.3). Whether fin-
ger deletion and duplication are driven by illegitimate recombination between the
adjacent repeats, or a mechanism such as replication slippage, remains to be deter-
mined. However, the high frequency of these events and the relatively rapid pace in
which they have occurred in divergence of recent primate duplicates argue for the
latter mechanism, which is known to drive a similar pace of genomic divergence at
microsatellites and other simple sequence repeats [61].
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The ability to create new DNA binding capabilities through binding-sequence
divergence or zinc finger number and arrangement is likely to underlie much
of this gene family’s remarkable growth and success. However, despite similar-
ities in structure, with N-terminal effectors and KZNF arrays encoded intact on
separate exons, the different families of polydactyl KZNF genes display very dif-
ferent evolutionary histories. Why have the older BTB/POZ-KZNF genes and the
vertebrate-specific SCAN-KZNF families not exploded in numbers, as the KRAB-
KZNFs have done? What drove the expansion of ZAD-KZNF genes in insects,
and the expansion of a less-characterized family, the FAX/FAD-KZNFs [62] in
amphibian genomes?

In considering the functions of the major mammalian KZNF effectors, we may
find a clue to this mystery. Whereas BTB and SCAN appear to be concerned pri-
marily with protein homo- and hetero-dimerization, KRAB is thought to play a very
different role. Whereas future studies of KRAB domain function may still hold some
surprises, it is thought primarily to interact directly with a single, abundant, and
ubiquitous co-factor, KAP-1 [63, 64]. Because KAP-1 is so abundant, and serves as
a “universal” KRAB co-factor, new KRAB proteins can arise with little effect on
other interaction partners. KRAB does not mediate dimer formation, and KRAB-
KZNF proteins appear to bind to target sites without the need for partners to stabilize
their interaction with DNA. The long polydactyl KZNF arrays that are found in
most mammalian proteins of this type probably underlie the independence of pro-
teins of this type. Human KRAB-KZNF proteins contain an average of 12 KZNF
motifs; an array of this length could theoretically specific a binding site of 36 bp,
an extraordinary length compared to the binding sites of most known TFs. In real-
ity, most binding sites that have been determined for polydactyl KZNFs range from
6 to 27 bp; some examples of well established binding sites are shown as “motif
logos” (illustrations that represent the probability of finding a particular nucleotide
at a position within the binding site) in Table 4.1. For proteins with binding sites
on the longer end of this range, the binding between DNA sequence and the KZNF
protein, wound with precision around the double-stranded DNA, would be predicted
to be unusually specific and stable.

In contrast to KRAB-KZNFs, the average SCAN-KZNF and BTB/POZ-KZNF
proteins contain a smaller number of zinc fingers [42], consistent with the idea that
these proteins need to dimerize with other, similar proteins for secure binding to
DNA. The potential combinatorial action of these dimerizing proteins provides a
way to achieve functional diversity far beyond that implied by the numbers of indi-
vidual genes. However, their predicted dependence on other proteins for activity
may also constrain the ability of new genes to evolve, and established genes to be
lost in these gene families. These concepts may help explain why genes encoding
BTB/POZ and SCAN-containing KZNF genes have been more restrained than their
ZAD-KZNF and KRAB-KZNF cousins in their tendency to gain and lose mem-
bers over evolutionary time. Because they cannot diverge without affecting the
functions of interacting proteins, TFs that require partners for activity tend to be
more conserved, and more likely to be locked in to larger regulatory pathways, than
independently acting proteins might be.
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These basic tenets of protein evolution allow some predictions for the func-
tions of effectors for non-mammalian KZNF effectors, like the insect effector, ZAD.
Although the exact functions of the ZAD are not yet know, the prolific expansion
of ZAD-KZNF genes in insect genomes, and the differences in ZAD-KZNF reper-
toires observed in comparisons of different insect genomes [38, 65], suggest that,
like KRAB, this effector might function in concert with a ubiquitous co-factor; in
analogy to KAP-1, this co-factor might be predicted to correspond to a protein or
complex that interfaces with the chromatin remodeling machinery.

4.4 Challenges and Future Directions

Although the KRAB-KZNF family is by far the most dynamic group in mammalian
genomes, the larger KZNF family has clearly played a significant role in the evolu-
tion of all eukaryotic clades. The versatile building block provided by the ancient
C2H2 motif, its ability to assemble into long arrays for stable DNA binding, and
the sheer diversity in DNA recognition capabilities that can be achieved by their
combinatorial action, have made them a mainstay of TF repertoires and a dominant
component of all eukaryotic genomes.

Despite their dominance, and the molecular “recognition code” that is believed
to underlie their DNA binding capabilities, the functions of only a tiny fraction
of KZNF proteins in any genome is known, and indeed it is not known whether
predicted sequence specificities are generally correct. This lack of functional knowl-
edge is especially acute for the polydactyl KZNF genes, due in part to their lack of
interspecies conservation and their duplicative histories, which ensure some degree
of functional redundancy. In vitro studies of purified polydactyl KZNF proteins are
hampered by their low solubility, due to the high cysteine content of the proteins;
in vivo studies are complicated by the high degree of similarity between paralogous
proteins. And because of the extreme evolutionary diversity of KRAB-KZNFs in
vertebrates and similar lineage-specific families, repertoires of such proteins have
been fully counted only a small number of completely sequenced genomes [41].

However, the emergence of new technologies is beginning to shine new light on
this shadowy component of the metazoan regulatory machinery. Microarrays bear-
ing double-stranded oligonucleotides are currently being used to map binding-site
preferences for a large number of GST-tagged TF proteins, including some KZNFs
[66]; this method offers a significant advantage in terms of effort and time required
to map binding sites compared to previous in vitro methods. However, polydactyl
KZNFs have presented unique challenges to methods such as this, which depend on
availability of soluble tagged proteins.

Some progress has been made through strategies such as tagging short peptides
containing overlapping subsets of fingers from a longer KZNF array (T.R. Hughes,
personal communication). Binding sites for other proteins have been successfully
determined using established methods, such as “Systematic Evolution of Ligands
by Exponential Enrichment” (or SELEX, [67–69] (Table 4.1)), and more recently
through the application of bacterial one-hybrid selection systems [70]. However,



90 L. Stubbs et al.

ultimately, an understanding of the binding properties of long polydactyl KZNF pro-
teins, of the prevalence of finger “multitasking”, and of the functional consequences
of their unique patterns of evolutionary divergence, will require methods that fully
report their binding-site occupancy in living cells. Because of paralog sequence
similarity and other factors, mapping binding sites of KRAB-KZNF proteins and
the member of other, similar lineage-specific protein families presents a special
challenge. However, new strategies including the use of “designer” KZNF recombi-
nases [71, 72] to facilitate in vivo TF tagging, in combination with high-throughput
sequencing, hold significant promise to unlock the long-standing mysteries regard-
ing the functions of these abundant eukaryotic TFs. The true impact of the KZNF
family’s dynamic evolutionary history on speciation, interspecies divergence, and
individual differences in gene regulation eventually will only be deciphered when
their binding sites, regulatory activities, and interactions with other chromatin
proteins are known.
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