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BSTRACT 

he CCCTC-binding factor (CTCF) binds tens of thou- 
ands of enhancers and promoters on mammalian 

hr omosomes b y means of its 11 tandem zinc fin- 
er (ZF) DNA-binding domain. In addition to the 12–
5-bp CORE sequence, some of the CTCF binding 

ites contain 5 

′ upstream and / or 3 

′ downstream mo- 
ifs. Here, we describe two structures for overlap- 
ing portions of human CTCF, respectively, includ- 

ng ZF1–ZF7 and ZF3–ZF11 in complex with DNA 

hat incorporates the CORE sequence together with 

ither 3 

′ downstream or 5 

′ upstream motifs. Like 

onventional tandem ZF array proteins, ZF1–ZF7 fol- 
ow the right-handed twist of the DNA, with each fin- 
er occupying and recognizing one triplet of three 

ase pairs in the DNA major gr oo ve. ZF8 pla ys a 

nique role, acting as a spacer across the DNA mi- 
or gr oo ve and positioning ZF9–ZF11 to make cross- 
trand contacts with DNA. We ascribe the differ- 
nce between the tw o subgr oups of ZF1–ZF7 and 

F8–ZF11 to residues at the two positions −6 and 

5 within each finger, with small residues for ZF1–
F7 and bulkier and polar / charged residues for ZF8–
F11. ZF8 is also uniquely rich in basic amino acids, 
hich allows salt bridges to DNA phosphates in 

he minor gr oo ve. Highl y specific ar ginine–guanine 

nd glutamine–adenine interactions, used to recog- 
ize G:C or A:T base pairs at conventional base- 

nteracting positions of ZFs, also apply to the cross- 
trand interactions adopted by ZF9–ZF11. The differ- 
nces between ZF1–ZF7 and ZF8–ZF11 can be ratio- 
alized structurally and ma y contrib ute to recogni- 
ion of high-affinity CTCF binding sites. 
d
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RAPHICAL ABSTRACT 

NTRODUCTION 

he CCCTC-binding factor (CTCF) ( 1 ) is a sequence- 
pecific DNA binding protein, which has been subject to 

e v eral recent re vie ws ( 2–4 ). CTCF is essential in vivo and
s r equir ed for normal pr eimplantation de v elopment and 

if ferentia tion of somatic cells of multiple tissues ( 5–8 ). It 
lso appears to play a role in resistance to or induction 

f DNA damage ( 9–11 ). The multidomain CTCF protein 

s conserved in most bilaterian phyla ( 12 ) and influences 
D genome ar chitectur e ( 13 ) via a network of interactions 
ith DN A ( 14 , 15 ), RN A ( 16–18 ) and the cohesin protein

omplex ( 19 ). Pairs of CTCF sites in convergent orienta- 
ion are able to stop cohesin extrusion ( 20 ). CTCF binds 
ens of thousands of enhancers and promoters on mam- 
alian chromosomes by the use of its 11 tandem zinc finger 

ZF) DNA-binding domain and establishes interactions be- 
ween distant enhancers and promoters by means of DNA 

oop extrusion ( 21 ). It is possible that high-affinity sites play 

tructural roles in chromatin, while the lower-affinity sites 
r e r esponsible for r egulating transcription ( 22 ). A major 
uestion is how CTCF-bound enhancer and promoter ele- 
ents find each other, stabilizing interactions between the 

wo distant DNA elements and yielding associations with 

 long residence time [on the order of 22 min ( 23 )] that are
etectable in heatmaps of Hi-C data. 
.org 
nderson.org 
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Most, if not all, CTCF binding sites in the genome con-
tain a broad motif of 12–15 bp, called the CORE consensus
sequence, that was uncovered b y v arious methods, includ-
ing ChIP-seq ( 24 ) and ChIP-exo ( 25 ). The CORE sequence
is recognized by ZF3–ZF7 of CTCF ( 14 , 15 ). Other studies
re v ealed 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 1 A) ( 26–28 ). These
sites may r epr esent 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 CTCF, 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 ZF8–
ZF11) ar e r esponsible, r espectively, 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 re v ealed the
unusual role of ZF8. 

MATERIALS AND METHODS 

Protein expression and purification 

The DNA fragments coding for the CTCF ZF1–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 Esc heric hia coli strain BL21-
Codon-plus (DE3)-RIL (Stratagene). Bacteria were grown
in l yso geny broth in a shaker at 37 

◦C until A 600 nm 

was be-
tween 0.4 and 0.5, at which point the shaker temperature
was lowered to 16 

◦C and 25 �M ZnCl 2 (final concentration)
was added to the cell culture to ensure Zn incorporation.
When the A 600 nm 

reached ∼0.8, protein expression was in-
duced by the addition of 0.4 mM (final concentration) of
isoprop yl- �- D -thiogalactop yranoside, with subsequent in-
cubation for 20 h at 16 

◦C. The proteins were purified via a
three-column chromato gra phy protocol, as follows. 

Cell pellets were collected by centrifugation and sus-
pended in lysis buffer [20 mM Tris–HCl, pH 8.0, 700 mM
NaCl, 5% glycerol, 0.5 mM tris(2-carboxyethyl)phosphine
(TCEP) and 25 �M ZnCl 2 ]. Cells were lysed by sonication.
Polyethylenimine (Sigma, 408727) was added to the lysate
dr op by dr op, to a final concentration of 0.3% (v / v) ( 29 ).
Debris was removed by centrifugation for 30 min at 47 000
× 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–HCl, pH 8.0, 500 mM NaCl, 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–HCl, 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-
tr ation. Concentr ated protein was loaded onto a HiLoad
16 / 60 Super de x S200 column (GE Healthcare) and eluted
with 20 mM Tris–HCl, pH 8.0, 300 mM NaCl, 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 (2 × serial
dilution starting from 10 �M) for 15 min in 20 mM Tris–
HCl (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 ( K D 

values) were calcu-
lated as [mP] = � mP × [C] / ( K D 

+ [C]) + [baseline mP],
where mP is millipolarization, [C] is protein concentration
and � mP = [maximum mP] − [baseline mP]. The reported
mean ± SEM of the interpolated K D 

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
commer cial scr eening kits, and followed with self-made op-
timization screens with variations of pH and concentrations
of pol yethylene gl ycol 3350. Crystals were cryoprotected
by soaking in mother liquor supplemented with 20% (v / v)
ethylene glycol before plunging into liquid nitrogen. 

X-r ay diffr action data were collected at the SER-CAT
beamline 22ID 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 varia tions a t 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 pr edicted CT CF 

ZF1–ZF11 DNA-binding specificity is aligned with the consensus. A notab le di v ergence 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 ) Illustration 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. 
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a tional Labora tory. Resulting crystallo gra phic datasets 
ere processed with HKL2000 ( 30 ). Two scaled reflection 

les were output with one file combining Bijvoet pairs (used 

or structural refinement) and the other keeping the Bijvoet 
air separate (used for generating anomalous electron den- 
ities). For each structure determination, 5% of reflections 
ere randomly chosen for validation by R free values. The 
uality of all structures was analyzed during PHENIX re- 
nements ( 31 ) and finally validated by the PDB validation 

erver ( 32 ). Molecular graphics were generated by using Py- 
OL (Schrodinger, LLC). 
The ZF1–ZF7 with the 23-bp DNA complex structure 

PDB 8SSS) was initially solved by molecular replace- 
ent using the search model of PDB 5T0U ( 14 ). Af- 

er se v eral rounds of manual manipulation in COOT ( 33 ) 
nd refinement using PHENIX ( 34 ), ZF1 and additional 
NA r esidues wer e constructed. The mutant Lys365-to- 
hr structure in the context of ZF1–ZF7 with the same 
3-bp DNA (PDB 8SST) was determined by the difference 
ourier method. The structure of ZF3–ZF11 with the 19- 
p duplex DNA (PDB 8SSU) was solved by molecular re- 
lacement with the initial search model of PDB 5KKQ, and 

F11 was not observable in this structure. 
The structure determination of ZF3–ZF11 complexed 

ith the 35-bp DNA (oligo 35-4 in Supplementary Ta- 
le S2) (PDB 8SSQ) began with a composite model made 
rom PDB 5KKQ (ZF3–ZF7) and PDB 5UND (ZF4– 

F8) utilized for molecular replacement with the PHENIX 
HASER module ( 35 ). After se v eral rounds of manual ma- 
ipulation in COOT ( 33 ) and refinement using PHENIX 

efine ( 31 ), ZF9–ZF11 and additional DNA residues were 
lowly constructed between successi v e rounds of refinement 
tilizing difference density and knowledge of ZF and DNA 

tructure. Placement of each ZF was first verified by using 

he PHENIX AutoSOL module ( 36 ) for MR-SAD and ex- 
mination of Zn positions, and later by anomalous differ- 
nce Fourier maps created after rounds of manual manipu- 
ation and subsequent refinement. Similar procedures were 
 ollowed f or ZF3–ZF11 in complex with oligo 35-20 struc- 
ure (PDB 8SSR), using the ZF3–ZF11 (PDB 8SSQ) as the 
nitial model by the difference Fourier method. 

ESULTS 

TCF contains two subgroups of ZFs: ZF1–ZF7 and ZF8– 

F11 

TCF contains a DNA-binding domain that includes 11 

andem ZFs (Figure 1 B). At least in humans, ther e ar e thr ee
soforms of CTCF and, while we work here e xclusi v ely with 

eri vati v es of the longest one (isoform 1), it is interesting 

hat isoform 2 is missing all or part of ZF1–ZF3 and, when 

xpressed, competes with isoform 1 and triggers apoptosis 
Supplementary Figure S1A) ( 37 ). 

Like conventional C2H2 ZFs, named for the Zn atom be- 
ng coordinated by two Cys and two His residues, each fin- 
er of CTCF comprises two �-strands and a helix [( 14 , 15 )

http://zf.princeton.edu/index.php
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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 �-strands to coordinate a zinc ion, forming a tetrahe-
dral Cys2–Zn–His2 structural unit that confers rigidity to
the fingers. In ZF11 of CTCF, 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 r epr es-
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 1 B). For simplicity, we use here the first zinc-
coordinating His in each finger as r efer ence position 0, with
r esidues befor e this, at protein sequence positions −1 to
−12 (see the next section). We noticed that the 11 fingers of
CTCF 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 / char ged residues (Ar g, Lys, Glu, Asn, Gln or Tyr) at
both positions (Figure 1 B). 

We used a prediction method for C2H2 ZFs ( 42 ) and the
r esulting bit scor e 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
CT CF (Figur e 1 C), 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-
ti v ely, to bind DNA sequences of 5 

′ -GAG-3 

′ and 5 

′ -GTG-3 

′
(Figure 1 C). Howe v er, many studies uncov ered 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 1 A) ( 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
DN A major groove, w hile the antiparallel hairpin �-strands
and the C2–Zn–H2 unit lie on the outside (example shown
in Figure 1 D). 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 1 B), 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. Howe v er, 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 r efer ence position 0, with r esidues befor e 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 1 B). 

The identities of three amino acids at positions −1, −4
and −7 of each finger ar e, r especti v ely, 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 1 E). 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 f or man y protein–DNA interactions,
including C2H2 ZFs [re vie wed in ( 48–51 )]. Thymine and
5-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 Val in ZF2, ZF6 and ZF7), the corresponding
DN A sequence usuall y is a variation of the consensus se-
quence. The variable bases also form (wa ter-media ted) 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 gi v en 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 CTCF, as it also applies to other ZF arrays
such as human PRDM9 at recombination hot spots ( 53 ).
Next, we focus on our description of interactions engaging
the two over lapping, structur ally char acterized CTCF fr ag-
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 2 A). There is an addi-
tional base pair on either end of the double-stranded DNA,
in addition to the se v en DNA triplets corresponding to the
se v en 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 Å (Supplementary Table S1).
Each DNA / ZF1–ZF7 complex was very similar to the pre-
viously determined DNA / ZF2–ZF7 complex (PDB 5T0U),
with a root-mean-squared deviation (rmsd) of just 0.6 Å
over the common ZF2–ZF7 portion. Each finger interacts
with two overlapping triplets (Figure 2 A). 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 1 B, 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, relati v e 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 DN A reco gnition 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 alternati v e conformations of side chain of Ser334 engage in 
interactions with either the phosphate (panel T) or the base of C17. 

i
D
o
o
s

e
s
d
s  

t
J
t
i  

Z
s
t
t
u  

t
t
(

c

c
p
t
c
o
T
u
C
u
t
m
i
g
a
t
m
n
t
h
b
T
t
(
b

cally, ZF7 interacts with the first, 5 

′ -most triplet (CCA at 
NA sequence positions 1–3), ZF6 interacts with the sec- 

nd triplet (GCA at DNA sequence positions 4–6) and so 

n, until ZF1’s interaction with GAG at DNA sequence po- 
itions 19–21 (Figure 2 B–H). 

Second, some amino acid–base interactions that might be 
xpected are absent, particularly for hydrophobic or small 
ide chains. Val454 of ZF7 and Met424 of ZF6, two hy- 
rophobic residues loca ted a t the −1 positions of their re- 
pecti v e fingers, are too far from the DNA to directly con-
act the corresponding bases C1 and G4 (Figure 2 B and 

). Similarly, Leu308 (at the −4 position) and Thr305 (at 
he −7 position) of ZF2 are distant from their correspond- 
ng bases G17 and T18 (Figure 2 G). Among the se v en
Fs, ZF2 is the only one that does not make any base- 

pecific H-bonds at all, probably because all three poten- 
ial base-interacting residues are out of H-bonding range of 
he DNA bases, including Asn311 at the −1 position (Fig- 
re 2 N). It is interesting in this regard that ZF2 is one of
he subset of CTCF fingers that, if deleted, cannot rescue 
he cell lethality caused by depletion of endogenous CTCF 

 28 ). 
Third, in all ZFs that make base-specific contacts (so ex- 

epting ZF2), the amino acid at the −5 position makes a 
r oss-triplet and cr oss-str and inter action with the first base 
air of the following triplet (Figure 2 A). Ser450 of ZF7 in- 
eracts with C4 of the second triplet via a van der Waals 
ontact and a wa ter-media ted H-bond (Figure 2 J). Gly420 

f ZF6 mak es tw o wa ter-media ted H-bonds, one each with 

6 of the cognate triplet and C7 of the next triplet (Fig- 
re 2 K). Tyr392 of ZF5 stacks its aromatic ring against 
10 with a letter T-shaped stacking geometry ( 54 ) (Fig- 
re 2 L). Ser364 of ZF4 makes weak van der Waals con- 
acts with C13 (Figure 2 M, and see below for its involve- 
ent in binding methylated C13). The C � atom of Gly335 

n ZF3 makes a van der Waals contact with the methyl 
roup of T16 (Figure 2 N). Finally, Ser279 of ZF1 makes 
 van der Waals contact with C22 (Figure 2 O). Despite 
he amino acid variation at position −5 in each ZF, al- 
ost all the interactions are with the bottom strand, the 

ucleotide immediately after and / or the last base pair of 
he cognate triplet. The small side chains of Ser and Gly 

ave the adaptability to act as an H-bond donor or acceptor, 
oth at the same time, or as mediated by water molecules. 
his observation also suggests that the cross-strand con- 

act mediated by the small amino acid at position −5 

corresponding to position 2 of the original structure- 
ased 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 se v en 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 3 A), 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;
howe v er, 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 3 B). It is evident that the Tyr tak es tw o alter-
nati v e 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 r equir ed for normal car-
diac de v elopment ( 55 , 56 ), and which controls de v elopmen-
tal hemoglobin switching ( 57 ) –– contains fiv e 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 3 D). 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 3 E). Among the four examples compared
her e, ther e ar e thr ee 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 2 A). Lys449 of ZF7 interacts with the DNA phosphate
group between G5 and T6 of the second triplet (Figure 2 P).
Ser419 of ZF6 makes an H-bond with the DNA phosphate
group between C8 and C9 (Figure 2 Q). Thr391 of ZF5 and
Val363 of ZF4 make weak van der Waals contacts with the
phosphate groups between C11 and C12 or G14 and A15,
respecti v ely (Figure 2 R 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 2 T) 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 2 U). Finally, the side chain of
Arg278 of ZF1 is disordered because there is no next DNA
triplet available in the curr ent structur e 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
2 B), instead makes a hydrophobic contact with the methyl
group of T3 on the opposite strand (Figure 2 I). This Val
is conserved across the vertebrates (Supplementary Figure
S2). The Val454–methyl interaction may contribute to CpG
methylation-sensiti v e binding. In fact, others have recently
found that Val454 is indeed critical for detecting cytosine
methyla tion ( 58 ). A compara ti v e study with bisulfite se-
quencing data of various human cell types indicated that
∼40% of variable CTCF binding is linked to differential
DNA methyla tion, concentra ted a t 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 4 A). 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 4 A), 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 gi v en position ( 61–67 ). 

The two Cyt bases at positions 2 and 12 of top recogni-
tion strand ar e r eco gnized primaril y by Asp451 of ZF7 and
Glu362 of ZF4, respecti v ely (Figure 4 B and C). Howe v er,
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 ar e r eco gnized jointl y by ZF4 and
ZF3 (Figure 4 A). Like other characterized C2H2 ZF pro-
teins in binding methylated DNA [re vie wed 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 methyla ted a t a single CpG site a t 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, respecti v ely (Figure 4 B 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 4 B). In the
meantime, ZF4 and ZF3 can bind all fiv e 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 4 C). 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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A

B C D

E

Figure 3. A Tyr at position −5 of ZF5 and ZF8 of CTCF. ( A ) Sequence alignment of four fingers containing a Tyr at position −5, ZF3 of ZBTB7A, ZF5 
and ZF8 of CTCF, and ZF4 of HIC2. The circled basic residues are unique to ZF8 of CTCF. ( B ) Superimpositions of ZF5 of CTCF with ZF3 of ZBTB7A. 
The Tyr at position −5 adopted two alternati v e conformations. ( C ) Comparison of ZF5 and ZF8 of CTCF. ( D ) Comparison of ZF5 of CTCF and ZF4 of 
HIC2. ( E ) In HIC2, Y at −5 and R at −7 positions interact with the same G:C base pair. 
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ethylated CpG is generally considered to be a transient in- 
ermediate between the unmethylated and fully methylated 

tates, particularl y during DN A replication, stabl y hemi- 
ethylated CpG sites have been observed in the differenti- 

ting mouse embryonic stem cells ( 71 ) and at short regions 
anking CTCF binding sites in H9 human embryonic stem 

ells ( 72 ). Ne v ertheless, CTCF binding is methylation sensi- 
i v e (at C2) and insensiti v e (at C12), but is promiscuous with
espect to the opposite strand at positions 3 (via Val454) 
nd 13 (via Ser364), accepting a th ymine, 5-meth ylcytosine 
r cytosine. It is perhaps significant that both Ser364 and 

al454 are fully conserved in vertebrates, and even in the 
ore di v ergent human CTCFL (Supplementary Figure S2), 
hich is made in specific tissues at limited times as a com- 
etitor to CTCF ( 73 , 74 ). 

utant K365T binds a variable base pair 

ncreased application of population sequencing has uncov- 
r ed CT CF mutations throughout the entir e CTCF gene, 
requently occurring within the DNA binding ZF array, 
nd particularly centered on ZF1, ZF3, ZF4, ZF7 and ad- 
acent residues (Supplementary Figure S1C). These CTCF 

utations are associated, for example, with one quar- 
er of endometrial carcinomas ( 75–77 ) and other clinical 
ymptoms, including neurode v elopmental disor ders, autis- 
ic traits and craniofacial abnormalities ( 78 , 79 ). One such 

uta tion, c.1094A > C , results in a substitution of Lys365- 
o-Thr in ZF4, is a r ecurr ent mutation in endometrial can- 
er and acts as a gain-of-function mutation enhancing cell 
urvival ( 80 ). Lys365, fully conserved among vertebrates, 
ccupies a base-interacting −4 position in ZF4 and recog- 
izes a guanine at base pair position 11 (Figure 2 E). We pre- 
iously showed that the mutant has reduced DNA binding 

ith a G:C base pair at position 11 ( 14 ). 
Here, we substituted the G:C base pair with each of the 

ther three possible pairs, and measured binding affinities 
f both wild-type (Lys365) and Thr365 versions of ZF1– 

F7 against the four possible duplex oligos. The wild type 
inds most strongly to a G:C pair, as expected, followed 

y T:A (with 2 × reduced affinity), A:T (with 7 × reduced 

ffinity) and C:G (with > 54 × reduced affinity) (Figure 5 A). 
his selectivity can be explained by the H-bonding pattern 

f Lys365, which donates a proton to either the N7 nitro- 
en atom or O6 oxygen atom of the guanine ring, both of 
hich are proton acceptors (Figure 5 B). In the cases of T:A 

r A:T, both harbor one proton acceptor at the O4 atom of 
hymine or N7 of adenine (indicated by red arrows in Fig- 
re 5 C and D). Howe v er, for a C:G base pair, the potential
roton acceptors shift from the recognition strand to the 
pposite strand (the gr een color ed guanine in Figure 5 E). 
hus, Lys365 at the −4 position excludes the cytosine of a 

:G base pair. 
In contrast, the Thr365 mutant binds the T:A oligo 

bout as well as the wild type binds G:C ( K D 

= 0.03–0.04 

M under the experimental conditions used), and the bind- 
ng affinities are in a narrow range (2–4 ×) in a decreased or- 
er of T:A > A:T > G:C > C:G (Figure 5 F). Next, we deter-
ined a structure of the mutant in complex with the same 
NA used in the wild-type protein (Figure 5 G), to a reso- 
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A

B C

Figure 4. Aspartate for cytosine and glutamate for 5-methylcytosine. ( A ) Either a CpG or CpA site can occur at DNA positions 2 and 3 or 12 and 13. ( B ) 
Examples of ZF7 interaction with CpA (PDB 8SSS) or CpG (PDB 5K5L). The interaction of Val454–methyl of thymine of the bottom strand also applies 
to the hemi-methylated 5mCpG at the bottom strand. ( C ) Examples of ZF4–ZF3 interactions with unmethylated CpG (PDB 8SSS) or fully methylated 
5mCpG (PDB 5T00). The Ser364–methyl interaction applies to bottom strand TpG, hemi- or fully methylated 5mCpG. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

lution of 2.19 Å (Supplementary Table S1). The two struc-
tur es ar e highly similar, with an rmsd of just 0.4 Å , except
for the side chain of Thr365 itself (Figure 5 H). The Thr365
side chain is too short to reach the base (Figure 5 G), while
the two neighboring base pairs are held tightly in place by
Arg368 and Glu362 (Figure 5 I 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 J). 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
possib le greatly e xpanded 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 

Pr eviously, we crystallized CT CF 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 fle xib le. 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 6 A). 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-r ay diffr action; 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 Å , 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 6 B). Howe v er, instead of contin-
uing in the DNA major groove, ZF8 spans the minor groove
for ∼7–8 bp and provides fiv e basic / polar residues (Arg470,
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F

B C D E

HG

I J K

Figure 5. Structure of K365T mutant in complex with DNA. ( A ) DNA binding of ZF1–ZF7 (wild type) was quantified by fluorescence polarization. ( B ) 
Lys365 provides a proton donor to either N7 nitrogen or O6 oxygen of the guanine ring (indicated by two red arrows). The hydrogen atoms (in gray) are 
depicted for illustration. ( C – E ) Base pairs of T:A, A:T and C:G with recognition base in magenta, and opposite pairing base in green. The proton acceptors 
located in the DNA major groove side are indicated by the arrows and hydrogen atoms are included for illustration. ( F ) DNA binding affinities of K365T 

wer e measur ed against four possible base pairs a t cogna te triplet. ( G ) Structure of K365T of ZF4 in complex with 5 ′ -GCG-3 ′ triplet. ( H ) Superimposition 
of ZF4 wild type and K365T mutant. ( I – K ) Superimposition of ZF4 wild type and K365T mutant with the cognate triplet. 

T
D
w
6

s
t
l
a
w
i
Z
l
Z
u
t
p
6
b
c

−
(
c
L
s
g

o
�
g
a
j
a
g
u
b
1
t
r
P
u
b
i
t
h
1
t
A
t
a
c
C
s
(

yr471, Arg479, Lys487 and Lys490) that interact with four 
NA backbone phosphate groups across the two strands, 
ith three of the four on the non-recognition strand (Figure 
 C). 

As mentioned abo ve, lik e ZF5, ZF8 also contains a tyro- 
ine at position −5 (Figures 1 B and 3 A). Superimposing the 
wo fingers, ZF5 and ZF8, re v ealed Tyr at −5 taking simi- 
ar conformations (Figure 3 C), so a pparentl y the Tyr at −5 

lone was not the primary reason that ZF8 failed to bind 

ithin the major groove. We note that, excluding the base- 
nteracting Arg / Lys residues at positions −1, −4 and −7, 
F8 has the largest number of basic residues (se v en) [fol- 

owed by six (ZF9), fiv e (ZF2, ZF3 and ZF10), four (ZF4, 
F5 and ZF7), three (ZF6 and ZF11) and two (ZF1)] (Fig- 
re 1 B). Importantly, se v en basic residues plus Arg494 of 
he linker between ZF8 and ZF9 point toward and make 
hosphate interactions across minor groove DNA (Figure 
 C). In addition, ZF8 is the only one immediately preceded 

y a gl ycine (Gl y466) in the inter-finger linker (see the ‘Dis- 
ussion’ section). 

At least three basic residues at positions outside of −1, 
4 and −7 are unique to ZF8: Lys467, Arg470 and Lys490 

Figure 1 B). Among vertebrates, the latter two are fully 

onserved, while Lys467 is a basic Arg in zebrafish, but a 

eu in CFCTL (Supplementary Figure S2). In the corre- 
ponding position to Lys467 of ZF8, all the other 10 fin- 
ers in CTCF have a Phe, Tyr or His as the first residue 
f the first �-strand. This side chain packs between the 
-strand and the helix and provides stability for the fin- 
er (Supplementary Figure S4). In three fingers (ZF3, ZF4 

nd ZF6), when the finger gets deep into the DNA ma- 
or groove, the corresponding His, Phe or Tyr provides 
n H-bond or van der Waals contact to the phosphate 
roup of the non-recognition strand (Supplementary Fig- 
re S4). In the corresponding position of Arg470 in ZF8, 
etween the two zinc-liganded Cys residues, all the other 
0 fingers have variable amino acids, ranging from nega- 
i v ely charged Glu (ZF1) and Asp (ZF9), through polar 
esidues His (ZF2) and Tyr (ZF6), to small amino acids 
ro (ZF3) and Ser (ZF4, ZF5, ZF10 and ZF11) (Fig- 
re 1 B). Unlike Arg470, all of them point away from the 
ound DNA and are exposed to solvent. In the correspond- 

ng position of Lys490 of ZF8, loca ted immedia tely after 
he last zinc-liganded His (or Cys in ZF11), nine fingers 
ave Thr / Ser / Ala and one finger (ZF10) has Asp (Figure 
 B). Again, unlike Lys490, all of them point away from 

he bound DNA and are exposed to solvent. In contrast, 
rg470 and Lys490 point toward the DNA, and allow ZF8 

o interact with negati v ely charged DNA phosphate groups 
cross both strands. By expanding ZF8 to cover ∼8 bp, we 
ould r ecaptur e the pr edicted DNA-binding specificity of 
TCF ZF1–ZF11 to partially match the actual consensus 

equence that has extended 5 

′ upstream sequence ( 26–28 ) 
Figure 6 D). 
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A

B

C D

Figure 6. Structure of CTCF ZF3–ZF11 in complex with DNA. ( A ) A 35-bp DNA oligo was used in the crystallization with ZF3–ZF11. The DNA base 
pairs are numbered from 1 to 17 (to the left) for recognition by ZF3–ZF7 and from −1 to −18 (to the right) for recognition by ZF8–ZF11. ( B ) Structure 
of CTCF ZF3–ZF11 in complex with DNA. ZF8 is in the center. ( C ) ZF8 has eight basic residues (including the linker) engaging in DNA phosphate 
backbone interactions. ( D ) Realignment between the predicted DNA-binding specificity of CTCF ZF1–ZF11 with the actual consensus sequence that has 
extended 5 ′ upstream sequence. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ZF9–ZF11 in the structure of ZF3–ZF11 of CTCF bound to
DNA 

After ZF8, ZF9–ZF11 are repositioned to enter the major
groove (Figure 6 B). ZF9 occupies four base pairs −9 to −12
(Figure 7 A). Gln506 at −7 and Arg508 at −5 in ZF9 make
cross-str and inter actions with G( −9) and G( −10) (Fig-
ure 7 B). 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 Gln536 at −5 of ZF10 makes a cross-strand inter-
action with A( −12) (Figure 6 C), weakening the interactions
of Gln534 at −7, Leu537 at −4 and Met540 at −1 with an
increased distance (4.2–5.0 Å ) to their corresponding bases.
Finally, Arg566 at −7 of ZF11 mak es tw o weak H-bonds
with G( −15) and G( −16) across two strands (Figure 7 D),
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
CT CF-r elated disorder ( 79 ). On the other hand, in the cur-
r ent structur e, Thr569 a t −4 and Arg572 a t −1 of ZF11
are located > 6 and > 10 Å , respecti v ely, away from their
corresponding DNA bases. In sum, the larger side chains
of residues at −5 of ZF9 and ZF10 (Arg508 of ZF9 and
Gln536 of ZF10) make cross-strand base-specific interac-
tions with guanine and adenine, respecti v ely, and provide
base specificity for the corresponding T:A at position −12
and C:G at −10. This observation agrees with experimen-
tally deri v ed 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 observ ed pre viously in transcription fac-
tor ZNF410, which controls CHD4 gene expression in ery-
throid cells ( 81 , 82 ). ZNF410 contains fiv e tandem ZFs, and
ZF2 has a Gln at the corresponding −5 position (Figure
7 E). Gln264 at −5 of ZF2 in ZNF410 makes an across-
str and inter action with an adenine (Figure 7 F), similar to
Gln536 at −5 of ZF10 in CT CF (Figur e 7 C). We note that
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E

Figure 7. ZF9–ZF11 have cross-str and inter actions contributing to base recognition. ( A ) Schematic of interactions involving ZF9–ZF11 of CTCF. ( B ) 
ZF9 spans 4 bp, with Gln506 ( −7) and Arg508 ( −5) making cross-strand base interactions with adenine and guanine, respecti v ely. ( C ) ZF10 spans 4 bp, 
with Gln536 ( −5) making cross-strand adenine interaction. Met540 of ZF10 is further away from the viewer and invisible at this viewpoint. ( D ) Arg566 of 
ZF11 crisscrosses two guanines at two neighboring base pairs. ( E , F ) Gln264 at −5 of ZF2 in ZNF410 makes a cross-strand adenine-specific interaction. 
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he Gln–Ade cross-strand adenine-specific interaction oc- 
urs in the two examples of fingers having two hydropho- 
ic r esidues occup ying potential base-interacting positions 
Met at −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

ognate positions at −1, −4 and −7 cannot provide base- 
pecific contacts, the larger residues (Arg and Gln) at po- 
ition −5 compensate for loss of the expected specific con- 
acts. 

F-mediated pr otein–pr otein interactions in the crystals 

s mentioned earlier, ZF1–ZF7 and ZF3–ZF11 were crys- 
allized in complex with their respecti v e DNA duple xes 
ith two protein–DNA complexes per crystallographic 
symmetric unit (Supplementary Figure S3). In the case 
f ZF1–ZF7, ZF4 mediated the pr otein–pr otein interac- 
ions, and in the case of ZF3–ZF11, ZF8 did (Supplemen- 
ary Figure S3). Among the hundreds of ZF3–ZF11 / DNA 

ocrystals we screened (including many of them we de- 
ided not to pursue further because of lower resolutions), 
he two reciprocal pairs of Asp473 and His477 of ZF8 

re the most common pr otein–pr otein interactions we in- 
pected (Figure 8 A), including a previously character- 
zed structure (PDB 5UND) involving ZF8 ( 14 ). This in- 
ermolecule interaction is possible only for two CTCF 

olecules running antiparallel to one another (Supple- 
entary Figure S3C and D), and was not present in two 

TCF molecules running in parallel [PDB 5YE1 ( 15 )]. 
e note that this reciprocal Asp–His interaction in ZF8 
ould also occur in ZF9 and ZF10 via replacement with 

sp501–Arg505 of ZF9 and Asp529–Arg533 of ZF10 

Figure 8 A). 
In addition, we crystallized ZF3–ZF11 with a shorter 19- 

p duplex DNA, which allowed ZF3–ZF7 to bind DNA, 
hile ZF8–ZF10 form a linear array without any DNA 

ontact (Figure 8 B) and no electron density was observ- 
ble for ZF11. Superimposition onto ZF3–ZF11 with the 
5-bp duple x DNA re v ealed that DNA-bound ZF3–ZF7 is 
ell aligned, ZF8 and e v en ZF9 stay at similar locations, 
hile ZF10 points away in varied directions (Figure 8 C). 

n the absence of bound DNA, ZF8–ZF10 were packed 

gainst neighboring complexes via pr otein–pr otein inter- 
ctions (Figure 8 D). Three types of interactions were ob- 
erved. First, the inter-finger linker between ZF7 and ZF8 

nteracts with the first �-strand of ZF4 from the neighbor- 
ng molecule (Figure 8 E). Second, the hairpin �-strands 
f ZF9 interact with two neighboring molecules, with the 
orresponding hairpin �-strands of ZF5 and ZF6, respec- 
i v ely (Figure 8 F). Third, the hairpin loop of ZF10 interacts 
ith the C-terminal end of helix of ZF10 of the neighbor- 

ng molecule (Figure 8 G). Taken together, it is the hairpin 

-strands of individual fingers that are involved in protein– 

rotein interactions, at least in the context of crystals. This 
s understandable because the antiparallel hairpin �-strands 
ie away from the bound DNA and on the outer surface of 
he protein–DN A complex. Finall y, the observed protein– 

rotein interactions within the crystals do not appear to 

e affecting the protein–DNA interactions involving ZF3– 

F7. 
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Figure 8. ZF-mediated pr otein–pr otein 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 ar e r emoved 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 1 A). 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 groo ve, unlik e all the other 10 ZFs, and spanning ∼8
bp in the minor groove, is consistent with the results of a
stud y tha t examined the effects of deletion of individual ZFs
of CTCF ( 28 ). Among the CTCF proteins with deletions
that allow cell survival, the � ZF8 mutant protein showed
the most significant loss of CT CF binding, compar ed to
deletions of ZF1, ZF9, ZF10 or ZF11, wher eas CT CF 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 ).
Specificall y, w hile effects varied with the DNA tested, in
general mutation of ZF4–ZF7 had lowest occupancy ( 26 )
or ZF3–ZF7 and ZF11 had the strongest negati v e 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 � ZF8 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 1 B). 

As noted 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 fle xib le residue, in the
position occupied by proline (the least fle xib le residue) in
6 of the remaining 10 ZFs (Figure 1 B 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 CTCF, 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
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 unique lysine (Lys490), which makes a DNA phosphate 
ontact. 

One might expect that ZF8, being more exposed to sol- 
ent in the DNA complex, would play other roles, such as 
n protein–RNA or protein–protein interactions, but ZF8 

s dispensable for RNA binding ( 85 ). Regarding interac- 
ion with other proteins, when two CTCF binding sites are 
ulled by DNA loop extrusion, two CTCF-bound DNA 

omplexes would collide either directly or through cohesin 

r other proteins. Here, we show in the crystal lattice that 
TCF ZFs, particularly ZF8–ZF10, can engage in direct 
r otein–pr otein interactions (Figure 8 ), which might be rel- 
vant to self-interactions of the CTCF DNA-binding do- 
ain ( 86 ). Moreover, ZF9–ZF11 facilitate CTCF multi- 
erization ( 85 ). It remains to be determined whether these 

r otein–pr otein interactions contribute to the organiza- 
ional principles of 3D genome ar chitectur e. 

W hile the fea tures of ZF8 described just above are in- 
riguing, it remains to be determined exactly which fea- 
ures would allow prediction of which ZFs could function 

s spacers, like ZF8. We have seen a similar spacer in Zfp568 

 52 ), in which ZF2 spans the DNA minor groove at an 

T-rich stretch [where the minor groove is narrower ( 52 )], 
nd in ZBTB24 ( 87 ), in which ZF4 spans the DNA major 
roove. ZBTB24 is one of four known genes that are mu- 
ated in immunodeficiency, centromeric instability and fa- 
ial anomalies syndrome, a genetic disorder characterized 

y DNA h ypometh yla tion and antibod y deficiency ( 88–90 ). 
BTB24 contains eight tandem ZFs, and the last four of 

he eight fingers (ZF5–ZF8) are sufficient to bind the 12–13 

p consensus, whereas the three N-terminal fingers ZF2– 

F4 contain large and charged side chains (KH or KR) at 
he corresponding positions −6 and −5 ( 87 ), just like ZF8– 

F11 of CT CF (Figur e 1 B). In a structure of ZF4–ZF8 of
BTB24 bound with DNA, ZF4 is a spacer with the two 

esidues at the potential base-interacting positions instead 

aking DNA phosphate contacts on the non-recognition 

trand (Supplementary Figure S1D). Unlike ZF8 of CTCF, 
hich spans the minor groove, ZF4 of ZBTB24 spans the 
NA major groov e. Howe v er, there is no clear sequence 

imilarity between the two spacer ZFs, except for the large 
nd charged side chains at the corresponding positions −6 

nd −5. 

he cross-strand base-specific interaction by residue at posi- 
ion −5 of ZF 

ver since the determination of the first structure reported 

or a three-finger ZF protein in complex with DNA > 30 

ears ago ( 91 ), the DN A reco gnition process has been suf-
ciently understood to define a DNA recognition code for 
F proteins ( 46 , 47 ). This code led to designed ZF nucle-
ses for genomic engineering ( 43 ). Howe v er, it is evident
rom our study that the prediction of DNA-binding speci- 
city for ZF arrays containing large side chains at the posi- 
ions −6 and −5 of ZF unit is not accurate. Our structure 
e v ealed that highly specific Arg–Gua and Gln–Ade interac- 
ions used for recognizing G:C or A:T base pairs at conven- 
ional base-interacting positions ( −1, −4 and −7) also ap- 
ly to position −5 but in a cross-strand fashion. We do note 
hat the base-specific contacts by larger and charged / polar 
esidues (Arg and Gln) at position −5 might compensate 
 hen the co gna te positions a t −1, −4 and −7 (small or hy-
rophobic residues) cannot provide specificity. 

ummary 

n sum, our detailed study of CTCF in complex with DNA 

rovides a closer look of the individual ZF in binding DNA. 
mong the 11 fingers of CTCF, ZF1–ZF7 contain small 

esidues (Gly, Val, Ser and Thr) at positions −5 or −6 or 
oth, and follow the right-handed twist of the DNA, with 

ach finger occupying and recognizing a 3-bp triplet. ZF8– 

F11 contain bulkier and polar / charged residues (Arg, Lys, 
lu, Asn, Gln or Tyr) at both positions. ZF8 acts as a spacer 

o place ZF9–ZF11 properly for cross-strand contacts with 

NA. The binding sites possessing both parts would be oc- 
upied with higher affinity by CTCF to counteract com- 
etiti v e processes. Future work with CTCF-related disorder 
arrying mutations in ZF9, ZF10 or ZF11 ( 78 , 79 ) will re v eal
he effect of these mutations in cell dif ferentia tion processes 
uring de v elopment. 
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