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ABSTRACT

The CCCTC-binding factor (CTCF) binds tens of thou-
sands of enhancers and promoters on mammalian
chromosomes by means of its 11 tandem zinc fin-
ger (ZF) DNA-binding domain. In addition to the 12—
15-bp CORE sequence, some of the CTCF binding
sites contain 5’ upstream and/or 3’ downstream mo-
tifs. Here, we describe two structures for overlap-
ping portions of human CTCF, respectively, includ-
ing ZF1-ZF7 and ZF3-ZF11 in complex with DNA
that incorporates the CORE sequence together with
either 3’ downstream or 5 upstream motifs. Like
conventional tandem ZF array proteins, ZF1-ZF7 fol-
low the right-handed twist of the DNA, with each fin-
ger occupying and recognizing one triplet of three
base pairs in the DNA major groove. ZF8 plays a
unique role, acting as a spacer across the DNA mi-
nor groove and positioning ZF9-ZF11 to make cross-
strand contacts with DNA. We ascribe the differ-
ence between the two subgroups of ZF1-ZF7 and
ZF8-ZF11 to residues at the two positions —6 and
—5 within each finger, with small residues for ZF1-
ZF7 and bulkier and polar/charged residues for ZF8—
ZF11. ZF8 is also uniquely rich in basic amino acids,
which allows salt bridges to DNA phosphates in
the minor groove. Highly specific arginine—guanine
and glutamine—adenine interactions, used to recog-
nize G:C or A:T base pairs at conventional base-
interacting positions of ZFs, also apply to the cross-
strand interactions adopted by ZF9-ZF11. The differ-
ences between ZF1-ZF7 and ZF8-ZF11 can be ratio-
nalized structurally and may contribute to recogni-
tion of high-affinity CTCF binding sites.

GRAPHICAL ABSTRACT

INTRODUCTION

The CCCTC-binding factor (CTCF) (1) is a sequence-
specific DNA binding protein, which has been subject to
several recent reviews (2-4). CTCEF is essential in vivo and
is required for normal preimplantation development and
differentiation of somatic cells of multiple tissues (5-8). It
also appears to play a role in resistance to or induction
of DNA damage (9-11). The multidomain CTCF protein
is conserved in most bilaterian phyla (12) and influences
3D genome architecture (13) via a network of interactions
with DNA (14,15), RNA (16-18) and the cohesin protein
complex (19). Pairs of CTCF sites in convergent orienta-
tion are able to stop cohesin extrusion (20). CTCF binds
tens of thousands of enhancers and promoters on mam-
malian chromosomes by the use of its 11 tandem zinc finger
(ZF) DNA-binding domain and establishes interactions be-
tween distant enhancers and promoters by means of DNA
loop extrusion (21). It is possible that high-affinity sites play
structural roles in chromatin, while the lower-affinity sites
are responsible for regulating transcription (22). A major
question is how CTCF-bound enhancer and promoter ele-
ments find each other, stabilizing interactions between the
two distant DNA elements and yielding associations with
a long residence time [on the order of 22 min (23)] that are
detectable in heatmaps of Hi-C data.
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Most, if not all, CTCF binding sites in the genome con-
tain a broad motif of 1215 bp, called the CORE consensus
sequence, that was uncovered by various methods, includ-
ing ChIP-seq (24) and ChIP-exo (25). The CORE sequence
is recognized by ZF3-ZF7 of CTCF (14,15). Other studies
revealed that a subset of genomic CTCF binding sites have
an additional 5" upstream motif and/or 3’ downstream mo-
tif outside of CORE sequence (Figure 1A) (26-28). These
sites may represent high-affinity binding sites because of in-
volvement of additional ZF units outside of ZF3-ZF7 in
binding either or both 5" and 3’ motifs.

In a systematic analysis, Soochit et al. performed recon-
stitution experiments in CTCF~/~ mouse embryonic stem
cells by expressing GFP-tagged wild-type or mutant CTCF
with in-frame deletions of individual ZFs (28). Whereas
CTCF proteins containing individual deletions of ZF2-
ZF7 failed to rescue the cell lethality caused by depletion of
endogenous CTCEF, the other single-finger deletions did re-
store viability. A mutant lacking ZF1 showed reduced bind-
ing to sites with a 3’ downstream motif, and mutants lack-
ing ZF8-ZF11 exhibited decreased binding to sites with a 5’
upstream motif, suggesting that these fingers (ZF1 or ZF§-
ZF11) are responsible, respectively, for binding the 3’ or 5
motif. Interestingly, the ZF8 deletion mutant displayed the
poorest binding to DNA and yielded diffuse CTCF nuclear
distribution. We and others previously characterized struc-
tures of CTCF binding DNA using varied ZF fragments
(14,15). Here, we characterized two CTCF fragments, ZF1—
ZF7 in complex with the CORE and the 3’ motif, and ZF3—
ZF11 in complex with the CORE and 5’ motif (Supplemen-
tary Table S1). These structures allowed inference of the en-
tire DNA—(ZF1-ZF11) complex structure and revealed the
unusual role of ZFS8.

MATERIALS AND METHODS
Protein expression and purification

The DNA fragments coding for the CTCF ZFI1-ZF7
(pXC1564) and ZF3-ZF11 (pXC1566) segments were lig-
ated into the pGEX-6P-1 vector with a GST fusion tag. The
point mutation Lys365-to-Thr (pXC2232) was introduced
in the context of the ZF1-ZF7 construct (pXC1564) by one-
step polymerase chain reaction-based mutagenesis and con-
firmed by sequencing (Supplementary Table S2). The plas-
mids were transformed into Escherichia coli strain BL21-
Codon-plus (DE3)-RIL (Stratagene). Bacteria were grown
in lysogeny broth in a shaker at 37°C until Ao nm Was be-
tween 0.4 and 0.5, at which point the shaker temperature
was lowered to 16°C and 25 wM ZnCl, (final concentration)
was added to the cell culture to ensure Zn incorporation.
When the 4409 nm reached ~0.8, protein expression was in-
duced by the addition of 0.4 mM (final concentration) of
isopropyl-B-D-thiogalactopyranoside, with subsequent in-
cubation for 20 h at 16°C. The proteins were purified via a
three-column chromatography protocol, as follows.

Cell pellets were collected by centrifugation and sus-
pended in lysis buffer [20 mM Tris—-HCI, pH 8.0, 700 mM
NaCl, 5% glycerol, 0.5 mM tris(2-carboxyethyl)phosphine
(TCEP) and 25 pM ZnCl,]. Cells were lysed by sonication.
Polyethylenimine (Sigma, 408727) was added to the lysate
drop by drop, to a final concentration of 0.3% (v/v) (29).

Debris was removed by centrifugation for 30 min at 47 000
x g. The supernatant was loaded onto a 5 ml GSTrap col-
umn (GE Healthcare). The column was washed with 100
ml lysis buffer, and bound protein was eluted with elution
buffer (100 mM Tris—HCI, pH 8.0, 500 mM NacCl, 5% glyc-
erol, 0.5 mM TCEP and 20 mM reduced form glutathione).
The eluted proteins were digested with PreScission protease
(produced in-house) to remove the GST fusion tag. The
cleaved protein was diluted to 300 mM NaCl and loaded
onto 5 ml HiTrap-Q-SP columns (GE Healthcare) con-
nected in tandem (29). After washing with the same buffer,
the Q column was disconnected, and the target protein was
eluted from the SP column with an NaCl gradient from 0.3
to 1 M in 20 mM Tris—HCI, pH 8.0, 5% glycerol and 0.5 mM
TCEP. The peak fractions were pooled, the salt concentra-
tion was estimated (and diluted to ~300 mM NaCl again)
and reloaded onto a second HiTrap-SP column, from which
the protein was eluted with constant flow of 1 M NaCl
buffer in a small volume at high concentration. The second
SP column was simply used as a means of protein concen-
tration. Concentrated protein was loaded onto a HilLoad
16/60 Superdex S200 column (GE Healthcare) and eluted
with 20 mM Tris-HCI, pH 8.0, 300 mM NacCl, 5% glyc-
erol and 0.5 mM TCEP. The purified protein was frozen and
stored at —80°C prior to use.

DNA binding assays

Fluorescence polarization assays were performed using a
Synergy 4 microplate reader (BioTek) to measure DNA
binding affinity. The 6-carboxyfluorescein-labeled double-
stranded DNA probe (5 nM) (Supplementary Table S2) was
incubated with an increasing amount of protein (2x serial
dilution starting from 10 wM) for 15 min in 20 mM Tris—
HCI (pH 7.5), 5% (v/v) glycerol and 300 mM NaCl. Graph-
Pad Prism software (version 7.0) was used to perform curve
fitting. The dissociation constants (Kp values) were calcu-
lated as [mP] = AmP x [C]/(Kp + [C]) + [baseline mP],
where mP is millipolarization, [C] is protein concentration
and AmP = [maximum mP] — [baseline mP]. The reported
mean + SEM of the interpolated Kp values were calculated
from two independent experiments, each performed in du-
plicate.

Crystallography

We crystallized ZF1-ZF7 and its mutant Lys365-to-Thr,
and ZF3-ZF11 in complex with different oligonucleotides
(Supplementary Table S2) by the sitting drop vapor diffu-
sion method, at room temperature (~19°C). We incubated
purified protein and double-stranded oligonucleotide in a
ratio up to 1.2:1 at 4°C for 30 min before crystallization.
An Art Robbins Phoenix Crystallization Robot was used to
set up screens. For the ZF3-ZF11 complex, we started with
commercial screening kits, and followed with self-made op-
timization screens with variations of pH and concentrations
of polyethylene glycol 3350. Crystals were cryoprotected
by soaking in mother liquor supplemented with 20% (v/v)
ethylene glycol before plunging into liquid nitrogen.

X-ray diffraction data were collected at the SER-CAT
beamline 221D of the Advanced Photon Source at Argonne
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Figure 1. CTCF has two subgroups of ZFs. (A) Three examples of CTCF-binding consensus CORE sequence (base pairs 1-15) with flanking 5’ upstream
and 3’ downstream motifs. One notable difference is that the CORE sequence and the 3’ motif separated by a large spacing in (26) would not match to
the binding by a single CTCF molecule. (B) Human CTCF contains a tandem ZF DNA binding array comprising 11 fingers (GenBank: AAB07788.1).

Sequence alignment of the 11 C2H2 fingers with variations at DNA base-interacting positions —1,

—4, —7 and 8. For comparison, the four ‘canonical’

positions of the helix are indicated at the bottom of the sequence. To the right, the HMMER algorithm has calculated the bit score for each finger and all
of them have fairly high confidence scores, the lowest being 18 and the highest being 30 (http://zf.princeton.edu/index.php). Differences at positions —5
and —6 separate the two subgroups. The circled basic residues are unique to ZF8 or the linker between ZF8 and ZF9 of CTCF. (C) A predicted CTCF
ZF1-ZF11 DNA-binding specificity is aligned with the consensus. A notable divergence from the consensus involves ZF1-ZF2 and ZF8-ZF11, whereas
the predicted DNA-binding specificity of ZF3-ZF7 matches to the consensus CORE sequence. (D) A ribbon model of ZF1-ZF7 in complex with DNA.
(E) Hlustration of ZF1-ZF7 (oriented right to left from N to C termini) and the three base-interacting residues per finger at positions —1, -4 and —7. The
double-stranded DNA oligonucleotides used for co-crystallization are shown with the top recognition strand (magenta) oriented left to right from 5’ to 3'.

The vertical lines indicate base—amino acid specific interactions.

National Laboratory. Resulting crystallographic datasets
were processed with HKL2000 (30). Two scaled reflection
files were output with one file combining Bijvoet pairs (used
for structural refinement) and the other keeping the Bijvoet
pair separate (used for generating anomalous electron den-
sities). For each structure determination, 5% of reflections
were randomly chosen for validation by Ry, values. The
quality of all structures was analyzed during PHENIX re-
finements (31) and finally validated by the PDB validation
server (32). Molecular graphics were generated by using Py-
MOL (Schrodinger, LLC).

The ZF1-ZF7 with the 23-bp DNA complex structure
(PDB 8SSS) was initially solved by molecular replace-
ment using the search model of PDB 5TOU (14). Af-
ter several rounds of manual manipulation in COOT (33)
and refinement using PHENIX (34), ZF1 and additional
DNA residues were constructed. The mutant Lys365-to-
Thr structure in the context of ZF1-ZF7 with the same
23-bp DNA (PDB 8SST) was determined by the difference
Fourier method. The structure of ZF3-ZF11 with the 19-
bp duplex DNA (PDB 8SSU) was solved by molecular re-
placement with the initial search model of PDB 5SKKQ, and
ZF11 was not observable in this structure.

The structure determination of ZF3-ZF11 complexed
with the 35-bp DNA (oligo 35-4 in Supplementary Ta-
ble S2) (PDB 8SSQ) began with a composite model made
from PDB S5KKQ (ZF3-ZF7) and PDB SUND (ZF4-
ZF3) utilized for molecular replacement with the PHENIX

PHASER module (35). After several rounds of manual ma-
nipulation in COOT (33) and refinement using PHENIX
Refine (31), ZF9-ZF11 and additional DNA residues were
slowly constructed between successive rounds of refinement
utilizing difference density and knowledge of ZF and DNA
structure. Placement of each ZF was first verified by using
the PHENIX AutoSOL module (36) for MR-SAD and ex-
amination of Zn positions, and later by anomalous differ-
ence Fourier maps created after rounds of manual manipu-
lation and subsequent refinement. Similar procedures were
followed for ZF3-ZF11 in complex with oligo 35-20 struc-
ture (PDB 8SSR), using the ZF3-ZF11 (PDB 8SSQ) as the
initial model by the difference Fourier method.

RESULTS

CTCEF contains two subgroups of ZFs: ZF1-ZF7 and ZF8-
ZF11

CTCF contains a DNA-binding domain that includes 11
tandem ZFs (Figure 1B). At least in humans, there are three
isoforms of CTCF and, while we work here exclusively with
derivatives of the longest one (isoform 1), it is interesting
that isoform 2 is missing all or part of ZF1-ZF3 and, when
expressed, competes with isoform 1| and triggers apoptosis
(Supplementary Figure S1A) (37).

Like conventional C2H2 ZFs, named for the Zn atom be-
ing coordinated by two Cys and two His residues, each fin-
ger of CTCF comprises two B-strands and a helix [(14,15)
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and this study]. Characteristically, a pair of His residues
in the helix acts together with two Cys residues of hair-
pin B-strands to coordinate a zinc ion, forming a tetrahe-
dral Cys2-Zn-His2 structural unit that confers rigidity to
the fingers. In ZF11 of CTCEF, the last His is replaced by
a Cys, forming an atypical CCHC (or C3H1) zinc coor-
dination, as also seen in ZF4 of the transcription repres-
sor ZBTB7A (38,39). This ZF11 His-to-Cys substitution
is conserved across the vertebrates (Supplementary Figure
S2) and may have structural and functional significance
(40,41). In typical ZF proteins, there are 12 residues between
the last Zn-coordinating Cys and the first Zn-coordinating
His (Figure 1B). For simplicity, we use here the first zinc-
coordinating His in each finger as reference position 0, with
residues before this, at protein sequence positions —1 to
—12 (see the next section). We noticed that the 11 fingers of
CTCEF can be divided into two subgroups according to the
kind of residues present at positions —5 and —6. ZF1-ZF7
contain small residues (Gly, Val, Ser and Thr) at positions
—5 or —6 or both, whereas ZF8-ZF11 contain bulkier and
polar/charged residues (Arg, Lys, Glu, Asn, Gln or Tyr) at
both positions (Figure 1B).

We used a prediction method for C2H2 ZFs (42) and the
resulting bit score for each finger of CTCF ranged from
18 (ZF8) to 30 (ZF3) (Figure 1B; the higher scores are as-
sociated with higher confidence). A total of 33 base pairs
of DNA were predicted for binding with the 11 ZFs of
CTCF (Figure 1C), following the conventional rule of one
finger for three base pairs (43). Both ZF1 and ZF11, with
high confidence scores of 29 and 28, were predicted, respec-
tively, to bind DNA sequences of 5'-GAG-3’ and 5-GTG-3’
(Figure 1C). However, many studies uncovered a 12-15-bp
CORE consensus sequence (e.g. see Supplementary Figure
S1B), which matches the CTCF ZF3-7 binding specificity,
but did not contain sequences outside of the 15-bp CORE
region. Nakahashi et al. used ~50 000 genomic sites in pri-
mary lymphocytes and found a 5 upstream motif or a 3’
downstream motif separated from the CORE sequence by
a short gap (Figure 1A) (26). More recently, CTCF bind-
ing sites in mouse embryonic stem cells were extended by
including flanking sequences on both sides of the CORE
(27,28). In both studies, the terminal 5" and 3’ sequences
partially match the predicted DNA-binding specificities of
ZF1 and ZF11 (42,44,45).

ZF position numbering used in this study

When bound to DNA, the helix of a typical ZF lies in the
DNA major groove, while the antiparallel hairpin B-strands
and the C2-Zn—H2 unit lie on the outside (example shown
in Figure 1D). The N-terminal portion of each helix and
the preceding loop make major groove contacts with three
or four adjacent DNA base pairs (46,47), which we term the
‘triplet element’. Amino acids at specific positions, namely
—1, +2, +3 and +6 (bottom of Figure 1B), interact with the
bases of the corresponding DNA element. This commonly
used structure-based numbering scheme refers to the posi-
tion immediately before the helix as —1, with positions 2, 3
and 6 within the helix. However, this numbering can lead to
ambiguity [such as with the shorter helix in ZBTB7A (38)],
so we use here the first zinc-coordinating His in each finger

as reference position 0, with residues before this, at protein
sequence positions —1, —4, —5 and —7, corresponding to
the 6, 3, 2 and —1 of the structure-based numbering (com-
pare top and bottom of the 11 ZF sequence alignment in
Figure 1B).

The identities of three amino acids at positions —1, —4
and —7 of each finger are, respectively, the principal deter-
minants of which DNA base is recognized for the 5, cen-
tral and 3’ positions of each triplet, primarily on one DNA
strand (the ‘recognition strand’) (examples of ZF1-ZF7 are
shown in Figure 1E). The bulky and charged/polar residues
at base-interacting positions confer specificity for guanine
(commonly by Arg, Lys or His), adenine (by Asn or Gln)
or cytosine (by Asp or Glu). These base-specific interac-
tions are established for many protein—-DNA interactions,
including C2H2 ZFs [reviewed in (48-51)]. Thymine and
S-methylcytosine both contain a methyl group at pyrimi-
dine ring carbon-5 and are recognized via interactions with
Glu or via methyl-specific van der Waals contacts, as illus-
trated by another 11-finger protein, Zfp568 (52). Where the
base-interacting positions at —1, —4 and —7 are occupied by
small (Thr in ZF2, ZF3 and ZF6) or hydrophobic residues
(Leu, Met or Valin ZF2, ZF6 and ZF7), the corresponding
DNA sequence usually is a variation of the consensus se-
quence. The variable bases also form (water-mediated) hy-
drogen bonds (H-bonds) and van der Waals contacts with
these amino acids. These contacts are ‘versatile’, in the sense
they can recognize more than one base at a given position,
but also exclude one or more. This implies that the partici-
pating amino acids can suit the varied DNA substrates and,
in this way, intimately fit the ZF array to a variety of differ-
ent sequences. The adaptability to sequence differences is
not unique to CTCEF, as it also applies to other ZF arrays
such as human PRDMY at recombination hot spots (53).
Next, we focus on our description of interactions engaging
the two overlapping, structurally characterized CTCF frag-
ments, ZF1-ZF7 and ZF3-ZF11.

Structure of ZF1-ZF7 of CTCF bound to DNA

We crystallized ZF1-ZF7 with a duplex containing 23
base pairs (labeled as 0-22 in Figure 2A). There is an addi-
tional base pair on either end of the double-stranded DNA,
in addition to the seven DNA triplets corresponding to the
seven ZFs, and including a GAG sequence at its 3’ end as
predicted for ZF1 recognition. The structure includes two
protein—-DNA complexes in the crystallographic asymmet-
ric unit (Supplementary Figure S3A and B), which was de-
termined at a resolution of 2.3 A (Supplementary Table S1).
Each DNA/ZF1-ZF7 complex was very similar to the pre-
viously determined DNA /ZF2-ZF7 complex (PDB 5TOU),
with a root-mean-squared deviation (rmsd) of just 0.6 A
over the common ZF2-ZF7 portion. Each finger interacts
with two overlapping triplets (Figure 2A). We next summa-
rize our observations, emphasizing the interactions that en-
gage residues at positions —5 and —6 within each finger.
These positions are in between two of the three key base
specificity residues (—1, —4 and —7 in Figure 1B, as de-
scribed above).

First, amino acids at positions —1, —4 and —7 of each ZF
interact with the three bases within a single triplet. Specif-
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Figure 2. Structure of ZF1-ZF7 in complex with DNA. (A) ZF1-ZF7 protein is arranged as N-to-C from right to left. Amino acids at positions —1, —4, —5
and —7 of each finger, relative to the first zinc-coordinating histidine, are shown below the protein sequence. The oligonucleotides used for crystallization are
shown with the top strand (magenta) oriented left to right, from 5" to 3’. The complementary strand is shown in black. The base pair positions are numbered
from 0 to 22. The vertical lines between the protein and DNA recognition top strand indicate the base-specific interactions with each ZF. The dashed gray
lines indicate cross-strand and cross-triplet interactions. The circled Ps indicate DNA backbone phosphate groups. (B-H) DNA base interactions of each
triplet involve residues at positions —1, —4 and —7 of each ZF. (I-O) Cross-strand and cross-triplet interactions involve residues at position —5. (P-T)
DNA backbone phosphate interactions involve residues at position —6 of each ZF. (U) Two alternative conformations of side chain of Ser334 engage in

interactions with either the phosphate (panel T) or the base of C17.

ically, ZF7 interacts with the first, 5’-most triplet (CCA at
DNA sequence positions 1-3), ZF6 interacts with the sec-
ond triplet (GCA at DNA sequence positions 4-6) and so
on, until ZFI’s interaction with GAG at DNA sequence po-
sitions 19-21 (Figure 2B-H).

Second, some amino acid—base interactions that might be
expected are absent, particularly for hydrophobic or small
side chains. Val454 of ZF7 and Met424 of ZF6, two hy-
drophobic residues located at the —1 positions of their re-
spective fingers, are too far from the DNA to directly con-
tact the corresponding bases C1 and G4 (Figure 2B and
J). Similarly, Leu308 (at the —4 position) and Thr305 (at
the —7 position) of ZF2 are distant from their correspond-
ing bases G17 and TI18 (Figure 2G). Among the seven
ZFs, ZF2 is the only one that does not make any base-
specific H-bonds at all, probably because all three poten-
tial base-interacting residues are out of H-bonding range of
the DNA bases, including Asn311 at the —1 position (Fig-
ure 2N). It is interesting in this regard that ZF2 is one of
the subset of CTCF fingers that, if deleted, cannot rescue
the cell lethality caused by depletion of endogenous CTCF
(28).

Third, in all ZFs that make base-specific contacts (so ex-
cepting ZF2), the amino acid at the —5 position makes a

cross-triplet and cross-strand interaction with the first base
pair of the following triplet (Figure 2A). Ser450 of ZF7 in-
teracts with C4 of the second triplet via a van der Waals
contact and a water-mediated H-bond (Figure 2J). Gly420
of ZF6 makes two water-mediated H-bonds, one each with
T6 of the cognate triplet and C7 of the next triplet (Fig-
ure 2K). Tyr392 of ZF5 stacks its aromatic ring against
C10 with a letter T-shaped stacking geometry (54) (Fig-
ure 2L). Ser364 of ZF4 makes weak van der Waals con-
tacts with C13 (Figure 2M, and see below for its involve-
ment in binding methylated C13). The Ca atom of Gly335
in ZF3 makes a van der Waals contact with the methyl
group of T16 (Figure 2N). Finally, Ser279 of ZF1 makes
a van der Waals contact with C22 (Figure 20). Despite
the amino acid variation at position —5 in each ZF, al-
most all the interactions are with the bottom strand, the
nucleotide immediately after and/or the last base pair of
the cognate triplet. The small side chains of Ser and Gly
have the adaptability to act as an H-bond donor or acceptor,
both at the same time, or as mediated by water molecules.
This observation also suggests that the cross-strand con-
tact mediated by the small amino acid at position —5
(corresponding to position 2 of the original structure-
based numbering scheme; Figure 1, bottom) is generally
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not a determinant of DNA-binding specificity. One excep-
tion is Tyr392, at position —5 of ZF5, which we discuss
next.

Among the seven ZF units of ZF1-ZF7, only ZF5 con-
tains the bulky and aromatic Tyr392 at position —5, which
is conserved among the vertebrates (Supplementary Figure
S2). We previously studied another ZF protein, ZFTB7A,
which contains a four-finger DNA-binding domain (38).
Interestingly, ZF3 of ZBTB7A also possesses a Tyr at po-
sition —5 (Figure 3A), as well as Asn, Asp and His at
base-interacting positions (—1, —4 and — 7). Each of these
residues could potentially form base-specific interactions;
however, ZF3 of ZBTB7A was not involved in base-specific
interactions but served as a spacer to properly position
the next finger, ZF4 (38). We superimposed the two Tyr-
containing fingers, ZF3 of ZBTB7A and ZF5 of CTCF
(Figure 3B). It is evident that the Tyr takes two alter-
native conformations in these two proteins. With Tyr392
pointing away from the DNA bases in CTCF, Arg at po-
sition —1 and Lys at —4 (the two longest side chains) can
reach the guanine bases, while the shorter Asp at —7 al-
lows a variable base. With Tyr pointing directly toward
the DNA bases in ZBTB7A, the corresponding residues
Asn at position —1 and Asp at —4 have side chains too
short to reach to the nearest DNA base. In another exam-
ple, HIC2—a transcription factor required for normal car-
diac development (55,56), and which controls developmen-
tal hemoglobin switching (57)—contains five fingers at its
carboxyl terminus, with ZF4 containing a Tyr at the corre-
sponding —5 position (57). HIC2 is like ZBTB7A, in that
the Tyr points toward the DNA (Figure 3D). ZF4 of HIC2
has the two residues, Tyr574 at —5 and Arg572 at —7, con-
tacting the same G:C base pair, forming a four-way inter-
action (Figure 3E). Among the four examples compared
here, there are three types of local stacking of protein side
chains: (i) stacking between Arg at —1 and Lys at —4 of
CTCF ZF5; (ii) stacking between Gln at —1 and Tyr at —5
of CTCF ZF8 (see below); and (iii) stacking between Tyr
at —5 and His at —7 (or Arg at —7) of ZBTB7A ZF3 (or
HIC2 ZF4).

The residue at the —6 position, the first residue of the
helix, also makes a cross-strand and cross-triplet interac-
tion, but instead of base recognition it contacts a DNA
backbone phosphate group between the second and third
base pairs of the next triplet (a circled P indicated in Fig-
ure 2A). Lys449 of ZF7 interacts with the DNA phosphate
group between G5 and T6 of the second triplet (Figure 2P).
Ser419 of ZF6 makes an H-bond with the DNA phosphate
group between C8 and C9 (Figure 2Q). Thr391 of ZF5 and
Val363 of ZF4 make weak van der Waals contacts with the
phosphate groups between C11 and C12 or G14 and A1S5,
respectively (Figure 2R and S). We observed two confor-
mations of Ser334 of ZF3, where one conformation inter-
acts with the phosphate group between C17 and A18 (Fig-
ure 2T) and the second conformation (via a rotamer rota-
tion) forms O-H-C type of H-bond with a ring carbon-5
of cytosine at C17 (Figure 2U). Finally, the side chain of
Arg278 of ZF1 is disordered because there is no next DNA
triplet available in the current structure with which it can
interact.

Val454 at position —1 of ZF7 provides a cross-strand inter-
action with CpA or hemi-methylated CpG

In addition to residues at position —4 making cross-strand
interactions, Val454 of ZF7, which is unable to make a
direct contact with the C1 of the cognate triplet (Figure
2B), instead makes a hydrophobic contact with the methyl
group of T3 on the opposite strand (Figure 2I). This Val
is conserved across the vertebrates (Supplementary Figure
S2). The Val454-methyl interaction may contribute to CpG
methylation-sensitive binding. In fact, others have recently
found that Val454 is indeed critical for detecting cytosine
methylation (58). A comparative study with bisulfite se-
quencing data of various human cell types indicated that
~40% of variable CTCF binding is linked to differential
DNA methylation, concentrated at two conserved Cyt po-
sitions within the recognition sequence (59), which corre-
spond to the DNA positions 2 and 12 of the CORE se-
quence we used (Figure 4A). For both cytosine residues,
the following 3’ nucleotide is a purine (Gua or Ade), form-
ing a CpG or CpA dinucleotide (e.g. duplex H19 in Fig-
ure 4A), which are the canonical sites for cytosine methy-
lation in mammalian DNA (60). The 5-methyl group on 5-
methylcytosine is spatially equivalent to the 5-methyl group
on T (5-methyluracil), and a number of proteins interact
with either base at a given position (61-67).

The two Cyt bases at positions 2 and 12 of top recogni-
tion strand are recognized primarily by Asp451 of ZF7 and
Glu362 of ZF4, respectively (Figure 4B and C). However,
the CpA or CpG dinucleotides at positions 2 and 3 are rec-
ognized by ZF7 alone, while the methylatable dinucleotides
at positions 12 and 13 are recognized jointly by ZF4 and
ZF3 (Figure 4A). Like other characterized C2H2 ZF pro-
teins in binding methylated DNA [reviewed in (50)], CTCF
follows the convention of aspartate for unmodified cytosine
with glutamate preferring 5-methylcytosine. Thus, the use
of Asp451 in ZF7 and Glu362 in ZF4 resulted in opposite
effects on CTCF binding to the H19 imprinting control re-
gion sequence, where binding was inhibited by DNA being
fully methylated at a single CpG site at positions 2 and 3
(68-70), whereas full methylation at positions 12 and 13 led
to slightly enhanced affinity (14). Both Asp451 and Glu362
are fully conserved across the vertebrates (Supplementary
Figure S2).

The two Cyt bases at positions 3 and 13 of the bot-
tom pairing strand are contacted by Val454 of ZF7 and
Ser364 of ZF4, respectively (Figure 4B and C). Considering
that both 5-methylcytosine and thymine contain a methyl
group at pyrimidine ring carbon-5, CpA/TpG is intrinsi-
cally methylated on one strand (T). ZF7 of CTCF can ac-
commodate not only CpA/TpG, but also hemi-methylated
CpG/5mCpG (via a van der Waals contact with Val454)
as well as non-methylated CpG/CpG (Figure 4B). In the
meantime, ZF4 and ZF3 can bind all five possibilities (un-
modified CpG, fully methylated CpG, two hemi-methylated
CpGs and CpA) via interactions with Glu362 for the top
strand and Ser364 for the bottom strand (Figure 4C). In-
deed, a recent study reported that DNA strand-asymmetric
CpG methylation has opposing effects on CTCF binding,
with both Val454 and Ser364 critical for detecting cyto-
sine methylation of the bottom strand (58). While hemi-
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methylated CpG is generally considered to be a transient in-
termediate between the unmethylated and fully methylated
states, particularly during DNA replication, stably hemi-
methylated CpG sites have been observed in the differenti-
ating mouse embryonic stem cells (71) and at short regions
flanking CTCF binding sites in H9 human embryonic stem
cells (72). Nevertheless, CTCF binding is methylation sensi-
tive (at C2) and insensitive (at C12), but is promiscuous with
respect to the opposite strand at positions 3 (via Val454)
and 13 (via Ser364), accepting a thymine, 5-methylcytosine
or cytosine. It is perhaps significant that both Ser364 and
Val454 are fully conserved in vertebrates, and even in the
more divergent human CTCFL (Supplementary Figure S2),
which is made in specific tissues at limited times as a com-
petitor to CTCF (73,74).

Mutant K365T binds a variable base pair

Increased application of population sequencing has uncov-
ered CTCF mutations throughout the entire CTCF gene,
frequently occurring within the DNA binding ZF array,
and particularly centered on ZF1, ZF3, ZF4, ZF7 and ad-
jacent residues (Supplementary Figure S1C). These CTCF
mutations are associated, for example, with one quar-
ter of endometrial carcinomas (75-77) and other clinical
symptoms, including neurodevelopmental disorders, autis-
tic traits and craniofacial abnormalities (78,79). One such
mutation, ¢.1094A>C, results in a substitution of Lys365-
to-Thr in ZF4, is a recurrent mutation in endometrial can-
cer and acts as a gain-of-function mutation enhancing cell

survival (80). Lys365, fully conserved among vertebrates,
occupies a base-interacting —4 position in ZF4 and recog-
nizes a guanine at base pair position 11 (Figure 2E). We pre-
viously showed that the mutant has reduced DNA binding
with a G:C base pair at position 11 (14).

Here, we substituted the G:C base pair with each of the
other three possible pairs, and measured binding affinities
of both wild-type (Lys365) and Thr365 versions of ZF1-
ZF7 against the four possible duplex oligos. The wild type
binds most strongly to a G:C pair, as expected, followed
by T:A (with 2x reduced affinity), A:T (with 7x reduced
affinity) and C:G (with > 54 x reduced affinity) (Figure 5A).
This selectivity can be explained by the H-bonding pattern
of Lys365, which donates a proton to either the N7 nitro-
gen atom or O6 oxygen atom of the guanine ring, both of
which are proton acceptors (Figure 5B). In the cases of T:A
or A:T, both harbor one proton acceptor at the O4 atom of
thymine or N7 of adenine (indicated by red arrows in Fig-
ure 5C and D). However, for a C:G base pair, the potential
proton acceptors shift from the recognition strand to the
opposite strand (the green colored guanine in Figure 5E).
Thus, Lys365 at the —4 position excludes the cytosine of a
C:G base pair.

In contrast, the Thr365 mutant binds the T:A oligo
about as well as the wild type binds G:C (Kp = 0.03-0.04
wM under the experimental conditions used), and the bind-
ing affinities are in a narrow range (2-4x) in a decreased or-
der of T:A > A:T > G:C > C:G (Figure 5F). Next, we deter-
mined a structure of the mutant in complex with the same
DNA used in the wild-type protein (Figure 5G), to a reso-
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lution of 2.19 A (Supplementary Table S1). The two struc-
tures are highly similar, with an rmsd of just 0.4 A, except
for the side chain of Thr365 itself (Figure SH). The Thr365
side chain is too short to reach the base (Figure 5G), while
the two neighboring base pairs are held tightly in place by
Arg368 and Glu362 (Figure 51 and K). Lack of any specific
interaction with the G:C at base pair position 11 allowed
the base pair to move slightly toward the protein (Figure
5)). Like Thr421 of ZF6 and Thr333 of ZF3, Thr365 of ZF4
can accommodate all four possible base pairs, which might
allow the mutant to bind additional sites in the genome and
perhaps explain the gain of function, though in theory the
possible greatly expanded number of binding sites might de-
plete the mutant CTCF, such that gain of function is due to
loss of binding low-affinity sites.

ZF8 in the structure of ZF3-ZF11 of CTCF bound to DNA

Previously, we crystallized CTCF fragments ZF4-ZF10 and
ZF4-ZF11 in complex with a 28-bp duplex (14). In both
cases, the C-terminal fingers 10 and 11 were not observed
in the electron density and ZF9 was flexible. ZF8 appeared
to serve, at least in these shorter fragments as well as in a
fragment of ZF6-ZF11 (15), as a spacer, spanning the mi-
nor groove. Here, we used a ZF3-ZF11 polypeptide, and
designed a series of oligos starting from 19 bp (a minimal

length for the six fingers ZF3-ZF8 to occupy) up to 36 bp,
with increments of 1 bp (and often varying sequence) at a
time, toward the 5 end upstream of the CORE sequence
(labeled as base pair positions —1 to —18 in Figure 6A). We
kept the recognition sequence for ZF3-ZF7 (positions 1—
15) the same as we used in ZF1-ZF7 studies. We screened
~600 crystals for X-ray diffraction; most of them had low
resolution, missing fingers or DNA base pairs in electron
densities. We determined two structures of ZF3-ZF11 with
one of the two 35-bp oligos (Supplementary Table S1), with
only one variation of G:C or T:A at CORE base pair posi-
tion 9, both of which are accepted in the consensus sequence
and which did not affect crystal quality. The two structures
of the 35-bp duplex complexed with ZF3-ZF11 were iso-
morphic at the resolution of 3.1 A, and here we describe the
35-bp structure (with G:C at position 9—the same sequence
used in ZF1-ZF7). Like ZF1-ZF7 complexed with DNA,
the ZF3-ZF11 in complex with DNA was crystallized with
two protein—-DNA complexes in the crystallographic asym-
metric unit (Supplementary Figure S3C and D).

As expected, the first five fingers, ZF3-ZF7, follow the
right-handed twist of the DNA, with the « helices occupy-
ing the major groove in a path of 3’ to 5 of the recognition
strand (magenta in Figure 6B). However, instead of contin-
uing in the DNA major groove, ZF8 spans the minor groove
for ~7-8 bp and provides five basic/polar residues (Argd70,
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Tyrd71, Argd79, Lys487 and Lys490) that interact with four
DNA backbone phosphate groups across the two strands,
with three of the four on the non-recognition strand (Figure
6C).

As mentioned above, like ZF5, ZF8 also contains a tyro-
sine at position —5 (Figures 1B and 3A). Superimposing the
two fingers, ZF5 and ZF8, revealed Tyr at —5 taking simi-
lar conformations (Figure 3C), so apparently the Tyr at —5
alone was not the primary reason that ZF8 failed to bind
within the major groove. We note that, excluding the base-
interacting Arg/Lys residues at positions —1, —4 and —7,
ZF8 has the largest number of basic residues (seven) [fol-
lowed by six (ZF9), five (ZF2, ZF3 and ZF10), four (ZF4,
ZF5 and ZF7), three (ZF6 and ZF11) and two (ZF1)] (Fig-
ure 1B). Importantly, seven basic residues plus Argd94 of
the linker between ZF8 and ZF9 point toward and make
phosphate interactions across minor groove DNA (Figure
6C). In addition, ZF8 is the only one immediately preceded
by a glycine (Gly466) in the inter-finger linker (see the ‘Dis-
cussion’ section).

At least three basic residues at positions outside of —1,
—4 and —7 are unique to ZF8: Lys467, Argd70 and Lys490
(Figure 1B). Among vertebrates, the latter two are fully
conserved, while Lys467 is a basic Arg in zebrafish, but a
Leu in CFCTL (Supplementary Figure S2). In the corre-
sponding position to Lys467 of ZF8, all the other 10 fin-
gers in CTCF have a Phe, Tyr or His as the first residue

of the first B-strand. This side chain packs between the
B-strand and the helix and provides stability for the fin-
ger (Supplementary Figure S4). In three fingers (ZF3, ZF4
and ZF6), when the finger gets deep into the DNA ma-
jor groove, the corresponding His, Phe or Tyr provides
an H-bond or van der Waals contact to the phosphate
group of the non-recognition strand (Supplementary Fig-
ure S4). In the corresponding position of Arg470 in ZF8,
between the two zinc-liganded Cys residues, all the other
10 fingers have variable amino acids, ranging from nega-
tively charged Glu (ZF1) and Asp (ZF9), through polar
residues His (ZF2) and Tyr (ZF6), to small amino acids
Pro (ZF3) and Ser (ZF4, ZF5, ZF10 and ZF11) (Fig-
ure 1B). Unlike Argd70, all of them point away from the
bound DNA and are exposed to solvent. In the correspond-
ing position of Lys490 of ZFS§, located immediately after
the last zinc-liganded His (or Cys in ZF11), nine fingers
have Thr/Ser/Ala and one finger (ZF10) has Asp (Figure
1B). Again, unlike Lys490, all of them point away from
the bound DNA and are exposed to solvent. In contrast,
Argd70 and Lys490 point toward the DNA, and allow ZF8
to interact with negatively charged DNA phosphate groups
across both strands. By expanding ZF8 to cover ~8 bp, we
could recapture the predicted DNA-binding specificity of
CTCF ZF1-ZF11 to partially match the actual consensus
sequence that has extended 5 upstream sequence (26-28)
(Figure 6D).
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7ZF¥9-7F11 in the structure of ZF3-ZF11 of CTCF bound to
DNA

After ZF8, ZF9-ZF11 are repositioned to enter the major
groove (Figure 6B). ZF9 occupies four base pairs —9 to —12
(Figure 7A). GIn506 at —7 and Arg508 at —5 in ZF9 make
cross-strand interactions with G(—9) and G(-10) (Fig-
ure 7B). The large side chain of conserved residue Arg508
pushes the helix of ZF9 away from the DNA base inter-
face, and weakens the other interactions (increasing the
spacing distances) between His509 at —4 and A(—11) and
between Met512 at —1 and T(—12). Similarly, conserved
residue GIn536 at —5 of ZF10 makes a cross-strand inter-
action with A(—12) (Figure 6C), weakening the interactions
of GIn534 at —7, Leu537 at —4 and Met540 at —1 with an
increased distance (4.2-5.0 A) to their corresponding bases.
Finally, Arg566 at —7 of ZF11 makes two weak H-bonds
with G(—15) and G(—16) across two strands (Figure 7D),
while Arg567 at —6 and Asn568 at —5 make two phosphate
contacts of the non-recognition strand. Arg566 is fully con-
served among vertebrates, even in human CFCTL (Sup-

plementary Figure S2), and its mutation is associated with
CTCF-related disorder (79). On the other hand, in the cur-
rent structure, Thr569 at —4 and Arg572 at —1 of ZF11
are located >6 and >10 A, respectively, away from their
corresponding DNA bases. In sum, the larger side chains
of residues at —5 of ZF9 and ZF10 (Arg508 of ZF9 and
GIn536 of ZF10) make cross-strand base-specific interac-
tions with guanine and adenine, respectively, and provide
base specificity for the corresponding T:A at position —12
and C:G at —10. This observation agrees with experimen-
tally derived consensus sequences (26,28). This situation is
different from the ‘versatile’ contacts made by smaller side
chains (e.g. Ser) at position —5, as discussed for ZF1-ZF7.

The cross-strand specificity made by a residue at posi-
tion —5 has been observed previously in transcription fac-
tor ZNF410, which controls CHD4 gene expression in ery-
throid cells (81,82). ZNF410 contains five tandem ZFs, and
ZF2 has a Gln at the corresponding —5 position (Figure
7E). GIn264 at —5 of ZF2 in ZNF410 makes an across-
strand interaction with an adenine (Figure 7F), similar to
GIn536 at —5 of ZF10 in CTCF (Figure 7C). We note that
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ZF11 crisscrosses two guanines at two neighboring base pairs. (E, F) GIn264 at

the GIn—Ade cross-strand adenine-specific interaction oc-
curs in the two examples of fingers having two hydropho-
bic residues occupying potential base-interacting positions
(Metat —1 and Leu at —4 of ZF10 in CTCF, and Val at both
—1 and —7 of ZF2 in ZNF410). It is possible that when the
cognate positions at —1, —4 and —7 cannot provide base-
specific contacts, the larger residues (Arg and Gln) at po-
sition —5 compensate for loss of the expected specific con-
tacts.

ZF-mediated protein—protein interactions in the crystals

As mentioned earlier, ZF1-ZF7 and ZF3-ZF11 were crys-
tallized in complex with their respective DNA duplexes
with two protein—-DNA complexes per crystallographic
asymmetric unit (Supplementary Figure S3). In the case
of ZF1-ZF7, ZF4 mediated the protein—protein interac-
tions, and in the case of ZF3-ZF11, ZF8 did (Supplemen-
tary Figure S3). Among the hundreds of ZF3-ZF11/DNA
cocrystals we screened (including many of them we de-
cided not to pursue further because of lower resolutions),
the two reciprocal pairs of Asp473 and His477 of ZF8
are the most common protein—protein interactions we in-
spected (Figure 8A), including a previously character-
ized structure (PDB SUND) involving ZF8 (14). This in-
termolecule interaction is possible only for two CTCF
molecules running antiparallel to one another (Supple-
mentary Figure S3C and D), and was not present in two
CTCF molecules running in parallel [PDB SYE1 (15)].
We note that this reciprocal Asp—His interaction in ZF§

—5 of ZF2 in ZNF410 makes a cross-strand adenine-specific interaction.

could also occur in ZF9 and ZF10 via replacement with
Asp501-Arg505 of ZF9 and Asp529-Arg533 of ZF10
(Figure 8A).

In addition, we crystallized ZF3-ZF11 with a shorter 19-
bp duplex DNA, which allowed ZF3-ZF7 to bind DNA,
while ZF8-ZF10 form a linear array without any DNA
contact (Figure 8B) and no electron density was observ-
able for ZF11. Superimposition onto ZF3-ZF11 with the
35-bp duplex DNA revealed that DNA-bound ZF3-ZF7 is
well aligned, ZF8 and even ZF9 stay at similar locations,
while ZF10 points away in varied directions (Figure 8C).
In the absence of bound DNA, ZF8-ZF10 were packed
against neighboring complexes via protein—protein inter-
actions (Figure 8D). Three types of interactions were ob-
served. First, the inter-finger linker between ZF7 and ZF8
interacts with the first B-strand of ZF4 from the neighbor-
ing molecule (Figure 8E). Second, the hairpin B-strands
of ZF9 interact with two neighboring molecules, with the
corresponding hairpin B-strands of ZF5 and ZF6, respec-
tively (Figure 8F). Third, the hairpin loop of ZF10 interacts
with the C-terminal end of helix of ZF10 of the neighbor-
ing molecule (Figure 8G). Taken together, it is the hairpin
B-strands of individual fingers that are involved in protein—
protein interactions, at least in the context of crystals. This
is understandable because the antiparallel hairpin B-strands
lie away from the bound DNA and on the outer surface of
the protein—-DNA complex. Finally, the observed protein—
protein interactions within the crystals do not appear to
be affecting the protein-DNA interactions involving ZF3—
ZF7.
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Figure 8. ZF-mediated protein—protein interactions in the crystals. (A) In the structure of ZF3-ZF11 (PDB 8SSQ), two reciprocal pairs of Asp473-His477
of ZF8 mediate interprotein interactions. (B) Structure of ZF3-ZF10 in complex with a 19-bp duplex DNA (PDB 8SSU). ZF11 was not observed in the
electron density. (C) Superimposition of ZF3-ZF10 (complex with 19 bp; colored cyan, PDB 8SSU) and ZF3-ZF11 (complexed with 35-bp DNA; colored
green, PDB 8SSQ). (D) Four protein-DNA complexes in the crystal of PDB (8SSU), each complex boxed in a dashed rectangle and numbered as #1, #2,
#3 and #4. For simplicity, ZF8-ZF10 are removed from complexes #2-#4, whereas ZF8-ZF10 of complex #1 are labeled and the interactions with the
neighboring molecules are circled. In addition, complex #5 appeared with only ZF9-ZF10. (E) The inter-finger linker between ZF7 and ZF8 of complex
#1 interacts with ZF4 of complex #3. (F) ZF9 of complex #1 interacts with ZF5 of complex #2 and ZF6 of complex #4. (G) ZF10 of complex #1 interacts

with ZF10 of complex #5.

DISCUSSION

Here, we described two structures of CTCF in complex with
DNA, including the CORE sequence together with either 3’
downstream or 5 upstream motifs. As anticipated by others
(26-28), ZF1 binds to the 3" GAG triplet, while ZF8-ZF11
bind to the 5" motif. One difference is that ZF1-ZF7 bind a
continuous DNA element from the CORE to the 3’ down-
stream motif without a spacer, unlike what was reported in
(26) with respect to the distance between the CORE and
the 3’ motif (see Figure 1A). If this were to happen with a
spacer, the CORE and the 3’ motif would have to be bound
by two separate CTCF molecules.

Unique positioning of ZF8

The positioning of ZF8 away from the DNA bases in the
major groove, unlike all the other 10 ZFs, and spanning ~8
bp in the minor groove, is consistent with the results of a
study that examined the effects of deletion of individual ZFs
of CTCF (28). Among the CTCF proteins with deletions
that allow cell survival, the AZF8 mutant protein showed
the most significant loss of CTCF binding, compared to
deletions of ZF1, ZF9, ZF10 or ZF11, whereas CTCF pro-
teins containing individual deletions of ZF2-ZF7 failed to
rescue the cell lethality (28). This observation by deletion is
in general agreement with at least two studies using point
mutagenesis of CTCF on interactions with DNA (26,83).
Specifically, while effects varied with the DNA tested, in
general mutation of ZF4-ZF7 had lowest occupancy (26)

or ZF3-7ZF7 and ZF11 had the strongest negative effects on
binding (83). Together, these studies suggest that the fingers
(ZF3-ZF7) responsible for the CORE sequence recognition
are essential.

Although ZF8 is not directly involved in DNA base in-
teractions, the presence of ZF8 increases nonspecific DNA
binding in vitro (14) and a AZF8 mutant CTCF exhib-
ited decreased chromatin residence time, resulting in al-
tered interactions at a subset of CTCF loops (28). It
is interesting that a prediction method for C2H2 ZFs
(42) gave the lowest score to ZF8 out of all 11 fingers
(Figure 1B).

Asnoted above, ZF8 is uniquely rich in basic amino acids,
which allows salt bridges to DNA phosphates in the minor
groove. In addition, ZF8 is the only one immediately pre-
ceded by glycine (Gly466), the most flexible residue, in the
position occupied by proline (the least flexible residue) in
6 of the remaining 10 ZFs (Figure 1B and Supplementary
Figure S5). We note that there are no specific intra- or inter-
molecular interactions involving Gly466 of ZF8 or its cor-
responding prolines in the structures we have examined so
far.

Another functional variation among the ZFs in which
ZF8 stands out involves phosphorylation, which reduces
CTCF DNA binding during mitosis (84). In 8 of the 11 ZFs
in CTCEF, the last Zn-coordinating His ligand is immediately
followed by a Ser or Thr, and 7 of these 8 are subject to phos-
phorylation (84) (see Supplementary Figure S2). In the cor-
responding position of these Ser or Thr residues, ZF8 has



a unique lysine (Lys490), which makes a DNA phosphate
contact.

One might expect that ZF§, being more exposed to sol-
vent in the DNA complex, would play other roles, such as
in protein—-RNA or protein—protein interactions, but ZF8
is dispensable for RNA binding (85). Regarding interac-
tion with other proteins, when two CTCF binding sites are
pulled by DNA loop extrusion, two CTCF-bound DNA
complexes would collide either directly or through cohesin
or other proteins. Here, we show in the crystal lattice that
CTCF ZFs, particularly ZF8-ZF10, can engage in direct
protein—protein interactions (Figure 8), which might be rel-
evant to self-interactions of the CTCF DNA-binding do-
main (86). Moreover, ZF9-ZF11 facilitate CTCF multi-
merization (85). It remains to be determined whether these
protein—protein interactions contribute to the organiza-
tional principles of 3D genome architecture.

While the features of ZF8 described just above are in-
triguing, it remains to be determined exactly which fea-
tures would allow prediction of which ZFs could function
as spacers, like ZF8. We have seen a similar spacer in Z{p568
(52), in which ZF2 spans the DNA minor groove at an
AT-rich stretch [where the minor groove is narrower (52)],
and in ZBTB24 (87), in which ZF4 spans the DNA major
groove. ZBTB24 is one of four known genes that are mu-
tated in immunodeficiency, centromeric instability and fa-
cial anomalies syndrome, a genetic disorder characterized
by DNA hypomethylation and antibody deficiency (88-90).
ZBTB24 contains eight tandem ZFs, and the last four of
the eight fingers (ZF5-ZF8) are sufficient to bind the 12-13
bp consensus, whereas the three N-terminal fingers ZF2-
ZF4 contain large and charged side chains (KH or KR) at
the corresponding positions —6 and —5 (87), just like ZF8—
ZF11 of CTCF (Figure 1B). In a structure of ZF4-ZF§ of
ZBTB24 bound with DNA, ZF4 is a spacer with the two
residues at the potential base-interacting positions instead
making DNA phosphate contacts on the non-recognition
strand (Supplementary Figure S1D). Unlike ZF8 of CTCEF,
which spans the minor groove, ZF4 of ZBTB24 spans the
DNA major groove. However, there is no clear sequence
similarity between the two spacer ZFs, except for the large
and charged side chains at the corresponding positions —6
and —5.

The cross-strand base-specific interaction by residue at posi-
tion —5 of ZF

Ever since the determination of the first structure reported
for a three-finger ZF protein in complex with DNA >30
years ago (91), the DNA recognition process has been suf-
ficiently understood to define a DNA recognition code for
ZF proteins (46,47). This code led to designed ZF nucle-
ases for genomic engineering (43). However, it is evident
from our study that the prediction of DNA-binding speci-
ficity for ZF arrays containing large side chains at the posi-
tions —6 and —5 of ZF unit is not accurate. Our structure
revealed that highly specific Arg—Gua and Gln—Ade interac-
tions used for recognizing G:C or A:T base pairs at conven-
tional base-interacting positions (—1, —4 and —7) also ap-
ply to position —5 but in a cross-strand fashion. We do note
that the base-specific contacts by larger and charged/polar

Nucleic Acids Research, 2023, Vol. 51, No. 16 8459

residues (Arg and Gln) at position —5 might compensate
when the cognate positions at —1, —4 and —7 (small or hy-
drophobic residues) cannot provide specificity.

Summary

In sum, our detailed study of CTCF in complex with DNA
provides a closer look of the individual ZF in binding DNA.
Among the 11 fingers of CTCF, ZF1-ZF7 contain small
residues (Gly, Val, Ser and Thr) at positions —5 or —6 or
both, and follow the right-handed twist of the DNA, with
each finger occupying and recognizing a 3-bp triplet. ZF8—
ZF11 contain bulkier and polar/charged residues (Arg, Lys,
Glu, Asn, Gln or Tyr) at both positions. ZF8 acts as a spacer
to place ZF9-ZF11 properly for cross-strand contacts with
DNA. The binding sites possessing both parts would be oc-
cupied with higher affinity by CTCF to counteract com-
petitive processes. Future work with CTCF-related disorder
carrying mutations in ZF9, ZF10 or ZF11 (78,79) will reveal
the effect of these mutations in cell differentiation processes
during development.
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