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Abstract:

A zinc finger is a small peptide motif stabilised by a single zinc ion, best known for its capability
to specifically bind a 3-nucleotide sequence of DNA, depending on the exact amino acids
present in the DNA-binding positions. Zinc fingers are unique in their ability to freely link
together and form longer tandem arrays, which can bind DNA targets of any length and
sequence determined by the combination of individual fingers. These arrays can easily mutate
and be rebuilt to change binding specificity, allowing great flexibility and helping zinc fingers
to their widespread presence in numerous endogenous proteins of various functions. This
property of zinc finger arrays also made them a suitable tool for the creation of custom DNA-
binding domains for genetic engineering. This thesis provides an overview of the discovery,
structure and function of these domains and then reviews and discusses selected naturally
occurring mammalian zinc finger proteins and their properties, showcasing diverse uses zinc
finger arrays have been adapted for throughout evolution. The history and future of zinc fingers

in artificial proteins created for gene therapy and research are discussed as well.

Keywords: zinc finger, ZnF, KRAB, KZFP, CTCF, PRDM9, ZFN, mammals

Abstrakt:

Zinkovy prst je maly peptidovy motiv stabilizovany jednim zine¢natym iontem, zndmy zejména
pro svou schopnost specificky vazat tifinukleotidovou sekvenci DNA v zavislosti na
konkrétnich aminokyselinach ptfitomnych v DNA-vazebnych pozicich. Zinkové prsty jsou
unikatni svou schopnosti spojovat se do delSich tandemové usporadanych sad, které mohou
vazat DNA cile o libovolné délce a sekvenci, ur€ené kombinaci jednotlivych prst. Tyto sady
mohou jednoduSe meénit vazebnou specificitu diky mutacim a ptestavbam, coz jim dodava
velkou flexibilitu a pomohlo zinkovym prstim rozsitit se do mnoha endogennich proteint
o rozliénych funkcich. Tato vlastnost sad zinkovych prsti je také ¢ini vhodnymi pro tvorbu
DNA-vazebnych domén na miru pro vyuZiti v genovém inZenyrstvi. Tato prace podava piehled
o objevu téchto domén, jejich struktufe a funkci a poté shrnuje a diskutuje vybrané ptirozené
se vyskytujici sav€i proteiny se zinkovymi prsty a jejich vlastnosti, pfedstavujic rtizné funkce
pro n¢z byly sady zinkovych prstil v prubehu evoluce adaptovany. Diskutovana je také minulost
a budoucnost zinkovych prsti v umélych proteinech vytvofenych pro genovou terapii a

vyzkum.

Kli¢ova slova: zinkovy prst, ZnF, KRAB, KZFP, CTCF, PRDM9, ZFN, savci



Glossary
ATF — artificial transcription factor
Cas9 — CRISPR-associated protein 9

CRISPR - clustered regularly interspaced
short palindromic repeats

CTCF — CCCTC-binding factor
DNA — deoxyribonucleic acid
DSB — double-strand break
dsDNA — double-stranded DNA

DUF3669 — domain of unknown function
3669

ERYV — endogenous retrovirus
ESC — embryonic stem cell

EXAFS — extended X-ray absorption fine
structure

HAT - histone acetyltransferase

HIV — human immunodeficiency virus
HMT — histone methyltransferase

HP1 — heterochromatin protein 1

HR — homologous recombination
KAP1 — KRAB-associated protein 1
KRAB — Kriippel-associated box
KZFP — KRAB-zinc finger protein

LINE-1/L1 — long interspersed nuclear
element

LTR - long terminal repeat

MHC II — major histocompatibility
complex II

mRNA — messenger RNA
NHEJ — non-homologous end joining
NMR — nuclear magnetic resonance

NuRD - nucleosome remodelling and
deacetylase complex

PRDM9 — PR/SET domain-containing
protein 9

RNA- ribonucleic acid
RNP — ribonucleoprotein

SCAN - SRE-ZBP, CTfin51, AW-1 and
Number 18 cDNA

SETDBI1 — SET domain bifurcated 1
SINE — short interspersed nuclear element
TAD — topologically associated domain

TALE — transcription activator-like
effector

TE — transposable element
TF — transcription factor
ZFN — zinc finger nuclease

ZnF — zinc finger
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1. Introduction

Many fundamental biological processes within the cell, from transcriptional regulation to
spacial organization of the genome, require a way for proteins to bind specific DNA sequences
with high accuracy and affinity. Many different peptide domains have evolved to fulfil this role.
This thesis will focus on zinc fingers, short peptide motifs that stand out among other DNA-
binding motifs with their ability to join together with other zinc fingers to form longer arrays,
targeting sites of varying lengths and sequences. This grants the zinc finger DNA-binding
domains unique and interesting properties and allows them to be used in a broad range of

proteins, some of which will be reviewed in this paper.

The zinc finger (abbreviated as ZnF) is a small structurally rigid protein motif stabilised by one
or more zinc ions coordinated within the structure by cysteine and histidine residues. There are
multiple different classes of zinc fingers, which will be briefly discussed below. However, in
this paper attention will be paid primarily to classical zinc fingers, called also C2H2 zinc
fingers. These short motifs, around 30 amino acids, encompass just one zinc ion bound
generally by two cysteine and two histidine residues. Most of the motif sequence is highly
conserved (J. Miller et al., 1985) and the most important changes occur in 4 positions — these 4
amino acid residues determine the zinc finger’s binding specificity. Every individual C2H2 zinc
finger can independently and specifically recognise a 3 bp segment of one strand of double-

stranded DNA (dsDNA) plus one additional base in the opposite strand (Fairall et al., 1993).

The principle of DNA recognition by C2H2 ZnFs is distinctly different from most other
DNA-binding domains. Whereas many proteins bind to DNA in the form of a dimer and make
use of the symmetry of the DNA double-helix and of the usually palindromic sequence they
recognise (helix-turn-helix motifs could be used here as an example), zinc finger domains can
bind to any non-palindromic sequence in a linear way in the form of a monomer (Klug, 2010).
This in part allows them to bear the most crucial feature, which is one of the reasons ZnFs are
the most common protein domain in metazoan transcription factors (Weirauch & Hughes, 2011)
— the ability to link together in tandem arrays, sometimes called “polydactyl” ZnFs because
they contain many individual fingers. This grants the bond between the protein and its target
DNA high affinity and specificity, as well as the capability to bind sequences of greatly varying
lengths. Individual fingers in an array all have a similar structure, but exhibit affinity to
a different base pair triplet, thus by arranging them in alternative ways, a multitude of

combinatorial binding possibilities can be achieved.



These short motifs have been undergoing duplication and rearrangement by exon shuffling for
hundreds of millions of years and have become associated with a wide selection of effector
domains, generating multiple protein families with novel structures and functions. C2H2 zinc
fingers have been found widespread in all eukaryotes including yeasts and plants (Table 1). The
types of effector domains conjoined with polydactyl ZnF domains include transcriptional
activators, repressors, nucleases and many others. Some of these families have remained
exclusive to certain evolutionary clades and created lineage-specific groups of ZnF proteins

(Stubbs et al., 2011).

The possibility to use zinc fingers as building blocks for the creation of designer domains
specifically binding to a nucleic acid sequence of choice helped them receive a lot of attention
in artificial protein engineering. Fusing these man-made domains to different effector domains
gave rise to proteins which have been used in genome editing and gene therapy. Even though
artificial ZnF proteins seem to have been surpassed in the last decade by other kinds of genome
editing tools, there could still be more unique applications found for these custom polydactyl

ZnF proteins in the future.

This thesis aims to provide a short introduction into how zinc fingers were initially discovered
and what other types aside from C2H2 are there to be found and then review a selected few
most notable naturally occurring ZnF array proteins and their biological roles. Attention will be
also paid to artificially engineered ZnF proteins. In the end, I will discuss the future of ZnF
array proteins, both short-term in their further use in genetic engineering and gene therapy and

long-term from the evolutionary perspective.

Organism Total protein-coding genes Genes containing C2H2 motif
Homo sapiens 22 803 877 (3,85 %)
Mus musculus 21517 749 (3,48 %)
Rattus norvegicus 23 098 697 (3,02 %)
Danio rerio 30 149 1254 (4,16 %)
Drosophila melanogaster 13 986 303 (2,17 %)
Caenorhabditis elegans 19 985 193 (0,97 %)
Saccharomyces cerevisiae 6 600 52 (0,79 %)
Arabidopsis thaliana 27 628 165 (0,6 %)

Table 1 - Number of known genes containing the C2H2 motif compared with the number of
all protein-coding genes in different model organisms. Data gathered using InterPro (Paysan-
Lafosse et al., 2023) and Ensembl Biomart (Martin et al., 2023).



1.1.  Zinc finger discovery

The first mention of a DNA-binding structural protein motif that encompasses a zinc atom in
its structure comes from a 1985 paper by J. Miller, A.D. McLachlan and A. Klug (J. Miller et
al., 1985). Previous studies of 5S RNA genes in Xenopus laevis, conducted by groups of D.D.
Brown and R.G. Roeder, had shown that for RNA polymerase III to successfully bind and
transcribe the gene, a transcription complex comprising at least 3 molecules is needed. Among
these is transcription factor TFIIIA, a 38,5 kDa protein which directly interacts with a 50 bp
region inside the coding sequence of the gene, called the “internal control region” (reviewed in
Brown, 1984). 5S RNA molecules are being stored in immature Xenopus oocytes in the form
of a 7S ribonucleoprotein (RNP) particle also containing TFIIIA, thus indicating that TFIIIA
binds the 5S RNA gene as well as its product (Picard & Wegnez, 1979).

Upon experiments closer examining the 7S RNP, Miller et al. have found that each 7S particle
contains between 7-11 Zn atoms and that proteolytic digestion of the 30 kDa domain of TFIIIA
results in fragments of a limit size of ~3 kDa (J. Miller et al., 1985). McLachlan’s computer
analysis of the amino acid sequence of TFIIIA published by (Ginsberg et al., 1984) showed that
the protein contains 9 tandemly repeated units of ~30 amino acids, each one with two pairs of
cysteines and histidines at the same positions. Based on these results, Miller et al. suggested
that these repeated units correspond in size to the 3 kDa fragments and each one of them is
independently folded around a Zn cation, forming a small domain termed “zinc finger” for its
shape and ability to “grasp” DNA and its need of the metal ion to preserve its structure (J. Miller

et al., 1985).

The 30 amino acid domain consists of a 25 amino acid module forming the “finger” itself and
5 residues connecting the neighbouring zinc fingers in the form of a short linker. A zinc ion is
coordinated in the middle of each finger by two invariant cysteines and two histidines,
stabilising the structural motif. Zinc is not subject to redox chemistry, which makes it able to
bind the two parts of the motif together even in the reducing conditions inside the cell, unlike
disulphide bonds which would get reduced (Williams, 1984). This proposal of a zinc finger
structure was supported in the following year by two other studies — an extended X-ray
absorption fine structure (EXAFS) study confirmed that the Zn ion within each finger is indeed
coordinated by two pairs of cysteines and histidines (Diakun et al., 1986) and the exon-intron
composition of TFIIIA gene was shown to correspond with borders of the putative zinc finger

domains (Tso et al., 1986). Aside from the conserved Cys and His pairs, three conserved hydro-



Figure 1 — Structure of a zinc finger domain obtained by a two-dimensional NMR study
(Neuhaus et al., 1992). The zinc ion, represented by a grey sphere, is coordinated by amino
acid residues Cys44 and Cys49 from the N-terminal B-sheet and His62 and His66 from the
C-terminal a-helix. Tyrd2, Phe53 and Leu59 form the hydrophobic core of the structure. The
DNA-interacting amino acids are indicated by red circles. Adapted from (Klug, 2010).

phobic residues were noted in the middle region of the peptide between the two Zn coordinating
pairs, supposedly forming a hydrophobic core of the domain (J. Miller et al., 1985). A structural
model was proposed and later confirmed consisting of an antiparallel B-sheet, containing the
two cysteines, and an o-helix with the two histidines (Figure 1) (Berg, 1988; Lee et al., 1989;
Neuhaus et al., 1992).

The mode of specific binding of a zinc finger to DNA was first uncovered with the solution of
the crystal structure of the three-fingered DNA-binding domain of mouse transcription factor
Zif268 bound to a DNA oligonucleotide (Pavletich & Pabo, 1991). Each finger’s a-helix binds
into the major groove of DNA to three consecutive bases of one DNA strand with amino acid
residues at helical positions -1, 3 and 6 using specific hydrogen-bond interactions, one amino
acid per one base, while the amino acid at helical position 2 contacts one base in the opposite
strand (Fairall et al., 1993). Multiple variations of this configuration were later found among

different zinc finger-DNA complexes (Elrod-Erickson et al., 1998).
1.2.  Zinc finger classification

The zinc fingers of the protein TFIIIA fall into the category of so-called “classical” ZnFs, also

known as Cys;His: or just C2H2 because of the way they bind their Zn ion. There are however



many diverse classes of zinc fingers with various ways of binding the Zn ion and differing
structures (Figure 2) and functions. Here I will review a few of the best-known and most-
represented classes, showcasing their roles in the organism. The presented categorisation
however is not strictly accepted and other attempts to classify zinc fingers in different ways

have been made (Iuchi, 2001; Matthews & Sunde, 2002).

The first-discovered C2H2 zinc fingers are the best-characterized type of these zinc-binding
domains. They are the most numerous class of ZnFs in the human genome, being present within
the structure of more than 3 % of all human genes (Klug, 2010). In DNA-binding protein
domains, they are usually found in groups of at least three fingers to provide enough strength
and specificity to the bond (Stubbs et al., 2011). Aside from binding to DNA, they are known
to interact with RNA and proteins as well. In protein-protein binding, a single ZnF can be
sufficient, as is the case with e.g. FOG-1, which binds as a cofactor to transcriptional regulator
GATA-1 using just one of its multiple CCHC zinc fingers, a variant of the C2H2 which holds
the same classical Bpa conformation (Fox et al., 1999). Some C2H2 proteins of the class termed
multiple-adjacent-C2H2 (Iuchi, 2001) have multiple binding activities at once, like WT1
binding both DNA and RNA (Caricasole et al., 1996) or Ikaros binding DNA and proteins (Sun
et al., 1996).

The treble clef finger class has been named for the structure's resemblance to the musical score
sign. They are commonly composed of a zinc knuckle (-hairpin containing the sequence Cys-
x-x-Cys) on the N-terminus followed by a loop, another B-hairpin, and an a-helix. The Zn
ligand-pairs are located in the zinc knuckle and the N-terminal part of the helix. Treble clef
fingers are present in various groups of proteins with a wide array of functions and an often
undetectable sequence similarity despite structural likeness. Among these groups are RING
finger-like domains, termed C3HC4 fingers and typically containing two Zn binding sites;
protein kinase cysteine-rich domains, contained in protein kinases C or RAF kinases; or the
nuclear receptor-like fingers, found in GATA-1, nuclear receptor DNA-binding domains or the

LIM domain (Grishin, 2001; Krishna et al., 2003).

The Gag knuckle fold comprises a short zinc knuckle followed by a loop or a truncated helix.
Resemblance to the classical ZnF can be seen, but both the B-hairpin and the helix are
significantly shorter. One zinc ion is coordinated within the fold by two ligands from the zinc
knuckle and another two from the loop or both sides of the helix. This fold group was named
the Gag knuckle because it is found in retroviral nucleocapsid gag proteins, which bind single-

stranded RNA through this domain and play a major role in viral packaging (Laity et al., 2001).



A Gag knuckle is also included in the A subunit of RNA polymerase II or the reoviral outer

capsid protein 63 (Krishna et al., 2003).

In the zinc ribbon domain, zinc-binding ligands are provided by two zinc knuckles. The
N-terminal primary B-hairpin together with the C-terminal secondary hairpin form the structural
core of the fold (Krishna et al., 2003). Zinc ribbons are very diverse and are often only similar
in the sequence of the zinc knuckles, otherwise showing great structural variability. The family
of classical zinc ribbons includes domains primarily from proteins involved in transcription or
translation, including transcription factors, RNA polymerases, topoisomerases, and ribosomal
proteins. Among other families of the zinc ribbon fold are the rubredoxin family, found in
proteins used in electron transfer, or the family of zinc ribbons of the adenovirus DNA-binding

protein (summarized in Krishna et al., 2003).

Figure 2 — Structures of chosen zinc finger fold groups.
(A) C2H2-like finger (B) Gag knuckle (C) Treble clef
(D) Zinc ribbon. Colour coding used: orange -
zinc-binding residues, red — zinc knuckles, cyan -

a-helices, purple — B-strands neighbouring the zinc
knuckle, yellow — other B-strands, green — loops.
Adapted from (Krishna et al., 2003).

2.Naturally occurring zinc finger array proteins

C2H2 zinc finger DNA-binding domains appear within a large number of metazoan proteins.
This is due to their ability to tandemly link together in altering lengths and orders, which confers
huge variability in the specificity of binding. Throughout evolution, zinc finger arrays have
been brought together with different types of effector domains through exon shuffling
(Stubbs et al., 2011). Many of these composite proteins function in gene regulation as

site-specific transcription factors (TFs). Aside from those, ZnF array proteins with other



functions are also known, such as regulation of DNA-methylation by VEZF1 (Dickson et al.,
2010), transcriptional repression by KRAB domain-containing proteins (Bellefroid et al.,
1991), regulation of chromatin structure by CTCF (reviewed in Phillips & Corces, 2009) or
meiotic recombination hotspots determination by PRDM9 (Baudat et al., 2010; Myers et al.,
2010). Typically, a ZnF array is located on the C-terminus of a protein and provides specific
DNA-binding capability while an effector domain on the N-terminus either interacts with and
“recruits” other often more general regulatory proteins or provides some regulatory function by

itself (Frietze & Farnham, 2011).
2.1.  Zinc finger arrays

The length of a ZnF array is usually at least 3 fingers, but proteins with over 40 tandemly
arranged fingers were documented in vertebrate genomes (Stubbs et al., 2011). In proteins
containing only one or two fingers, additional structural elements are often present to facilitate
DNA recognition (Bowers et al., 1999; Dutnall et al., 1996; Fairall et al., 1993). The average
number of zinc fingers in arrays with more than 3 fingers is 8,5 in humans and 7,5 in mice. An
average human ZnF array protein could thus recognise a DNA sequence of 25-26 bp which is
way more than typical transcription factors do. The longest ZnF arrays could bind sequences
over 100 bp long, which is unusual, considering a 3 Gbp genome on average contains a specific
16 bp sequence just once. (Emerson & Thomas, 2009). This makes recognising sequences of
such length seem redundant for ensuring the specificity of binding. One possible explanation is
that a long array could be functionally divided into multiple subsets of fingers, each binding
a different target (Hata et al., 2000; Hoffmann et al., 2003). Apart from ZnFs binding to DNA,
cases are known of them mediating protein-protein relations and interacting with other
transcription factors, for example with the Sp1 protein (Gregory et al., 1996; J. S. Lee et al.,
1993; Perkins et al., 1994).

2.2. Effector domains

Most of the effector domains contained in transcription factor proteins can generally be divided
into three groups. Firstly, these domains can directly interact with parts of the basal
transcriptional machinery and mediate their interaction with DNA or with one another.
So-called transactivation domains make contact with general TFs - members of the preinitiation
complex - to recruit and stabilise them. The second type of TF effector domains cooperatively
interact with other site-specific factors. This can enable the binding of factors whose affinity to

a given DNA sequence otherwise would not be high enough. Aside from stabilising weaker



protein-DNA interaction, this can also allow combinatorial and thus more complex regulation
of transcription. Lastly, effector domains can often recruit chromatin-modifying enzymes.
Among these are histone acetyltransferases (HATs) and histone methyltransferases (HMTs),
whose activity largely determines the open or closed state of chromatin and ultimately the

expression of an affected gene (reviewed in detail in Frietze & Farnham, 2011).
2.3. KRAB

There are many ZnF protein families with different effector domains. A few of the most notable
include BTB/POZ, ZAD, SCAN and the largest one — the KRAB domain family. This domain
was discovered in 1991 by Bellefroid et al. and named Kriippel-associated box (KRAB) for its
relatedness to the Kriippel zinc finger protein, which is essential for the regulation of
segmentation in Drosophila (Bellefroid et al., 1991). The KRAB-zinc finger protein (KZFP)
family has expanded remarkably and comprises hundreds of known proteins which are found
almost exclusively in tetrapod vertebrates (Huntley et al., 2006) — only one ortholog of a KRAB
domain has been reported in sea urchin (Birtle & Ponting, 2006). KZFPs have been duplicating
most rapidly in mammalian lineages where they are the dominant TF type. The human genome
for example contains over 400 KRAB-zinc finger protein-coding loci, generating over 700
alternatively transcribed KZFP mRNAs (Huntley et al., 2006), which could constitute up to
25 % of estimated total human TF genes (Vaquerizas et al., 2009).

Zinc finger array genes, including KZFP genes, are often found on chromosomes together in
large clusters due to being prone to frequent segmental duplications, creating copy-number
variants (Cooper et al., 2007; Nowick et al., 2010). Two potential causes have been identified
that could explain the rapid pace with which new KZFPs are emerging and diverging in
function. First, the duplicated genes often possess differing expression patterns compared to
their parental gene. This implies that genes are duplicated together with their regulatory
elements and that neighbouring genes are protected from their influence, leading to different
levels of expression or tissue-specific expression even between closely related KZFP genes
with high sequence similarity (Nowick et al., 2010; Stubbs et al., 2011). Second, the target
specificity of KZFPs readily changes either by non-synonymous mutations in individual amino
acids in the binding regions of the zinc fingers or by duplications and deletions of whole fingers
(Shannon et al., 2003). The latter happens by the same mechanisms as duplications and
deletions of microsatellites or any other simple tandemly repeated sequence — by stochastic

illegitimate recombination between different segments of the array or by a mechanism such as



slippage of the DNA polymerase during replication (Hardwick et al., 2009). Research has
shown that the formation of genes with novel DNA-binding specificities is evolutionarily
favourable and positive selection is acting in the process of rapid diversification of KZFPs and

other ZnF array proteins (Emerson & Thomas, 2009).

The KRAB is an approximately 75 amino acids long domain, composed of two parts called the
KRAB A-box and B-box (Bellefroid et al., 1991). The A-box alone can interact with the
domain’s protein partners and mediate transcriptional regulation and the B-box is thought to
potentiate the effectivity of these interactions (Vissing et al., 1995; Witzgall et al., 1994).
KRAB recruits a ubiquitous scaffold KRAB-associated protein-1 (KAP1) which enables
KZFPs’ repressive activity (Friedman et al., 1996) by binding multiple different
heterochromatin-inducing proteins. This silencing complex consists of heterochromatin protein
1 (HP1) isoforms (Nielsen et al., 1999; Sripathy et al., 2006), the histone3-lysine 9-specific
methyltransferase SET domain bifurcated 1 (SETDB1) (Schultz et al., 2002), the nucleosome
remodelling and deacetylase (NuRD) complex (Schultz et al., 2001) and DNA
methyltransferases (Quenneville et al., 2012) (Figure 3). The KAP1 co-factor is abundant in
all tissues and acts as a universal binding partner for KRAB, mediating its repressive function.
This is partly also what allowed the KRAB family of proteins to grow to such numbers — new

KRAB proteins with novel DNA-binding capabilities can arise without hindering the

SETDB1
H3ac NuRD/

HDAC
H3K9me3

DNA methylation

Figure 3 — The KZFP silencing complex. The KZFP binds to DNA with its array of zinc fingers
and recruits KAP1 via its KRAB domain. KAP1 subsequently recruits a repressor complex,
resulting in histone methylation (H3K9me3), histone deacetylation (H3ac) and DNA
methylation and ultimately in transcriptional repression. KAP1 — KRAB-associated
protein-1; HP1 — heterochromatin protein 1; SETDB1 — SET domain bifurcated 1;
NuRD/HDAC - nucleosome remodelling and deacetylase complex/histone deacetylase;
DNMT — DNA methyltransferase; H3K9me3 — trimethylated lysine 9 of histone 3; H3ac —
acetylated histone 3; KRAB-ZFP — Krippel-associated box- zinc finger protein. From (Ecco
etal., 2017).
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interactions of KRAB/KAP1 on the N-terminus. KZFPs generally do not dimerise with other
proteins, nor do they need other interaction partners for the stabilisation of their bond to DNA
and therefore need not be as conserved as other protein families that require tighter interaction
with their partners (Stubbs et al., 2011). Several highly conserved lineages of KZFPs contain
other domains at the N-terminus aside from KRAB, such as DUF3669 (domain of unknown
function 3669) or SCAN (SRE-ZBP, CTfin51, AW-1 and Number 18 cDNA). The SCAN
domain can mediate dimerisation with other proteins while the function of DUF3669 is, as the
name suggests, still largely unknown (Ecco et al., 2017; Edelstein & Collins, 2005). Some
KZFPs, often those containing these domains, do not recruit KAP1 and perform some other
function than transcriptional repression. A few of these proteins are thought to be involved in
transcriptional activation, but more data needs to be gathered on this subject (reviewed in

Rosspopoff & Trono, 2023).
2.3.1. Control of transposable elements

KZFPs bind to diverse genomic targets, such as promoters, simple repeats or genes for other
ZnF array genes, where they execute different tasks (Imbeault et al., 2017). Covering all of
these is, however, beyond the scope of this thesis. Hence, I will only review the most numerous

and (to me) interesting KZFP targets — transposable elements (TEs).

Transposable elements are mobile genetic elements - sequences of nucleic acid capable of
replicating and changing their position within the genome. They were first discovered in maize
in 1950 by Barbara McClintock (McClintock, 1950). By the mode of their transposition, TEs
are classified either as DNA transposons or retrotransposons (Finnegan, 1989). DNA
transposons move using a DNA intermediate and usually (but not always) with the cut-and-
paste mechanism, essentially being excised from their original location by transposase enzymes
and integrated elsewhere in the genome (Wicker et al., 2007). Retrotransposons make use of an
RNA transcript which is then reverse transcribed into DNA and inserted into the genome, the
so-called copy-and-paste mechanism (Weiner et al., 1986). Estimates of the abundance of TEs
within the human genome reach 4,5 million TE-derived sequences, making up about 50 % of
its DNA content (Ecco et al., 2017) or even more, because over time, TEs become
unrecognisable due to mutations (de Koning et al., 2011). About 1,6 % of the human genome
is comprised of DNA transposon fossils (Smit, 1996) while the rest of the contained TEs belong

to the class of retrotransposons.
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TEs can impact their genomic environment in many ways including, but not limited to,
providing alternative promoters, alternative splice sites, novel binding sites for transcription
factors or production of regulatory RNAs (Friedli & Trono, 2015). Even though no more than
one in every ten thousand human mobile elements are still able to transpose (Hancks &
Kazazian, 2016), they provide a huge and important regulatory platform and are often crucial
for the evolution and biology of organisms (Chuong et al., 2017; Garcia-Perez et al., 2016;
Trizzino et al., 2017). TEs have been documented for example as the source of modified tissue-
specific gene expression (Ting et al., 1992) and providers of binding sites for pluripotency
factors in embryonic stem cells (ESCs) (Bourque et al., 2008) or for the tumour suppressor
protein p53 (T. Wang et al., 2007). At the same time, there are many known human pathologies
caused by TEs, such as the insertion of a primate specific retrotransposon of the Alu SINE
(short interspersed nuclear element) type into the genes BRCAI and BRCA2 causing breast
cancer (Miki et al., 1996; Puget et al., 1999) or the activation of an endogenous retrovirus (ERV)
of the long terminal repeat (LTR) retrotransposon class causing oncogene expression in human

Hodgkin’s lymphoma (Lamprecht et al., 2010).

The majority of KZFPs, about two-thirds, bind to sites located within TEs, mostly in
retrotransposons. Some KZFPs can associate with multiple TE families and some TE
subfamilies are, on the contrary, targeted by multiple KZFPs (Imbeault et al., 2017).
A well-documented function of KZFPs is the control of early development and embryogenesis
by the formation of heterochromatin in specific loci. They allow for the silencing of TE-derived
sequences to stop them from impeding the precisely orchestrated processes that take place
during embryogenesis from zygotic genome activation onwards and to ensure transcriptional
homeostasis. Upon the depletion of the scaffold protein KAP1 or the H3K9 methyltransferase
SETDBI in human or mice ESCs, several TEs become expressed (Corsinotti et al., 2013;

Matsui et al., 2010; Rowe et al., 2010; Turelli et al., 2014).

Research has shown that there has been an ongoing coevolution of KZFPs and TEs for millions
of years. When the genome has been invaded by a new family of ERVs, novel KZFP duplicates
targeting these TEs have appeared subsequently, mirroring the waves of retroviral invasion into
the genome (Najafabadi et al., 2015; Thomas & Schneider, 2011). These data have led to the
proposition of the hypothesis of a perpetual “arms race” between TEs and the KZFPs that
suppress them. This model suggests that KZFPs with novel binding specificities emerge in
response to rapidly mutating TEs, driven by strong positive selection, to silence them and keep

them from propagating further (Emerson & Thomas, 2009). Support for this model can be found
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for example in the dynamic regulation in human ESCs of LINE-1 (also called L1, long
interspersed nuclear element-1) lineage of retrotransposons, the only known still active
autonomous retrotransposon. Any time a new L1 lineage appears, it is first suppressed by small
RNA pathways inducing DNA methylation, namely the PIWI-interacting RNA pathway, before
KZFPs capable of binding these TEs appear and take on the role of silencing them until
mutational drift deprives them of any activity (Castro-Diaz et al., 2014).

More recent studies however suggest this model is too simplistic and the host-invader arms race
is not the only driving force of the rapid KZFP selection and diversification. A so-called
“domestication” model has been presented, proposing that KZFPs do not just silence TEs and
obstruct their transposition potential, but also co-opt them for the benefit of the host (Imbeault
et al., 2017). This is supported by several lines of evidence. First, tens of thousands of TEs,
despite being long devoid of any transposition activity, are still regulated by KRAB/KAPI
complexes, thus the retainment of KZFP-binding sequences in these integrants cannot stem
from the necessity to block their replication (Ecco et al., 2017). Second, many TEs have invaded
the human genome or kept duplicating even after a KZFP capable of binding their sequence
had appeared and recent data has even shown positive selection in some TEs for providing
binding sites for KZFPs (Imbeault et al., 2017). Third, the expression patterns of KZFPs are
often highly regulated and tissue- and lineage-specific, suggesting tight control over the

interactions of KZFPs with TEs (Ecco et al., 2017).

It was previously accepted that most TEs were irreversibly repressed during early
embryogenesis, thus exhibiting no need for further suppression (Maksakova et al., 2008).
However, more and more research shows this is not true. KZFPs have been shown to regulate
TEs in adult tissues, establishing transcriptional networks that affect not only early development
but many other physiological processes. TEs contribute to proper human embryonic genome
activation while being controlled by KZFPs, but later the same TEs also act as tissue-specific
enhancers (Pontis et al., 2019). The murine KZFPs ZFP932 and Gm15446 were demonstrated
to bind ERV sequences in ESCs, but also in a range of somatic cells where they subsequently
modulate the expression of neighbouring genes via promoter and enhancer effects (Ecco et al.,
2016). One part of the human body seems to be especially prone to dynamic evolution due to
TE and KZFP activity — the central nervous system. A wide range of psychological and
cognitive phenotypes in humans don’t remarkably lower life expectancy and biological fitness
(Ecco et al., 2017), thereby allowing for more diversity and rapid evolution. In line with this,

a higher number of KZFPs have been found expressed in brain tissues than in the majority of
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other adult human organs (Imbeault et al., 2017) and a higher degree of TE activity has been
noted in the brain (Erwin et al., 2014). KZFPs ZNF417 and ZNF587 were shown to control
regulatory sequences based on TEs in human neurons and influence their differentiation and
neurotransmission profile. Interindividual polymorphism in these KZFPs and/or their TE
targets has been consequently proposed to introduce variability in brain function and
development (Turelli et al., 2020). Other studies have also confirmed the widespread correlation
of KZFP expression in the human brain with the expression of their target genes, suggesting
the involvement of KZFPs in gene regulatory networks during brain development (Farmiloe et
al., 2020). These findings imply that KZFPs together with their TE targets could have had
a crucial role in the development of higher brain functions in humans (Ecco et al., 2017),

offering an exciting field for future research.
24. PRDMY

Another remarkable protein that demonstrates the unique properties of zinc finger arrays is
PRDM9 (PR/SET domain-containing protein 9), the meiotic chromosome recombination-
facilitating protein present in many vertebrates, including most examined mammals except
canids (Paigen & Petkov, 2018). In 2010, three research groups proposed PRDM9 as a major
component of the meiotic recombination hotspot-forming machinery (Baudat et al., 2010;
Myers et al., 2010; Parvanov et al., 2010). Chromosomal recombination, also known as
crossing-over, is a key process occurring in sexually reproducing organisms during
gametogenesis that ensures proper chromosome segregation in the first meiotic reductional
division and creation of genetic diversity by reciprocal exchange of genetic material between
two homologous chromosomes (reviewed in Petronczki et al.,, 2003). The meiotic
recombination involves the highly regulated induction of double-strand breaks (DSBs) in the
DNA, which are then repaired using the homologous chromosome. These DSBs don’t occur
randomly along the chromosomes but cluster into short (1-2 kb in humans) segments of the
genome called recombination hotspots (Jeffreys et al., 2001). The sequence-specific binding of
PRDM?9 determines the location of these hotspots (Baker et al., 2014; Brick et al., 2012) and
facilitates the success of subsequent events during the reparation of the DSBs (Brick et al.,
2012; Hayashi et al., 2005). PRDM9 was also identified as the first and so far the only

mammalian gene involved in speciation and hybrid sterility (Mihola et al., 2009).

PRDM?9 has a KRAB domain on the N-terminus, which however in this case does not recruit

KAP1 but is rather involved in interactions with other proteins required for the proper
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advancement of meiosis (Imai et al., 2017; Parvanov et al., 2017). Aside from KRAB, PRDM9
comprises an SSXRD nuclear localization signal, a SET methyltransferase domain (Hayashi et
al., 2005; Powers et al., 2016) and a C-terminal C2H2 ZnF array. Most of the protein’s structure
is highly conserved across different species (Paigen & Petkov, 2018) except for the ZnF array,
which is highly polymorphic in the binding-specifying amino acids of the fingers and even in
the number of ZnF repeats (I. L. Berg et al., 2010). PRDM9 binds with its ZnF array to
a recognition sequence motif where it initiates recombination. However, a phenomenon called
the hotspot conversion paradox occurs in meiosis, where the recombination-initiating hotspot
allele is replaced with a copy of its homologue by gene conversion (Boulton et al., 1997) and
thereby slowly introducing mutations into the PRDM9 recognition sequence and PRDM9
consequently losing its binding affinity to it. This would eventually lead to the loss of all
PRDM9 binding sequences and PRDM?9-facilitated crossing-over could no longer occur,
resulting either in the development of a different recombination mechanism or in sterility and
extinction of the species. For this reason, there is a strong positive selection acting on the DNA-
binding domain of PRDMY so that new alleles with different hotspot binding sequences but
otherwise the same conserved protein structure are appearing rapidly and thus overcoming the
problem of PRDM9 binding target erosion (Baker et al., 2015). PRDM9 allele variations have
been studied extensively in mice (Buard et al., 2014) and humans (I. L. Berg et al., 2010;
Ponting, 2011) and very high numbers of them have been discovered, prompting claims that
Prdm9 may even be the most rapidly evolving protein-coding mammalian sequence known

(Powers et al., 2016).

The complete mechanism by which PRDM9 affects the course of meiosis has not been
elucidated yet. It was initially thought to act as a TF, this is however refuted by the rapid
evolution of the DNA-binding ZnFs (Oliver et al., 2009). It is known that aside from the KRAB
domain enabling interactions with other important protein players, a major role in PRDM9’s
function is played by the PR/SET methyltransferase domain. This enzymatic domain was
shown to epigenetically mark histones within the recombination hotspots — it is capable of
trimethylating both H3K4 and H3K36 in vivo (Powers et al.,, 2016). The methylated
nucleosomes then move apart, creating a nucleosome-lacking region centred over the PRDM9
binding motif (Baker et al., 2014) where a DSB is subsequently formed after the recruitment of
topoisomerase SPO11 (Lange et al., 2016). This nucleosome-depleted region of DNA also
limits the extent of Holliday junction migration during the crossing-over (Baker et al., 2014).

Before the DSB is made, thus marked part of the DNA loop needs to be brought to the
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chromosomal axis — this likely happens through the protein complex that associates with

PRDM9’s KRAB domain (Parvanov et al., 2017).

Before PRDM9 was recognized as a major part of the recombination machinery, Mihola et al.
have labelled it as a gene responsible for hybrid sterility in crosses between two subspecies of
Mus musculus (Mihola et al., 2009). As the only candidate gene for the hybrid sterility locus
Hstl, described in mice in 1974 by J. Forejt and P. Ivanyi (Forejt & Ivanyi, 1974), Prdm9 was
found to be involved in meiotic failure in sterile male mice hybrids between the subspecies
M. m. musculus and M. m. domesticus. Mihola et al. suggested that as a gene reducing hybrid
fitness, Prdm9 could be the first known speciation gene in mammals, creating reproductive
isolation between subspecies and facilitating divergent evolution. The reason for this is likely
the incompatibility of different PRDM?9 alleles caused by the rapid evolution of ZnF arrays in
both subspecies (Oliver et al., 2009).

PRDMY greatly illustrates the versatility of ZnF DNA-binding arrays, as the rapidly mutating
ZnF domain tethered to otherwise highly conserved effector domains allows the preservation
of functional meiosis and therefore reproduction in mammals and could make PRDM9 one of

the genetic drivers of speciation.

25. CTCF

The last endogenous ZnF protein I chose to review is the CCCTC-binding factor (CTCF). It
was first described in 1990 as a novel DNA-binding protein found in the 5’ flanking region of
the chicken c-myc gene and implicated a role of a transcriptional repressor (Lobanenkov et al.,
1990). In later studies, CTCF was suggested to partake in many diverse processes, such as
transcriptional regulation (Filippova et al., 1996; Vostrov & Quitschke, 1997), barrier insulation
and enhancer blocking (Bell et al., 1999), genomic imprinting (Bell & Felsenfeld, 2000; Szabo
et al., 2000) and long-range chromatin interactions and maintenance of genome topology
(Splinter et al., 2006; Zhao et al., 2006), with some of these attributed roles even contradicting
each other. With the advancement of technology and research techniques, more recent studies
have proposed the various functions of CTCF are in fact the results of its ability to mediate
inter- and intrachromosomal interactions between distant parts of the genome and are fully
context-dependent — meaning that the outcome depends on the genomic environment of the
CTCF-binding site and the other specific proteins CTCF interacts with (discussed in Ong &
Corces, 2014).
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The CTCEF protein contains a highly conserved set of 11 DNA- and protein-binding ZnFs which
are almost 100% homologous between humans, chickens and mice (Filippova et al., 1996) and
shorter motifs on the N- and C-termini, such as an AT-hook with a proposed role in DNA-
binding or protein-protein interactions or a SKKEDSSDSE motif where CTCF can be
phosphorylated (summarized in Ohlsson et al., 2001). The sequence identity between avian and
mammalian ZnFs is 100 %, yet the sequences they recognize are not identical. This is due to
the ability of CTCF to use different subsets of fingers for binding of each target (Filippova et
al., 1996; Nakahashi et al., 2013), thus greatly increasing the number of possible target
sequences and protein partners even with a highly conserved set of ZnFs. Other factors
impacting the binding of CTCF to specific sites and its function are differential CpG
methylation of target sequences (H. Wang et al., 2012), post-translational covalent modification
of CTCF (MacPherson et al., 2009; Yu et al., 2004) or interaction with other proteins, the most
prominent being cohesin (Wendt et al., 2008; Xiao et al., 2011). A subset of CTCF-binding
sites was indicated to be cell-type specific (Cuddapah et al., 2009), further supporting the
hypothesis that CTCF function is largely context-dependent.

Genome-wide studies have shown a strong correlation between positions of enhancer elements
and cell-type specific CTCF-binding sites (Sanyal et al., 2012; Shen et al., 2012), showing that
one of the main functions of CTCF may be to facilitate interactions between promoters and
distant regulatory sequences. This is illustrated by the role of CTCF in the activation of
expression of the major histocompatibility complex II (MHC II) locus (Majumder et al., 2008)
or in the regulation of lineage-specific V(D)J recombination at antigen receptor loci in B and T
cells (C. Guo et al., 2011). CTCF was also demonstrated to control the pausing of the
transcription elongation process of RNA polymerase II and to affect alternative mRNA splicing
(Shukla et al., 2011), showcasing another role of differential cell-type specific binding of CTCF

in the regulation of gene expression.

As I already mentioned earlier, a major role attributed to CTCF is that of genome topology
maintenance. Higher eukaryotic genomes are arranged into topologically associating domains
(TADs) which are characterized by high intradomain and low interdomain frequency of
interactions (summarized in Fudenberg et al., 2016). TAD borders in mammals were found to
be enriched for CTCF-binding sites, however, only 15 % of these sites are found at TAD borders
while the rest are found inside TADs (Dixon et al., 2012). Experiments have shown that CTCF
together with cohesin play a part in TAD border organization, which is loosened upon their

depletion (Sofueva et al., 2013; Zuin et al., 2014), consistent with the reports that CTCF acts as
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an insulator. These two proteins alone, however, probably are not sufficient for TAD border
maintenance and other protein partners are needed, two likely candidates being condensin and
TFIIC (Ong & Corces, 2014). The majority of CTCF that is bound within TADs likely
participates in mediating short-range interactions (Lin et al., 2012) together with cohesin
through a mechanism of controlled chromatin loop extrusion (Fudenberg et al., 2016; Sanborn

et al., 2015), thus rationalising the claims of CTCF being an enhancer/silencer facilitator.

All of these results suggest that CTCF acts as an architectural protein affecting genome
topology (Ong & Corces, 2014) and performs diverse functions based on the combination of its
interaction partners, covalent modifications and varying binding specificity, although its whole
set of 11 ZnFs remains unchanged. CTCF is thus an important example of a ZnF protein driven
by selection pressure to retain a widely conserved ZnF domain. This contrasts with the earlier

described property of ZnF arrays allowing them to easily mutate and change binding specificity.

3. Artificial zinc finger array proteins

The unique properties of zinc finger arrays that I described earlier, being their modular design
and many combinatorial binding possibilities that stem from it, were recognized as an
opportunity for the creation of designer ZnF proteins that could with proper assembly
specifically bind any DNA sequence needed. These custom DNA-binding domains could then
be connected to various effector domains and provide a tool for specifically targeted genome
engineering or gene regulation, providing potential for use in biomedicine and other fields.
Here, I will summarize the process and limitations of ZnF engineering and provide examples

of achievements in genome manipulation and biomedical research.

To be able to rationally select ZnFs for the creation of proteins binding to a desired sequence,
it was first needed to generate a library of ZnFs binding to ideally all of the 64 possible base
pair triplets and to understand the code behind which combinations of amino acids in the
recognition positions within the fingers bind which targets. A method that proved to be useful
for this purpose is phage display, where a zinc finger is cloned and fused to a protein of
bacteriophage fd’s capsid, expressed together with the capsid and subsequently purified by the
affinity of binding to a target oligonucleotide (Choo & Klug, 1994b). Building on these data,
these researchers were able to uncover some broad rules of a DNA-recognition code and allow
for the prediction of a binding site for a specific finger (Choo & Klug, 1994a). As a proof of
concept, they engineered a protein comprising 3 ZnFs that was able to specifically bind a 9 bp

sequence of a bcr-abl oncogene and block its transcription (Choo et al., 1994). Subsequently,
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an almost complete library of predefined ZnF modules was developed by the team of C.F.
Barbas III (Dreier et al., 2001, 2005; Segal et al., 1999) and a different one by the biotech
company ToolGen under the leadership of Kim Jin-soo (Bae et al., 2003). Using these libraries,
a method of ZnF protein engineering called the modular assembly became easier and less time-
consuming, allowing the construction of sets of predefined ZnFs connected by conserved
linkers without the need to lengthily select the needed ZnFs de novo every time (described in
detail in Bhakta & Segal, 2010). A different approach called oligomerized pool engineering
(OPEN) was devised by the team of J.K. Joung that also accounts for the possible interactions
between neighbouring fingers during their selection, which could affect their binding specificity

(Maeder et al., 2009).
3.1.  Zinc finger nucleases

Upon the successful creation of a DNA-binding domain of choice, it can be fused to various
effector domains. The most widely used type of artificial ZnF constructs are zinc finger
nucleases (ZFNs). These proteins are used for the formation of site-specific DSBs which are
then fixed by the cellular DNA damage response mechanisms either by non-homologous end
joining (NHEJ) or homologous recombination (HR). The presence of a DSB without
a homologous template available usually triggers NHEJ which is error-prone and often leads to
short insertions or deletions in the site of the DSB resulting in frameshift mutations and loss of
function of the targeted gene. ZFNs thus greatly increased the efficiency of gene knockout,
a crucial genetic engineering technique (Santiago et al., 2008). Alternatively, if donor DNA
with locus-specific homology arms on both ends is provided, HR response is triggered and the
DSB is repaired with the use of the donor DNA as a template. This leads to the replacement of
the original gene with a modified version or insertion of an entirely new gene (Moehle et al.,
2007). When DNA is cleaved by two ZFNs simultaneously, a larger chromosomal segment can

be deleted as well (H. J. Lee et al., 2010) (Figure 4).

The most commonly used ZFN effector domain responsible for the generation of the DSB in
the target site is the cleavage domain of the type II restriction enzyme Fokl, which is in itself
sequence non-specific and can be joined to a different DNA-binding domain, such as a ZnF
array, as first reported by Kim et al. (Y. G. Kim et al., 1996). The Fokl domain has to dimerize
in order to cleave DNA (Bitinaite et al., 1998). For this reason, the optimal setup was found to

comprise two monomeric ZFNs, each with 3 ZnFs connected to Fokl by a short linker, binding
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Figure 4 —HR and NHEJ repair pathways for a ZFN-induced DSB. With no homologous template
available, NHEJ occurs and often introduces a mutation into the target gene. By HR with donor
DNA present, the original gene can be replaced, or an entirely new gene sequence can be
added. By dual ZFN cleavage, gene deletion can be achieved. From (Carroll, 2011b).

to 9 bp sites on opposite DNA strands with a 6 bp distance between them (Bibikova et al.,
2001). The need for dimerization of the two proteins helps with limiting off-target cleaving in
sites where only one of the two ZFNs would bind. The requirement for the binding of both
3 ZnF-containing monomers in the same locus demands specific binding to 18 bp of DNA,
which in theory is enough to target only one locus even in large genomes (Carroll, 2011a). To
refine the cleavage specificity even further and enhance the efficacy of DSB forming, modified
Fokl domains were engineered that have to bind as a heterodimer to cleave their target (J. C.
Miller et al., 2007; Szczepek et al., 2007) and exhibit higher cleavage activity (J. Guo et al.,
2010). Zinc finger nickases have also been developed which only cut one strand of DNA,
stimulating the HR but not the NHEJ repair pathway, leading to reduced frequency of
mutagenic effects (Ramirez et al., 2012). Higher success rates were also reported when using

four-fingered monomers instead of ones containing just three ZnFs (H. J. Kim et al., 2009).

ZFNs were found to have great potential in biomedicine and therapeutic use. The targeted gene
disruption or replacement enables the correction of underlying genetic causes of many diseases,
providing not just symptomatic but permanent cure for the condition. ZFNs have been applied
to fix mutations related to sickle cell disease (Sebastiano et al., 2011), haemophilia B (Li et al.,

2011), X-linked severe combined immune deficiency (Urnov et al., 2005) or Parkinson’s
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disease (Soldner et al., 2011). ZFN-mediated knockout of the CCR5 receptor in CD4" T cells
was shown to potentially grant heritable immunity to human immunodeficiency virus (HIV)

and even entered clinical trials (Perez et al., 2008; Tebas et al., 2014).

3.2.  Other custom zinc finger proteins

Aside from the Fokl nuclease domain, artificial ZnF arrays have been fused to many other
effector domains with diverse functions. To address the downsides of ZFNs, such as the
generation of potentially toxic off-target DSBs and the reliance on the endogenous cellular
DNA repair mechanisms dependent on cell type and cell cycle (Gaj et al., 2013), different ZnF
proteins have been developed, such as ZnF recombinases and transposases. ZnF recombinases,
as the name suggests, directly catalyze recombination between two specific binding sites
(Gordley et al., 2007) whereas ZnF transposases are capable of site-specific integration of
a transposon expression cassette (Voigt et al., 2012). ZnF proteins have also been engineered
to regulate the expression of selected genes, forming a class of artificial transcription factors
(ATFs). These proteins contain transcriptional activator or repressor effector domains, such as
VP64 and KRAB (Beerli et al., 1998). ATFs were demonstrated to successfully downregulate
an HIV-1 promoter (Segal et al., 2004) or stimulate the expression of y-globin in hematopoietic
stem cells as a treatment for B-thalassemia and sickle cell disease (Wilber et al., 2010). Systems
for sequence-specific detection of methylated CpG dinucleotides utilizing ZnF DNA-binding

domains have also been devised (Stains et al., 2006).

Artificial ZnF proteins unfortunately have drawbacks as well. Even with big advancements in
the simplicity and accessibility of this method to all researchers, the protein engineering needed
is still quite laborious, time-consuming and expensive (discussed in Chandrasegaran & Carroll,
2016). An important and limiting step of their application is also the delivery of the protein
construct into the cell. This can be done either through DNA, mRNA or directly with purified
protein, with each of these methods having significant upsides but also downsides (reviewed in
Zhang et al., 2019). With the emergence of CRISPR/Cas9 systems in 2012, artificial ZnF

proteins have slowly started to fade away from common use in genetic engineering.
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4. Conclusion

Since their discovery in 1985, zinc fingers have been recognized as widespread and versatile
protein motifs providing specific binding primarily to DNA. The main “selling point” of these
peptide structures is their ability to form arrays of varying lengths and composed of individual
fingers with different triplet binding specificities, granting them the potential to bind in
monomeric form to virtually any DNA sequence. ZnFs are prone to frequent target sequence
changes due to mutations in individual DNA-binding amino acid residues or due to
duplications, deletions, and recombination of whole fingers. This, coupled with the capacity to
associate with various effector domains, enabled throughout evolution the emergence of myriad
functionally different protein families utilizing ZnF arrays. These proteins use ZnFs to
specifically bind DNA, RNA or proteins. The versatility of proteins with longer ZnF arrays can
be further increased by the usage of distinct finger subsets for different targets.

ZnF proteins are often thought of as predominantly transcriptional regulators. While this is
largely true, there are many ZnF proteins with different functions as well, as I illustrated with
the examples of PRDM9 and CTCEF. The three types of endogenous ZnF proteins I reviewed
all vary in their preceding as well as prospective evolution. CTCF is highly conserved in its
entirety across multiple species but can nonetheless bind different partners (Filippova et al.,
1996) and perform diverse functions due to utilization of distinctive ZnF groups, covalent
modifications and other factors. For this reason, selection pressure is acting on CTCF to retain
its conserved structure. In contrast, PRDMY contains a set of highly conserved effector domains
which perform a specialized role in forming meiotic recombination hotspots but its DNA-
binding ZnF array needs to evolve very rapidly to overcome the constant erosion of its target
sequences and maintain the organism’s fertility (Baker et al., 2015). Possibly as a by-product
of this accelerated rate of evolution of PRDM9’s ZnF array, this protein might also be the first

known endogenous protein directly implicated in speciation (Mihola et al., 2009).

The third ZnF protein type I covered is the family of KZFPs. The function of this massively
expanded class of mammalian proteins is not entirely immutable, as they mostly act as
transcriptional repressors but can also assume other roles. What probably drove this KZFP
multiplication and the expansion of their class was the constant influx of mobile genetic
elements into the genome and their ongoing mutation and duplication (Emerson & Thomas,
2009). In response, new KZFPs with novel ZnF array configurations keep evolving to bind,

silence and tame the TEs. Other mechanisms that have evolved the capability to suppress



22

uncontrolled TE transposition are the PIWI-interacting small RNA (piRNA) pathways. These
small single-strand RNAs are formed by processing long RNA precursor transcripts and later
form complexes with members of the PIWI class of Argonaute proteins, which are then
employed in transcriptional or posttranscriptional regulation of targets complementary to the
piRNA. piRNA cascades are present predominantly in the germline, where they keep TEs in
check and help preserve the germline’s integrity (reviewed in Ozata et al., 2019). Extensive
studies have been carried out on piRNA pathways in invertebrates, mainly in Drosophila, and
these results indicate a strong positive selection acting on the piRNA machinery, suggesting
a correlation between TE diversification and piRNA evolution (reviewed in Blumenstiel et al.,
2016). Strong positive selection of piRNA genes was also demonstrated in fish, but their
mammalian homologues were shown to evolve much slower (Yi et al., 2014). This corresponds
with the expansion of KZFPs, a different mechanism of TE silencing, in mammalian genomes,
suggesting that these proteins have largely replaced piRNA pathways in mammals and further
solidifying KZFPs’ proposed role in TE regulation.

KZFPs can sometimes even start harnessing the potential of TEs as a regulatory platform for
the host’s own benefit (Imbeault et al., 2017). These recent discoveries are particularly
interesting as they suggest a substantial role of KZFP/TE interplay in establishing
transcriptional networks throughout the organism. An especially exciting proposal is that
judging by the increased presence of KZFPs and TEs in the central nervous system, these
proteins could have played a major role in the evolution of higher brain functions in primates

(Ecco et al., 2017) which opens intriguing new directions of further study.

Soon after their first description, ZnFs have become a subject of intense research with the
intention of utilizing them for the creation of custom DNA-binding domains coupled to various
effector domains, suited for use in research and gene therapy. In 2009, a competing design
emerged under the name transcription activator-like effector (TALE) following its discovery in
Xanthomonas bacteria, offering even greater design flexibility with easier engineering (Boch et
al., 2009; Moscou & Bogdanove, 2009). However, a giant leap in genome editing technology
came in 2012 when the CRISPR/Cas (clustered regularly interspaced short palindromic
repeats/CRISPR-associated) system was introduced (Jinek et al., 2012). This simple bacterial
system of adaptive immunity against exogenous nucleic acids uses an RNA-guided nuclease to
introduce a DSB into the target sequence. All that is needed for its efficient use in targeting any
DNA sequence is the programming of a single RNA oligonucleotide complementary to the

target sequence (Jinek et al., 2012). Since then, it has taken the scientific world by storm for its



23

efficiency, ease of use and financial affordability. After catalytical inactivation of the Cas9
nuclease, it can even be combined with other effector domains and used as a general platform
for transcriptional regulation (Gilbert et al., 2013). These groundbreaking results led to the
gradual disappearance of artificial ZnF proteins from the commonly used tool repertoire of

many research groups in favour of CRISPR/Cas9.

Although the future of synthetic ZnF proteins currently doesn’t seem to involve their
widespread utilization, several niche uses might still stay relevant even with new technologies
present. An innovative application may be invented, creating a new field for designer ZnF
proteins to shine. In any case, their natural counterparts will probably stay in widespread use

across the eukaryotic domain at least for another few million years.
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