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Summary

Tandem zinc finger (ZF) proteins are the largest and most rapidly diverging family of DNA-

binding transcription regulators in mammals. ZFP568 represses a transcript of placental-specific 

insulin like growth factor 2 (Igf2-P0) in mice. ZFP568 binds a 24-base pair sequence-specific 

element upstream of Igf2-P0 via the eleven-ZF array. Both DNA and protein conformations 

deviate from the conventional one finger-three bases recognition, with individual ZFs contacting 2, 

3, or 4 bases and recognizing thymine on the opposite strand. These interactions arise from a 

shortened minor groove caused by an AT-rich stretch, suggesting adaptability of ZF arrays to 

sequence variations. Despite conservation in mammals, mutations at Igf2 and ZFP568 reduce their 

binding affinity in Chimpanzee and humans. Our studies provide important insights into the 

evolutionary and structural dynamics of ZF-DNA interactions that play a key role in mammalian 

development and evolution.
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eTOC Blurb

Evolutionary and structure-function dynamics of zinc finger-DNA interactions reveal 

unconventional recognition codes and co-evolution of ZFP568 and its target gene Igf2 in 

mammals.

Introduction

The Krüppel-associated box (KRAB) domain containing Cys2–His2 (C2H2) zinc finger 

(ZF) proteins are the largest family of transcription factors/regulators in vertebrates that 

expanded and diversified during vertebrate evolution (Huntley et al., 2006; Imbeault et al., 

2017; Najafabadi et al., 2015). Many of these genes are preferentially expressed in brain and 

embryonic cells (Gregg et al., 2010; Quenneville et al., 2012), where epigenetic 

reprogramming takes place. KRAB-ZF proteins act mostly as transcriptional repressors 

(Meylan et al., 2011) via KRAB associated recruitment of the corepressor protein KAP1 

(Friedman et al., 1996; Ozato et al., 2008). The KAP1 associated cofactors include histone 

deacetylases, histone H3 lysine 9 (H3K9) methyltransferase SETDB1, heterochromatin 

protein 1, and DNA methyltransferases (Ideraabdullah and Bartolomei, 2011; Iyengar and 

Farnham, 2011; Peng et al., 2000; Schultz et al., 2002). Examination of the hundreds of 

human or mouse KRAB-ZF proteins shows they contain tandem ZFs ranging from 3 to ~35 

fingers, with an average array size of 11–13 fingers (Liu et al., 2013).

An evolutionary analysis revealed that KRAB-ZF genes first appeared in a common ancestor 

of ceolecanth, birds, and tetrapods, and continued to expand, diversify and turnover during 

evolution (Imbeault et al., 2017). ChIP-seq analyses in human embryonic kidney 293T cells 

have demonstrated that approximately two thirds of human KRAB-ZF proteins bind to 

transposable elements (Imbeault et al., 2017; Schmitges et al., 2016). These studies suggest 

that new KRAB-ZF proteins emerge in response to invading transposable elements, followed 

by eventual deterioration of the KRAB-ZF proteins as target elements decay by genetic drift, 

except in cases where the KRAB-ZF proteins may have been integrated into an important 

Patel et al. Page 2

Cell. Author manuscript; available in PMC 2019 March 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



gene regulatory network. In support of this model, several dozen KRAB-ZF proteins that 

emerged in eutherian mammals have retained DNA binding fingerprints, at least one of 

which, Zfp57, has maintained its ancestral function in regulating imprint control regions in 

diverse mammals including humans (Li et al., 2008; Liu et al., 2012; Mackay et al., 2008; 

Quenneville et al., 2011). Despite the growing data on their binding sites, only a handful of 

KRAB-ZF proteins have been studied in detail, and these have been shown to carry out 

diverse functions including control of expression of transposable elements, maintenance of 

genomic imprints, and determination of meiotic recombination hotspots (Castro-Diaz et al., 

2014; Davies et al., 2016; Garcia-Garcia et al., 2008; Jacobs et al., 2014; Krebs et al., 2012; 

Mihola et al., 2009; Thomas and Schneider, 2011; Wolf and Goff, 2009).

ZFP568 regulates convergent extension and extraembryonic tissue morphogenesis during 

gastrulation (Garcia-Garcia et al., 2008; Shibata et al., 2011; Shibata and Garcia-Garcia, 

2011) and is a direct repressor of a placental specific transcript of insulin-like growth factor 

2 (called Igf2-P0) in early mouse development (Yang et al., 2017). ZFP568 comprises three 

broad regions: two N-terminal KRAB domains, followed by an uncharacterized region, and 

a C-terminal tandem array of 11 fingers (Figure 1A), and functions via direct binding to a 

~24 nucleotide motif found upstream of the Igf2-P0 promoter where it establishes H3K9 

methylation-dependent silencing (Yang et al., 2017). Interestingly, ZNF568, the human 

ortholog of mouse Zfp568, was identified in a screen for rapidly evolving genes in humans 

relative to chimpanzees and has three allele variants within human population (Chien et al., 

2012). All three alleles have accumulated substitutions that potentially disrupt the function 

of the KRAB and ZF domains. We thus sought to explore whether ZFP568-based silencing 

of Igf2-P0 was generally a conserved feature in mammals and whether this function might 

be lost in humans.

In conventional C2H2 ZF proteins, each finger comprises two β strands and a helix and 

interacts with three adjacent DNA base pairs (Choo and Klug, 1997; Pavletich and Pabo, 

1991; Wolfe et al., 2000). When bound to DNA, the helix of each ZF lies in the DNA major 

groove, and side chains from specific amino acids within the N-terminal portion of each 

helix and the preceding loop make hydrogen-bond (H-bond) contacts with the bases of 

primarily one DNA strand. The identities of these amino acids are the principle determinants 

of the DNA sequence recognized in a well-characterized three-fingered system (Gupta et al., 

2014; Persikov and Singh, 2014; Persikov et al., 2015) (Figure 1A). The one finger-three 

base rule is preserved for five to six finger tandem arrays either in a designed six-fingered 

protein or in PRDM9 and CTCF (Hashimoto et al., 2017; Patel et al., 2016b; Segal et al., 

2006). Here we show that the 11-finger tandem array of mouse ZFP568 (mZFP568) deviates 

from this rule by interacting with 2, 3 or 4 bases per finger and by interacting with the 

opposite strand for a stretch of five thymine bases.

Results

ZFP568 orthologs are highly conserved in mammals and retain Igf2-P0 binding function

To identify ZFP568 orthologs we used reciprocal BLAST (Altschul et al., 1990) with the 

mZFP568 as a query and identified orthologs in all eutherian mammals examined but not 

platypus or marsupials (Table S1). Most orthologs had the same basic structure of one or two 
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KRAB domains at the N-terminus with an 11-finger array at the C-terminus (Figures 1A and 

S1A). Sequence alignments showed considerable conservation of base-interacting residues 

relative to other amino acids within the zinc fingers with the exception of the first two 

fingers (Figure S1B). To determine whether ZFP568 orthologs were therefore evolving 

under selective pressure, we calculated the non-synonymous to synonymous substitution rate 

(dN/dS ratio). We found that ZFP568 orthologs were largely evolving under purifying 

selection with a dN/dS less than 1 (Figure 1B). One notable exception is three allele variants 

of human ZNF568, which evolve under positive selection with very high dN/dS (Figure 1B).

In mice, the primary function of mZFP568 is the repression of the placental specific 

transcript Igf2-P0 via the direct binding to an upstream 24 nucleotide sequence that matches 

the mZFP568 binding motif inferred from ChIP-seq data (Yang et al., 2017). We searched 

the genomes of mammals using BLAT (Kent, 2002) and found the binding site to be highly 

conserved, with 15 of the 24 nucleotides to be invariant amongst the seventeen species 

examined (Figure 1C). Importantly, these residues match the invariant nucleotides of the 

ChIP-seq motif (Figure 1D). The consensus sequence is generally rich in guanines, but 

contains a stretch of 4-5 adenines towards the 3′ end. We note that the consensus sequence 

does not match the predicted DNA-binding specificity of mZFP568 by a computational 

algorithm (Persikov and Singh, 2014), particularly for the poly-adenine sequence (Figure 

1E). Using PhastCons (Siepel et al., 2005), we could determine that just upstream of the 

binding site there was very little conservation in mammals, whereas downstream 

conservation increased, consistent with the downstream region being part of the Igf2-P0 first 

exon as well as the final exon of the Igf2-antisense transcript (Figure 1F).

Ten out of eleven ZFs of mZFP568 contribute to the binding of the Igf2-P0 sequence

We generated a construct of mZfp568 that includes the entire 11-ZF DNA binding domain 

and analyzed its binding to three double-stranded oligonucleotides (oligos): the mouse and 

chimpanzee Igf2-P0 sequences and an arbitrary negative control that partially overlaps the 

consensus (Figure 2A). Fluorescence polarization was used to measure the dissociation 

constants (KD) of the three oligos (Patel et al., 2016a). ZF1-11 displayed approximately 4-

fold greater binding affinity for the mouse Igf2 sequence than for the chimp sequence 

(Figure 2B), which deviates from the mouse sequence at only 3 locations within the 24-bp 

consensus including a Gua-to-Ade substitution at position 4 (Figure 2A). There is no 

measureable binding to the negative control (which shares 8/24 bp with the mouse Igf2-P0) 

(Figure 2A). These results confirm the presumed specificity of ZF1-11 of mZFP568 towards 

its own Igf2-P0 sequence.

As mentioned, in conventional C2H2 ZF proteins, each finger interacts mainly with three 

adjacent DNA bases (Choo and Klug, 1997; Hashimoto et al., 2017; Patel et al., 2016b; 

Pavletich and Pabo, 1991; Wolfe et al., 2000), we estimated that 8 fingers might be sufficient 

to interact with the 24-bp oligo and thus generated constructs that deleted one or two fingers 

from either N-or C-terminus (Figure 2C). Deleting one or two C-terminal fingers caused the 

affinity for Igf2-P0 to decrease by a factor of ~4 with ZF1-10 and more than 60-fold with 

ZF1-9 (Figure 2D), indicating both C-terminal fingers, particularly ZF10, interact favorably 

with the Igf2-P0 sequence. Similarly, deleting the N-terminal two fingers (ZF3-11) reduced 
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affinity by a factor of ~10, whereas ZF2-11 had a slightly enhanced affinity (1.5X) than that 

of ZF1-11 (Figure 2D), indicating that ZF2, but not ZF1, is involved in DNA binding. 

Therefore, it appears that at least ten of 11 fingers (ZF2-11) are required for high affinity 

binding with Igf2-P0 sequence.

Structural Investigations

To investigate the molecular mechanism by which the mZFP568 tandem ZF array recognizes 

its target DNA sequence, we crystallized ZF1-11 bound with a 28-bp oligo containing the 

Igf2-P0 sequence in crystallographic space group C2221. The structure was solved to a 

resolution of 2.09 Å (Table S2). Although ZF1-11 was used for crystallization, the last 

finger, ZF11, could not be observed in the structure. We thus utilized ZF1-10, which 

crystallized in a different space group (P1) in complex with a 26-bp oligo, in a resolution of 

2.06 Å comparable to that of ZF1-11 (Table S2). In addition, we crystallized the same 28-bp 

oligo in complex with ZF2-11, which included an ordered ZF11 in the co-crystal structure 

(Figure S2A). Thus, we observed structural information for the entire 11 fingers by 

superimposing the structures of ZF1-10 and ZF2-11 (Figure S2B). Pairwise comparison 

revealed that the three complex structures are highly similar, with a root-mean-square 

deviation (RMSD) of less than 1 Å when comparing nine to ten common ZFs (Figure S2, B 

and E). The fact that we crystallized the ZF array (with or without ZF1 or ZF11) in two 

space groups with very different crystal packing lattices (Figure S2, C and D), yet resulted in 

nearly identical structures (Figure S2E), suggests that crystal packing force does not 

influence overall protein-DNA conformation. Here, we will describe structural information 

for fingers 1-10 in the space group C2221 (Figure 2E).

As expected, ZF1 is not involved in DNA binding, but instead is involved in intra-molecular 

interactions bridging between ZF2 and ZF7 (Figure 2E). Deletion of ZF1, which increased 

DNA binding slightly (Figure 2D), might “relax” ZF2 and ZF7 to a more intimate DNA 

interacting conformation. Interestingly, ZF1 of ZFP568 is also the least conserved of the 11 

fingers in mammals (Figure S1B). In addition, ZF2 and ZF4 are mainly involved in DNA 

backbone phosphate interactions (Figures 2, F-G), which leaves eight fingers (ZF3, ZF5-11) 

for base recognition of the 24-bp consensus motif. Among them, fingers near the ends (ZF3, 

ZF10 and ZF11) follow the one-finger-three base rule, whereas ZF8 and ZF9 recognize two 

bases each, ZF6 and ZF7 each span four-bases, and ZF5 together with ZF6 recognize 

thymines of the opposite strand for a stretch of five A:T bases pairs (Figure 3).

Base specific interactions

The convention that we used for numbering nucleotides and amino acids is that the 24-bp 

oligo is numbered 1–24 from 5′ (left) to 3′ (right), with the recognition sequence as the 

“top” strand (colored magenta in Figure 3), whereas the protein sequence runs in the 

opposite direction, from carboxyl (COOH) to amino (NH2) termini. While ZF11 from the 

structure of ZF2-11 interacts with the 5′ sequence (T1G2G3) (Figure S3A), ZF10 from the 

structure of ZF1-10 interacts with the following 3-base triplet (G4C5G6), followed by other 

fingers, and ends with ZF3 interaction the 3′ sequence (G22G23G24) (Figure 3). Within each 

finger, we use the first zinc-coordinating His in each finger as a reference position 0, 

residues preceding this, at positions −1, −4, and −7, are potential base-interacting residues 
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typically forming H-bonds with the 5′ base, central base, and 3′ base, respectively, of each 

DNA triplet (Figure 1A).

Conserved Arg-Gua interactions

The most dominant base-specific interaction observed is the Arg-Gua contacts. Eleven G:C 

base pairs in the Igf2-P0 sequence (11/24) are recognized by nine arginines and two 

histidine residues, e.g., R654 and H657 of ZF11 (Figure S3A), R632 and R626 of ZF10 

(Figures 4, A and C), R598 of ZF9 (Figure 4E), R576 of ZF8 (Figure 4G), R542 of ZF7 

(Figure 4M), R520 of ZF6 (Figure 4N); and R436, H433 and R430 of ZF3 (Figures 4, U-

W). In accordance with apposition of Arg with Gua as the most common mechanism for 

Gua recognition (Luscombe et al., 2001; Patel et al., 2016b; Vanamee et al., 2005), the 

terminal Nη1 and Nη2 groups of arginine donate H-bonds to the O6 and N7 atoms of 

guanines, respectively (for example, see Figure 4A). Similarly, the Nε2 group of H443 of 

ZF3 donate one H-bond to guanine N7 and the adjacent ring Cε1 atom donates a C–H…O 

type of interaction to the O6 atom (Figure 4V) (Horowitz and Trievel, 2012), forming a 

bidentate H-bond interaction. When R548 of ZF7 encounters an A:T at base pair position 

11, the side chain of R548 adopts an alternative conformation and interacts with the DNA 

phosphate group (Figure 4J). This observation suggests that the hydrogen bonds involving 

bases are adaptable in the sense that the participating amino acids (Arg in this case) can alter 

conformation to suit the substrate, a feature that likely contributes to the variability observed 

at the base pair positions 6 and 11 by the ChIP data (comparing Figure 1D to Figures 4, C 

and J).

Conserved Glu-pyrimidine interactions

After the Arg-Gua pair, the second most used amino acid-base interaction by mZFP568 is 

glutamate with pyrimidines, e.g., the E629 of ZF10 interacting with C5 (Figure 4B), the 

E601 of ZF9 interaction with T7 (Figure 4D), the E573 of ZF8 interacting with C10 (Figure 

4H), and the E545 of ZF7 interacting with C12 (Figure 4K). Although all four glutamate 

residues are located at position −4 of each respective finger, the side chain adopts different 

conformations to form an H-bond with the cytosine exocyclic amino group N4 (Figure 4B), 

a van der Waals contact with thymine methyl group (Figure 4D) or van der Waals contacts 

with the ring carbon C5 atom (Figures 4, H and K). It seems that ZF9 and ZF8, each 

recognizing two bases pairs, T7G8 and G9C10 respectively, maximize the interactions with 

DNA by optimizing the Arg-Gua and Glu-pyrimidine contacts. Superimposition of ZF10 (a 

3-bp binder) and ZF9 (a 2-bp binder) indicates that H604 at position −1 of ZF9 rotates its 

side chain away from DNA (Figure 4F), allowing E601 at position −4 and R598 at position 

−7 to move along the opposite direction and interact with T7 and G8 respectively (Figure 4, 

D and E). Comparison between ZF10 and ZF8 shows the smaller side chain of C570 at 

position −7 of ZF8 is positioned too far away from the DNA base to form an interaction 

(Figure 4I). We note that cysteine (together with proline, phenylanine and tryptophan) is not 

typically used for base-interacting positions by survey of hundreds of two-finger modules 

from both natural and artificial sources (Gupta et al., 2014). However, unique to ZF8, T571, 

adjacent to C570, makes a van der Waals contact to the methyl group of T13 of the opposite 

strand (Figure 4L). In the ChIP-seq sequence motif and the Igf2-P0 consensus motif, base 
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pair 13 is a variable position (Figure 1D). Substitution of A13-to-G13 in mouse Igf2-P0 

shows slightly reduced DNA binding (Figure S4).

When Arg meets an Ade

ZF10 and ZF7 have identical residues (Arg, Glu, and Arg) at base-interacting positions (−1, 

−4 and −7). ZF10 uses the three residues to recognize a triple of G4C5G6 (Figures 4, A-C). 

When ZF7 is presented with the A11C12A13 sequence, the two arginine residues respond 

very differently (Figure 4X). R548 at position −1 of ZF7 rotates the side chain away from 

DNA base and forms a charge-charge interaction with the backbone phosphate group of A11 

(Figure 4J). R542 at position −7 simply rotates its side-chain guanidine group pointing to the 

next base (Figure 4X), which happens to be a Gua (G14 in Figure 4M), extending 

interactions to a span of four base pairs (Figure 4X). In the ChIP-seq sequence motif, 

position 14 is an invariant guanine (Figure 1D). This property of ZFP568 can be traced to 

the ability of specific residues in each ZF unit to adopt alternative conformations, allowing it 

to establish versatile H-bonds with some bases but not with others (Hashimoto et al., 2017; 

Patel et al., 2016b). Examples of the versatile binding by C2H2 ZF include PRDM9, another 

KRAB-ZF protein, where side chain conformational switch allows identical ZF modules to 

recognize different sequences (Patel et al., 2017).

When His meets a Thy

Like ZF3 and ZF11, ZF6 has a His at position −4. Unlike the His-Gua interaction seen in 

ZF3 and ZF11 (Figures 4V and S3A), when H517 of ZF6 meets a T:A base pair at position 

16, the imidazole ring of H517 rotates approximately 90° to bridge between T16 and T17 

from opposite strands, effectively occupying two base pairs (Figure 4Y), or spanning four 

base pairs by the single unit of ZF6. Although the histidine side chain is relatively rigid, the 

ability to rotate along the side chain torsion angles allowed the residue to adopt at least three 

different conformations in response to sequence variation: the H433 of ZF3 interaction with 

G23 (Figure 4V), H517 of ZF6 bridging between two A:T base pairs (Figure 4Y), and H604 

of ZF9 devoid of specific interaction (Figure 4F).

Methyl specific interaction with A:T rich sequence

Within the placental-specific promoter, Igf2-P0, there is a stretch of five A:T base pairs 

(positions 17-21), with A17 being an invariant adenine in the ChIP-seq motif (Figure 1D). 

Unexpectedly, instead of the adenines of the top strand, the five thymines of the bottom 

strand are contacted by ZF5-6 via van der Waals interactions with the thymine methyl 

groups (Figure 3). S516 of ZF6 interacts with the methyl group of T17; S514 of ZF6 

interacts with T18; L792 of ZF5 interacts with T19; S488 and Q489 (via the Cβ atom) of ZF5 

interact with T20, and C486 and S488 of ZF5 interacts with T21 (Figures 4, P-T). In addition, 

H517 of ZF6 provides the imidazole ring Cε1 atom for a C–H…O type of interaction to the 

O4 atom of T17 (Figure 4P). Such interactions with a stretch of five bases of the non-

recognition strand have not been described in classical ZF-DNA complexes.

Following the A:T rich sequence are three G:C base pairs, which are recognized by arginine 

residues at positions −1 and −7 and a histidine at position −4 of ZF3, all involving specific 

bidentate Gua–Arg and Gua–His interactions (Figures 4, U-W). ZF4, which possesses 
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hydrophobic (L464), glutamine (Q461) and aromatic (Y458) residues at the corresponding 

positions, none of which are known for specific interaction with Gua, is pushed out of 

register with Q461 and Y458 making two backbone phosphate contacts (Figures 2G and S5). 

A layer of water molecules mediates the adjoining contacts between ZF4 residues Y458 and 

T460 and DNA base pair A21:T21 (Figure 4T).

Narrower DNA minor groove at the A:T rich sequence

We compared the DNA base-interacting ZF3-10 of mZFP568-DNA co-crystal structure 

(Figure 5A) to that of human PRDM9 allele-A, a related KRAB-ZF protein, in complex with 

its target DNA (Patel et al., 2016b). In the structure of PRDM9A-DNA (PDB 5EGB), the 

classic 4-finger array follows the right-handed twist of the DNA, with each finger 

recognizing a 3-bp triplet, thus occupying the major groove for a total 12-bp. 

Superimposition of the two structures immediately revealed the major difference between 

the two structures lies in the DNA conformation with a narrower minor groove at the A:T 

rich sequence (~9Å), in comparison to ~13.5Å observed in other regions of the DNA or in 

standard B DNA structures (Figures 5, B and C; Table S3) (El Hassan and Calladine, 1998). 

Minor-groove narrowing is often associated with A-tracts within AT-rich sequences (Rohs et 

al., 2009). The narrower minor groove is accompanied by poorly aligned N-terminal 4-finger 

fragment ZF3-6 with PRDM9A (RMSD >5Å over 106 pairs of Cα atoms), whereas the last 

4-finger fragment ZF7-10 superimposed well with PRDM9A resulting in a RMSD of ~1.9Å 

for 108 pairs of Cα atoms (Figures 5, D and E).

Chimp ZFP568 ortholog has reduced binding affinity to its own Igf2-P0

Our evolutionary analysis indicated that mZFP568 dependent binding and repression of 

Igf2–P0 appear to be maintained in most mammals. We cloned mZFP568 orthologs from 

chimpanzee, pig, elephant, and the human H, C1, and C2 alleles (Figure 6A), and tested the 

ability of ZFP568 orthologs to repress a reporter luciferase plasmid that contains either the 

mouse Igf2-P0 binding site or a larger Igf2-P0 promoter upstream of an SV40 promoter. 

While mZFP568 strongly silenced both reporters, chimp, pig, and elephant ZFP568 could 

significantly repress them, but the human alleles could not (Figures 6B and S6B).

As mentioned, mZFP568 ZF domain displays a 4-5 fold stronger binding affinity for the 

mouse Igf2-P0 than for the corresponding chimp sequence (Figures 2B and 5C). 

Unexpectedly, chimp ZFP568 ZF domain binds 10 times stronger for the mouse Igf2-P0 

than for its own sequence (Figure 6D). The chimp Igf2-P0 deviates from the mouse 

sequence at three locations within the 24-bp consensus including G-to-A at position 4, and 

A-to-T at positions 13 and 21 (Figure 6E). Because positions 13 and 21 are variable in the 

ChIP data (Figure 1D), we replaced the A:T base pair at position 4 with a G:C base pair in 

the chimp Igf2-P0, in essence to mimic the mouse sequence. Chimp ZFP568 ZF domain 

binds the two oligos (mouse Igf2-P0 and A4-to-G4 substituted chimp sequence) 

indistinguishably (Figures 6, C and D). Pairwise sequence alignment between mouse and 

chimp ZFP568 proteins indicates that despite the variability between the two orthologs at 

every finger, there is no difference at the base-interacting residues of ZF2-11, at positions 

−7, −4, and −1 (Figure 6F). It is the single G:C to A:T change of DNA sequence at position 
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4 of chimp Igf2-P0 that is the determinant for the reduced binding by chimp ZFP568 to its 

own Igf2-P0 sequence.

Human ZNF568 alleles fail to bind and repress Igf2-p0

Humans have at least three allelic variants of ZNF568, with a truncation of the second 

KRAB domain in the C1 and C2 alleles, and a loss of the final two zinc fingers in the H 

allele. In addition, relative to chimpanzee, human variants have a number of substitutions 

within zinc fingers specific to each allele or in the linker region (Figure 6, A and F). Human 

embryonic stem (ES) cells lack H3K9me3 at the IGF2-P0 region, consistent with the lack of 

a ZNF568-based repression in humans (Figure S6A). Unlike orthologs for mouse and 

chimp, all three human alleles failed to repress reporters containing either the mouse Igf2-P0 

binding site or a larger mouse specific Igf2-P0 promoter (Figures 6B and S6B). Human H 

and C2 alleles could not restore repression of Igf2-P0 when expressed in Zfp568 mutant 

mouse ES cells, whereas the C1 allele displayed very weak repression activity (Figure 6G). 

Likewise the human alleles H and C2 could not bind and the C1 allele bound very weakly to 

the IGF2-P0 upstream region when expressed in human 293T cells, in contrast to the 

mZFP568, which bound more strongly (Figure S6C). Consistent with these findings, the 

human H and C2 orthologs of ZFP568 failed to repress reporters containing the human 

IGF2-P0 sequence and the C1 allele only repressed weakly, whereas the mouse, chimp, and 

pig ZFP568 orthologs all repressed the reporter more significantly, which is similar to what 

observed for the mouse Igf2-P0 sequence (Figures 6B and S6D). The loss of function of 

allele H in repression of mouse Igf2-P0 is consistent with our in vitro binding data, where 

deletions of the two C-terminal fingers of mZFP568 caused more than 60-fold reduction in 

the affinity for Igf2-P0 (Figure 2D). In addition to the loss of two C-terminal fingers, allele 

H suffers further divergence from the chimp ortholog, including a substitution of a Zn-

coordinating cysteine to serine in ZF3 (Figure S3, D-G), which would further destabilize the 

ZF array.

We generated a series of individual mutants to determine the contribution of individual 

substitutions to the human C alleles to the loss of Igf2-P0 repressive function using reporter 

gene studies. Introducing the tyrosine to aspartate (Y-to-D) substitution within ZF5 of the C1 

allele to Chimp ZFP568 partially reduced repressive activity, whereas the mutation in the 

linker region had no effect (Figure 7A, lines 3 and 4). Splicing mutations in the C1 alleles 

that lead to truncation of the second human KRAB domain further reduced repressive 

activity (Figure 7A, lines 5 and 6), consistent with the ability of both KRAB domains to bind 

to KAP1 and repress reporter genes when fused to a heterologous zinc finger protein 

ZFP809 (Figures S6, E and F). When the Y-to-D substitution within ZF5 in human C1 allele 

was reverted, the repression activity was significantly restored (Figure 7A, lines 7 and 8).

In the structure of mZFP568, the corresponding residue is Y484, which together with L490, 

forms a local hydrophobic core that is likely important for the stability of the finger (Figure 

7B). The corresponding residues of Y484 and L490 in each ZF are highly conserved (F/Y 

and L/I) (Figure 6F). The extra hydroxyl group in Tyr, versus the typical phenylalanine, 

forms an additional interaction with the DNA phosphate group (Figure 7B). Substitution of 

this conserved tyrosine by aspartate, a negatively charged residue, would likely disrupt both 
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the hydrophobic core and the DNA phosphate interaction, which results in at least 70-fold 

loss of affinity with the mouse Igf2-P0 (Figure 7C).

The C2 allele completely lost the repressor activity in the luciferase assay (Figure 7A, line 

9). Reverting the histidine substitution in ZF4 back to arginine showed slight repressor 

activity (Figure 7A, line 10), yet reverting the glycine substitution in ZF11 back to arginine 

almost completely restored repressor activity (Figure 7A, lines 11 and 12), suggesting the R-

to-G change in ZF11 is the main reason C2 allele lost the ability to repress Igf2-P0. The 

corresponding residues in the mZFP568 are R457 of ZF4 and R654 of ZF11. In the current 

structure, R457 of ZF4 interacts with the DNA phosphate group (Figure S3B). The R-to-H 

substitution probably would maintain the charge-charge interaction. On the other hand, R654 

of ZF11 at position −7 is a base-interacting residue, recognizing guanine G3 (Figure S3A). 

The substitution of the arginine to glycine (the smallest and most flexible amid acid) would 

lose the base contact as well as introduce flexibility to the helix. These data indicate that a 

combination of deletions to the second KRAB domain and zinc fingers (ZF10-11), and 

substitutions of Zn-coordinating and base-interacting residues contributes to the loss of Igf2-

P0 silencing activity of human ZNF568 alleles.

The Igf2-P0 transcript and promoter activity are lost in humans

Our finding that humans lack a functional ZFP568 allele with the ability to strongly bind and 

suppress Igf2-P0 is inconsistent with the notion that mammals require an Igf2-P0 repressor 

for embryonic survival through gastrulation, which we have observed in the mouse (Yang et 

al., 2017). In addition, we have shown that chimp ZFP568 ZF domain has diminished 

binding to its own Igf2-P0 (Figure 7D), mainly due to the G4-to-A4 change of the chimp 

Igf2-P0 sequence, suggesting chimps also have diminished ability to suppress Igf2-P0. 

Human Igf2-P0 sequence is identical to that of chimp, except the G24 to C24 change at the 

last base pair (Figures 1C and 6E). As shown in Figure 7D, the ZF domain of the human C1 

allele (mutation Y484D) completely lost binding to human Igf2-P0. Since silencing Igf2-P0 

is essential for gastrulation, we asked whether changes to human Igf2-P0 promoter may have 

rendered a ZFP568-like repressor unnecessary in humans. RNA-seq analysis confirmed that 

rhesus macaques also express high levels of Igf2-P0 in term placentas, but strikingly, 

humans do not (Figure 7E). We analyzed gene expression datasets from a number of human 

fetal and adult tissues and could find no convincing expression of the Igf2-P0 transcript 

(Figure S7A). Furthermore, the human and chimp IGF2-P0 promoters have significantly 

reduced transcriptional activity in human 293T cells relative to the mouse and rhesus Igf2-

P0 promoters (Figure 7F), despite generally high conservation among human, chimp and 

rhesus (Figure S7B). Thus changes to Igf2-P0 activity in a common ancestor of chimps and 

humans could have reduced selective pressure to maintain a functional ZFP568 repressor/

Igf2-P0 binding site in the human lineage.

DISCUSSION

DNA recognition by proteins is essential for specific expression or repression of genes in 

any living organisms. The principle of proteins recognizing DNA sequences by contacts in 

the major groove has been known for several decades (Seeman et al., 1976). In C2H2-type 
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zinc finger proteins, since the determination of the first structure reported for a three-finger 

protein in complex with DNA more than 25 years ago (Pavletich and Pabo, 1991), the DNA 

recognition process is sufficiently understood to define a DNA recognition code (Choo and 

Klug, 1997; Wolfe et al., 2000), which led to designed zinc finger nucleases for genomic 

engineering (Chandrasegaran and Carroll, 2016). However, it is evident from our study that 

the prediction of DNA-binding specificity for ZF arrays containing large number of fingers 

(>10) is still in its infancy, particularly for AT-rich sequences (Figure 1E).

The presence of A-tract sequences is often associated with minor groove narrowing (Rohs et 

al., 2009). The readout of this sequence–dependent DNA deformation by mZFP568 involves 

altered alignment of the ZF array and exploits the strongly enhanced negative electrostatic 

potential of the DNA due to the proximity of negatively charged phosphate groups in 

narrower minor grooves. ZF2 spans the narrowed minor groove (Figure 2F), and together 

with ZF4, provide side chains as well as the amino end of the helix dipole moment for 

interactions with the DNA backbone (Figures 2, F-G). It is interesting to note that the 

phosphate-interacting residues of ZF2 and ZF4 are located at the same positions (−7, −4 and 

−1) of base-interacting residues in other ZFs. The similar prodigy had been observed in E. 

coli lac repressor DNA binding domain and bacteriophage T4 DNA methyltransferase, 

where the same set of protein residues can switch from an electrostatic interaction with the 

DNA backbone in a nonspecific complex to a specific binding mode with DNA base pairs in 

the cognate complex (Horton et al., 2005; Kalodimos et al., 2004). These findings indicate 

that the ability of ZFP568 to detect local variations in DNA shape and electrostatic potential.

Our structure also revealed that the fingers near the ends (ZF3, ZF10 and ZF11) follow the 

one-finger-three base rule, recognizing GC-rich sequence involving highly specific Arg-Gua 

and His-Gua interactions, whereas the fingers in the middle vary from 2-base to 4-base 

recognition patterns. It is possible that the specific contacts with the ZF array are formed 

sequentially, or even uni-directionally along the DNA, for example, initiate from the ZF3 

binding to the 3′ end of DNA before spreading. We did observe that at least ten of 11 

fingers (ZF2-11) are required for high affinity binding with Igf2-P0 sequence and the 

extreme C-terminal end ZF11 is more flexible than the rest (Figure S2A). A similar 

observation was made for Egr1/Zif268 that either the first or the last ZF dissociated from 

DNA during the search for specific sequence (Zandarashvili et al., 2015) and for PRDM9 

allele A, where the C-terminal ZF12, essential for DNA binding, was not visible in the 

structure (Patel et al., 2016b). Alternatively, every finger could participate in concert for the 

formation of cognate complex. A solution study using a single molecule approach might 

afford snapshots to discern a possible mechanism (directional vs. random).

Our study provides insights into the co-evolution of ZFP568 and its target gene, Igf2, in 

mammals. We demonstrated that ZFP568 is an essential gene product that functions 

primarily by suppressing Igf2-P0 during gastrulation (Yang et al., 2017). In mice, the Igf2-

P0 accounts for ~10% of placental Igf2 expression, and although it is not required for 

survival it plays an important role in maintaining maternal/fetal growth balance (Constancia 

et al., 2000; Constancia et al., 2002; Moore et al., 1997). Our finding that ZFP568 appeared 

in a common ancestor of eutherian mammals, ZFP568 orthologs are evolving under 

purifying selection and the Igf2-P0 binding site is highly conserved suggests their evolution 
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was a key adaptation regulating viviparity. However ZFP568 based suppression of Igf2-P0 

has not been strictly maintained as both chimpanzees and humans have accumulated 

substitutions and other mutations to both the Igf2-P0 binding site and ZFP568 itself, which 

reduced or completely prevented their association. Perhaps the expression/repression of 

placental-specific transcript of growth factors is important for polyzygotic species (mice and 

pigs), but less so for monozygotic species (chimp, human). Importantly, our structural 

studies rationalize how each “mutation” disrupts interactions. The fact that humans and 

chimpanzees survive without using ZFP568 to suppress Igf2-P0 at gastrulation could be 

explained by our finding that the larger Igf2-P0 promoter activity has been lost in chimps 

and humans. In humans, ZNF568 has alternate transcript isoforms that include a splice 

variant that uses the same upstream exons spliced to an entirely separate zinc finger array 

that is most similar to the mouse Zfp74. In mice, Zfp74 is directly adjacent to Zfp568. The 

DNA binding properties and function of this protein in mice and humans is unknown. 

Human ZNF568 might follow the path of many KRAB-ZF proteins that eventually decay by 

genetic drift once they are no longer required, the finding that the human alleles of ZNF568 
are very rapidly evolving and are associated with human brain size at birth suggest that these 

proteins may be neofunctionalizing in humans (Chien et al., 2012).

STAR Methods

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents may be directed to and will be fulfilled by the 

Lead Contact, Xiaodong Cheng (xcheng5@mdanderson.org).

METHOD DETAILS

Evolutionary analysis—ZFP568 orthologs (Table S1) were obtained using BLAST. 

Orthologs were confirmed using reciprocal BLAST and synteny analysis where possible. 

Specifically we used BLAST to determine if the adjacent genes of mouse ZFP568 (Zfp27 

and Zfp47) were syntenic in other species, and confirmed perfect synteny for all 11 species 

with good genome assemblies (Homo_sapiens, Pan_troglodytes, Chlorocebus_sabaeus, 

Canis_lupus_familiaris, Rattus_norvegicus, Mus_musculus, Oryctolagus_cuniculus, 

Felis_catus, Mustela_putorius_furo, Sus_scrofa and Macaca_mulatta). The protein 

sequences were scanned using ScanProsite (de Castro et al., 2006) to detect KRAB and 

C2H2 zinc finger motifs. To improve the sensitivity, both pattern and profile based scanning 

were performed, and then the results were merged together. When overlapping motifs were 

predicted by both approaches, only the one from pattern scanning were retained for 

visualization.

Global alignment of protein sequences were generated with Clustal W 2.1 (Larkin et al., 

2007) with default settings. The conservation score for each position was calculated as the 

Jensen-Shannon divergence (Capra and Singh, 2007). Based on the protein sequence 

alignment, the maximum likelihood phylogenetic tree was constructed using MEGA7 

(Kumar et al., 2016) with the Jones-Taylor-Thornton (JTT) model. Bootstrap values from 

1,000 replicates were used to assess the robust of the tree topology. The tree was rooted with 

Loxodonta Africana and Dasypus Novemcinctus, which are two basal species for mammals.
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We mapped the corresponding nucleotide sequences to the protein sequence alignment site 

by site to generate the codon alignment. Then, the codon alignment of zinc finger regions 

was extracted with custom PERL script according to the ScanProsite result. Based on the 

codon alignment for zinc finger regions, the dN/dS value for each branch was estimated with 

the free-ratio model (model = 1, NS Sites = 0) using codeml as implemented in PAML 4.8 

(Xu and Yang, 2013). The phylogenetic tree along with the estimated dN/dS ratio was 

visualized using ETE 3 (Huerta-Cepas et al., 2016). The Igf2-P0 binding site from mouse 

was used to search the genomes of mammals using BLAT for alignment. Conservation 

scores flanking the Igf2-P0 binding site were determined using PhastCons (Siepel et al., 

2005). Full Igf2-P0 sequences (that begin just upstream of ZFP568 binding sites and end 

near the transcription start site of Igf2-P0 transcript in mouse) for human chimp, mouse, and 

rhesus are shown in Table S4.

Cell culture and lentiviral production/infection—293T cells were cultured in DMEM 

containing 10% FBS. ZFP568KO/KO ESCs were generated as described (Yang et al., 2017) 

and cultured in ESM medium containing DMEM, 15% FBS, 10mM HEPES, NEAA, 100 

μM β-mercaptoethanol, 2 mM L-glutamine, 10ng/mL LIF as described. GFP-tagged ZFP568 

from mouse or human ZNF568 H, C1, and C2 alleles were sub-cloned into the pCW57.1 

vector (Addgene #41393). pCW57.1 containing GFP-ZFP568 were then cotransfected into 

293T cells with packaging plasmids psPAX2 (Addgene #12260) and pMD2.G (Addgene 

#12259) to produce lentiviral particles, which were collected from supernatant after 48 

hours. Lentiviral particles were concentrated using Lenti-X (Clontech) according to 

manufacturers instructions. Lentiviruses were then added to ZFP568 KO/KO ESCs, which 

were treated with 1ug/ml puromycin after 48 hours. Resistant cells were expanded and 

treated with doxycyxline (1ug/ml) for 48 hours to induce protein expression before RNA 

analysis.

RNA extraction, qRT-PCR—RNA was prepared from cells using the RNeasy Plus Mini 

or Micro kit (Qiagen) with on-column DNase digestion. For qRT–PCR analysis, cDNA was 

generated using SuperScript III (Invitrogen) and random hexamer priming. qPCR was 

performed using SYBRGreen master mix (Applied Biosystems). All reactions were 

performed in triplicate. Standard curves were generated for each primer pair, and expression 

levels were performed relative to Gapdh. The Gapdh primers are TGT TCC TAC CCC CAA 

TGT GT (forward) and GGT CCT CAG TGT AGC CCA AG (reverse). The IGF2-P0 

primers are TTT ATC CAC CGT CCG GGA AC (forward) and GCA GTC GTC GTA GTC 

GTT CT (reverse).

ChIP-qPCR—ChIP was performed from 293T cells infected with Lentiviral particles 

expressing GFP-ZFP568 plasmids as previously described (O’Geen et al., 2010). 

Crosslinked chromatin from ~50 million nuclei equivalents was sheared to 200-500 base 

pairs using a Bioruptor Sonicator (Diagenode), and immunoprecipitated with GFP 

antibodies (Thermofisher A-11121). Purified DNA was subject to qPCR using SYBR green 

and primers at the putative Igf2–P0 binding site (forward TGG CAG TTA CTT GAC ACC 

CTG, reverse CTG TAC CGG GAG CAC CTA AA) or at a negative control region at the 
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Znf180 gene (forward TGA TGC ACA ATA AGT CGA GCA, reverse TGC AGT CAA 

TGT GGG AAG TC).

CoIP assays—HA-tagged KAP1 (Iyengar et al., 2011) was co-expressed with 3X Flag 

tagged ZFP568 expression constructs in HEK293T cells using Lipofectamine 2000 

(Invitrogen). HEK293T cells were lysed in 1% NP40 lysis/IP buffer containing 150 mM 

NaCl, 10 mM Tris-HCl pH7.2, and protease inhibitors. Proteins were immunoprecipitated 

using anti-Flag M2 agarose beads (Sigma), washed extensively with IP buffer, and subject to 

western blot using anti Flag M2 or anti HA antibodies.

Luciferase assays—Reporter Luciferase constructs containing the full Igf2-P0 promoter 

from mouse and Igf2-P0 ZFP568 binding site upstream of an SV40 promoter were described 

previously (Yang et al., 2017). Luciferase reporter containing the PBSpro site (which is 

bound by ZFP809) was described previously (Wolf et al., 2015). Igf2-P0 promoter regions 

corresponding to chimp, rhesus macaque and human reference genomic DNA (~400 bp, 

shown in Table S4) were synthesized by Integrated DNA Technologies and cloned into the 

pGL3-basic vector by in-fusion cloning (Clontech). These reporter plasmids were 

cotransfected with different ZFP568 constructs (cloned into the pcDNA3 vector, Invitrogen) 

with either GFP or 3X Flag tags into 293T cells using Lipofectamine 2000 (Invitrogen) 

together with the Renilla luciferase-expressing pRL vector for internal normalization. 

Western blots were performed to ensure equivalent expression. Luciferase activity was 

measured two days after transfection using the dual-luciferase reporter assay system 

(Promega) and plotted as relative luciferase units.

Recombinant protein expression and purification—The genes encompassing the C-

terminal array of ZF1-11 of ZFP568 from mouse (NP_001028527.2) and chimp orthologs 

(XP_009433702.1) were synthesized and sub-cloned into pGEX-6p1. Constructs for mouse 

ZFP568 ZF2-11, 3-11, 1-10 and 1-9 were generated by PCR from mouse ZFP568 ZF1-11 

plasmid DNA and sub-cloned into pGEX-6p1 vector. The protein was expressed as 

Glutathione S-transferase (GST) tagged fusion proteins in Escherichia coli BL21 (DE3) 

Codon-plus RIL cells.

Cells were grown in LB media at 37°C until the OD600 reached to 0.5 when the temperature 

was lowered to 16°C. The culture was supplemented with 100 μM ZnCl2, and induced by 

0.2 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) overnight. Cells were harvested by 

centrifugation and re-suspended into lysis buffer containing 20 mM Tris (pH 7.5), 700 mM 

NaCl, 5% glycerol, 25 μM ZnCl2, 0.5 mM tris(2-carboxyethyl) phosphine (TCEP) and 0.1 

mM phenylmethylsulphoyl fluoride (PMSF). Cells were lysed by sonication for 8 minutes 

total with 1 sec on and 2 sec off cycle. Lysate was treated with neutralized polyethylenimine 

(Sigma) to final concentration of 0.1% and clarified by centrifugation. Clear lysate was 

loaded onto Glutathione Sepharose 4B column (GE healthcare) and GST-tagged protein 

eluted from the column with buffer containing 100 mM Tris (pH 8.0), 500 mM NaCl, 5% 

glycerol, 25 μM ZnCl2, 0.5 mM TCEP and 20 mM reduced glutathione. GST tag was 

removed by treating the eluted protein with ~100 μg of Precission protease (purified in-

house) at 4°C overnight. Cleaved protein was diluted to ~350 mM NaCl concentration and 

further purified to homogeneity by ion-exchange chromatography on tandem Hitrap Q-SP 
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columns (GE Healthcare). Most of the protein flowed through the Q column onto the SP 

column from which it was eluted as a single peak at ~0.8 M NaCl using a linear gradient of 

NaCl from 0.35 M to 1 M.

Mutant Y488D of chimp ZFP568 ZF1-11 was generated using site directed mutagenesis 

protocol, confirmed by sequencing and purified using the same protocol.

Fluorescence-based DNA binding assay—DNA binding was performed using 

fluorescence polarization assay (Patel et al., 2016a). Various amounts of ZF protein was 

incubated with 5 nM of 6-carboxyfluorescein (FAM)-labeled double-stranded DNA probe in 

buffer containing 20 mM Tris (pH 7.5), 260 mM NaCl, 5% glycerol, 25 μM ZnCl2 and 0.5 

mM TCEP, with a final volume of 50 μL at room temperature for 30 min. The fluorescence 

polarization was measured using a Synergy 4 Microplate Reader (BioTek). Curves were fit 

individually using the equation [mP] = [maximum mP] × [C]/(KD + [C]) + [baseline mP], 

where mP is millipolarization and [C] is protein concentration. Fitting the experimental data 

to the equation in Graph-pad prim software (version 6.0) derived KD values (from two 

experimental replicates). Final data was plotted as % saturation vs protein concentration. For 

those binding curves that did not reach saturation, under the conditions used, the lower limit 

of the binding affinity was estimated.

Crystallography—Purified mouse ZFP568 ZF1-11, 1-10, 2-11 were incubated with the 

double-stranded DNA at equimolar ratio to final concentration of 25 μM on ice in 20 mM 

Tris (pH 7.5), 500 mM NaCl, 5% glycerol, 25 μM ZnCl2 and 0.5 mM TCEP. The protein-

DNA complex was formed by dialysis against the same buffer components with 250 mM 

NaCl but without ZnCl2. The complex was further concentrated up to ~0.6 mM prior to 

crystallization. An aliquot of protein-DNA complex (0.2 μl) was mixed with equal volume 

of mother liquor by a PHOENIX liquid handler robot (Art Robbins Instruments). Good 

diffracting crystals grew overnight at 16°C with different DNAs under different conditions. 

The best diffracting crystals obtained by the hanging drop vapor diffusion method were 

under the conditions:

Crystallization conditions for mZFP568-DNA complexes

Oligos used for crystallization mZFP568 Crystallization conditions

5′TGTGGGCGTGGCACAGGTAAAAAGGGCA3′
3′ACACCCGCACCGTGTCCATTTTTCCCGT5′

ZF1-11 10% Isopropanol
0.1M Bicine (pH 8.5)
30% polyethylene glycol 1500

5′TGTGGGCGTGGCACAGGTAAAAAGGGCA3′
3′ACACCCGCACCGTGTCCATTTTTCCCGT5′

ZF2-11 0.2 M calcium acetate
16% polyethylene glycol 3350

5′GTGGGCGTGGCACAGGTAAAAAGGGC3′
3′CACCCGCACCGTGTCCATTTTTCCCG5′

ZF1-10 8% Tacsimate (pH 5.0)
20% polyethylene glycol 3350

The crystals were flash frozen with liquid nitrogen using 20% ethylene glycol as 

cryoprotactant. X-ray diffraction data were collected at SER-CAT 22-ID beamline of the 

Advanced Photon Source (Argonne National Laboratory, Argonne, IL) and were processed 

by HKL2000 (Otwinowski et al., 2003). The Autosolve module of PHENIX (Adams et al., 

2010) was used for initial crystallographic phasing by single-wavelength anomalous 
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dispersion of Zn signals. The initial electron density revealed clear visible DNA molecules, 

and a DNA model made by the “make-na server” (http://structure.usc.edu/make-na/

index.html) was placed into the density and refined using the PHENIX REFINE module. 

This partial model was then used during searches for ZFs, which was placed into density by 

molecular replacement using the PHASER-MR algorithm. The structure was further refined 

using PHENIX and the model manually adjusted by COOT (Emsley and Cowtan, 2004). 

Structure quality was analyzed and validated by the PDB validation server. Molecular 

graphics were generated using PyMol (DeLano Scientific, LLC).

DATA AND SOFTWARE AVAILABLBILITY

The X-ray structures (coordinates and structure factor files) of mZFP568 ZFs with bound 

DNA have been submitted to PDB under accession number 5V3M (ZF1-11 in complex with 

28-bp DNA), 5V3J (ZF1-10 in complex with 26-bp DNA), and 5WJQ (ZF2-11 in complex 

with 28-bp DNA).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• ZFP568 and its Igf2-P0 binding activity is conserved in eutheria

• Mouse ZFP568 11-finger array makes numerous non-canonical ZF-DNA 

interactions

• ZFP568 forms versatile contacts in response to sequence-specific deformation 

in DNA

• Chimp and human ZFP568 have weakened or abolished binding to their Igf2-

P0 sequence
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Figure 1. Conservation of ZFP568 and its Igf2-P0 binding site in eutheria
(A) Schematic representation of mouse ZFP568 and sequence alignment of its 11 zinc 

fingers. The four Zn-coordinating residues of each finger are highlighted with white letters 

against black. In conventional C2H2 ZF proteins, the amino acids occupying four key 

‘canonical’ positions of the helix, namely −1, 2, 3 and 6, specify a DNA target sequence of 

three or four adjacent DNA base pairs (bottom). This structure-based numbering scheme 

refers to the position immediately prior to the helix (−1) and positions within the helix (2, 3 

and 6). To reduce possible ambiguity, we use the first zinc-coordination His in each finger as 

reference position 0, with residues prior to this, at sequence positions −1 (blue), −4 (red), −5, 

and −7 (green), corresponding to the 6, 3, 2 and −1 of the structure-based numbering 

(compare top and bottom). The new numbering scheme (residues at positions −1, −4, and 

−7) corresponds to the 5′-middle-3′ of each DNA triplet element.

(B) Maximum likelihood phylogenetic tree and selection pressure for ZFP568 zinc finger 

domains in mammals. The ω (dN/dS) value for each branch is indicated by the color and 

size of the round disk on the node, with darker color and larger size for higher ω value. 

Human ZNF568 H allele was used for this analysis.

(C) Alignment of the Igf2-P0 locus from 17 representative placenta mammals.
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(D) mZFP568 consensus binding motif as determined by ChIP-seq.

(E) Prediction made by polynomial SVM (support vector machines)-based algorithm.

(F) Plot of placental mammal conservation in a 100bp window flanking the Igf2-P0 site. See 

also Figure S1 and Table S1.
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Figure 2. mZFP568 binds Igf2-P0 sequence
(A) The Igf2-P0 consensus sequence is aligned with three DNA sequences used for binding 

assays (mouse Igf2-P0, chimp Igf2-P0, and control).

(B) Binding affinities of mZFP568 against the three oligos.

(C) A 12% SDS-PAGE showing purified ZF proteins used in the study.

(D) The binding of five ZF fragments against mIgf2-P0 sequence.

(E) A model of ZF1-10 (colored) binding mIgf2-P0. ZF1 (circled) is involved in intra-

molecular interactions between ZF2 and ZF7.

(F–G) ZF2 (F) and ZF4 (G) involvement in DNA phosphate backbone interactions at the 

AT-rich stretch.
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Figure 3. Schematic representation of ZF1-11 interactions with DNA
The top four lines indicate amino acids of each finger (ZF1 to ZF11) from N- to C-terminus 

(right to left). Relative positions within each finger and residue numbers are indicated 

respectively above and below the sequence. The second set of three lines indicates the 

sequence of the double-stranded oligo used for crystallization. The base pair matching the 

consensus sequence are numbered as 1–24.
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Figure 4. mZFP568 ZF3-10 form base-specific contacts
(A–C) ZF10 interacts with a 3-bp triplet (G4-C5-G6). R632 interacts with G4 (A). E629 

interacts with C5 (B). R626 interacts with G6 (C).

(D–E) ZF9 interacts with two base pairs (T7-G8). In addition to E601 interaction with T7, 

S638 at position −5 of ZF10 interacts with A7 of the bottom strand (D). Despite 

conservation of Ser/Thr at position −5 in each ZF (Figure 1A), the way in which it interacts 

with DNA differs from finger to finger but most of them interact with the bottom strand.

(F) Superimposition of ZF10 (3-base binder in magenta/red color) and ZF9 (2-base binder in 

grey color). Note the opposite movement (indicating by green arrows) of base-interacting 

residues at position −1 and positions −4 and −7 of ZF9.

(G–H) ZF8 interacts with two base pairs (G9-C10). R576 interacts with G9 (G) and E573 

interacts with C10 (H).

(I) Superimposition of ZF10 (in magenta/red color) and ZF8 (in grey color) indicates that 

the small side chain of C570 of ZF8 at position −1 is too far away for direct base contact.

(J–M) ZF7 spans four base pairs (A11-C12-A13-G14). R548 forms a salt bridge with a DNA 

backbone phosphate group (J). E545, together with T572 of ZF8, interact with the C12:G12 

base pair (K). T571 at position −5 of ZF8 interacts with T13 of bottom strand (L). R542 

interacts with G14 (M).

(N–Q) ZF6 spans four base pairs (G15-T16-A17-A18). R520 interacts with G15 (N). H517 

bridges between T16 and T17 (O and P). S514 interacts with T18 of the bottom strand (Q).

(R–T) ZF5 interaction with three A:T base pairs (A19:T19-A21:T21). L492 interacts with T19 

(R). S488 and Q489 interact with T20 (S). Besides C486 and S488 of ZF5, a layer of water 

molecules separates Y458 and T460 of ZF4 and the A21:T21 base pair (T).

(U–W) ZF3 interacts with three G:C base pairs (G22-G24). R436 interacts with G22 (U). 

H422 interacts with G23 (V). R430 interacts with G24 (W).

(X) Superimposition of ZF10 (in magenta/red color) and ZF7 (in grey color). Note the 

different conformations of two arginine residues at positions −1 and −7.

(Y) H517 bridges between two base pairs 15 and 16.

Patel et al. Page 26

Cell. Author manuscript; available in PMC 2019 March 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. DNA and protein conformational changes
(A) After removing ZF1-2, ZF3-10 could be divided into two 4-finger fragments with each 

contacting 10 or 11 base pairs.

(B) mZFP568-bound DNA has a narrower minor groove spanning the A:T rich sequence.

(C) For comparison, PRDM9A-bound DNA has a consistent minor groove width (PDB 

5EGB).

(D–E) Superimposition of 4-finger array of PRDM9A with that of ZF3-6 (D) and ZF7-10 

(E). See also Figure S5 and Table S3.
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Figure 6. Chimp ZFP568 has reduced binding affinity to its own Igf2-P0
(A) Zfp568 ortholog in chimpanzee compared with mouse with percent conservation within 

each domain indicated, including the mutation N-terminal to ZF1 in the linker region 

(marked with a *).

(B) Luciferase assay to test mouse, human alleles H, C1, C2, chimp, pig and elephant 

ZFP568 repression activity against the mouse Igf2-P0 binding site cloned upstream of an 

SV40 promoter. Data in panels B and G are shown as mean±SD, t-test, *p<0.05, **p<0.01, 

n=3.

(C) The A4-to-G4 change at position 4 shows enhanced DNA binding by mZFP568.

(D) The A4-to-G4 change at position 4 recuperates the DNA binding by chimp ZFP568 to 

the same magnitude as that of mouse Igf2-P0 sequence.

(E) Chimp Igf2-P0 (A4 sequence) deviates from mouse Igf2-P0 at three locations including 

an Ade instead of Gua at position 4.
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(F) Pairwise sequence alignment between mouse and chimp ZFP568 orthologs. The 

sequence variations are highlighted in cyan. The deviations of human alleles from the chimp 

sequence are highlighted with white letters against magenta. The underlined sequences in 

ZF10 and ZF11 are deleted in human allele H.

(G) Zfp568KO/KO ESCs were “rescued” by infection with DOX inducible lentiviral 

constructs expressing mouse ZFP568 (M) or human ZNF568 proteins encoded by the H, C1, 

or C2 alleles. ZFP568 Western blots (below) were performed to demonstrate similar 

expression levels of the rescue constructs. The relative levels of Igf2-P0 were determined by 

RT-qPCR.
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Figure 7. Human ZNF568 alleles fail to repress Igf2-P0
(A) The indicated ZFP568 wild type (lines 2, 5 and 9) and mutant proteins in reporter 

luciferase assays against the mouse Igf2-P0. The mutation N-terminal to ZF1 in the linker 

region in human alleles compared with chimp is marked with a *. Data in panels A and F are 

shown as mean±SD, t-test, *p<0.05, **p<0.01, n=3.

(B) Y484 and L490 of ZF4 in mZFP568 are packed against each other via a hydrophobic 

force.

(C) The ZF domain of human–C1 shows much reduced DNA binding.

(D) Comparison of binding affinities by mZFP568, cZFP568 and human-C1 against their 

respective Igf2-P0 sequences.

(E) Rhesus macaque and human placenta RNA-seq tracks at the Igf2 locus. The most 

abundant junctions are shown below the signal tracks.

Patel et al. Page 30

Cell. Author manuscript; available in PMC 2019 March 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(F) Relative luciferase activity of Igf2-P0 reporters cloned from indicated species transfected 

into 293T cells.
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