
DNA Recognition of 5-Carboxylcytosine by a Zfp57 Mutant at an
Atomic Resolution of 0.97 Å

Yiwei Liu, Yusuf Olatunde Olanrewaju, Xing Zhang, and Xiaodong Cheng*

Department of Biochemistry, Emory University School of Medicine, 1510 Clifton Road, Atlanta,
Georgia 30322, United States

Abstract

The Zfp57 gene encodes a KRAB (Krüppel-associated box) domain-containing C2H2 zinc finger
transcription factor that is expressed in early development. Zfp57 protein recognizes methylated
CpG dinucleotide within GCGGCA elements at multiple imprinting control regions. In the
previously determined structure of the mouse Zfp57 DNA-binding domain in complex with DNA
containing 5-methylcytosine (5mC), the side chains of Arg178 and Glu182 contact the methyl
group via hydrophobic and van der Waals interactions. We examined the role of Glu182 in
recognition of 5mC by mutagenesis. The majority of mutants examined lose selectivity of
methylated (5mC) over unmodified (C) and oxidative derivatives, 5-hydroxymethylcytosine, 5-
formylcytosine, and 5-carboxylcytosine (5caC), suggesting that the side chain of Glu182 (the size
and the charge) is dispensable for methyl group recognition but negatively impacts the binding of
unmodified cytosine as well as oxidized derivatives of 5mC to achieve 5mC selectivity.
Substitution of Glu182 with its corresponding amide (E182Q) had no effect on methylated DNA
binding but gained significant binding affinity for 5caC DNA, resulting in a binding affinity for
5caC DNA comparable to that of the wild-type protein for 5mC. We show structurally that the
uncharged amide group of E182Q interacts favorably with the carboxylate group of 5caC.
Furthermore, introducing a positively charged arginine at position 182 resulted in a mutant
(E182R) having higher selectivity for the negatively charged 5caC.
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Mammalian DNA cytosine modification is a dynamic process catalyzed by specific DNA
methyltransferases that convert cytosine (C) to 5-methylcytosine (5mC).1,2 The 5mC may
then be oxidized to 5-hydroxymethylcytosine (5hmC) by ten-eleven translocation (Tet)
proteins.3,4 Tet proteins can further oxidize 5hmC to 5-formylcytosine (5fC) and 5-
carboxylcytosine (5caC).5,6 Thus, cytosine residues in mammalian DNA occur in at least
five forms (C, 5mC, 5hmC, 5fC, and 5caC),7–15 and the ability to recognize and differentiate
the modification status of DNA cytosine residues is essential for the control of gene
expression in mammals.

The best-known mammalian DNA-binding domains that recognize methylated cytosine are
the methyl-binding domains (MBDs), recognizing fully methylated CpG dinucleotides,16,17

and the “SET and RING finger-associated” (SRA) domains, binding to hemimethylated
CpG sites generated transiently by DNA replication.18,19 Both SRA domain proteins
UHRF1 and UHRF2 and MBD domain proteins MeCP2, MBD3, and MBD4 have been
suggested to bind 5hmC;20–24 however, the 5hmC binding by these proteins is not selective,
and in some studies, there is no difference between 5mC and 5hmC binding.20,22 We
previously showed that the SRA domain of UHRF1 and the MBD domain of MeCP2 have a
preference, by factors of 10 and 5, respectively, for binding the methylated DNA over
5hmC-containing oligonucleotides of identical sequence, whereas an only 2-fold preference
was observed for MBD3 and MBD4.25 Furthermore, 5hmC levels in mouse brain at three
different ages were inversely correlated with MeCP2 dosage, suggesting binding of MeCP2
to 5mC may protect the conversion of 5mC to 5hmC by Tet proteins.26 A high selectivity of
5hmC over 5mC and C is exemplified by a bacterial modification-dependent restriction
endonuclease AbaSI with a 500:1 5hmC:5mC relative selectivity.27 In addition, the
mammalian thymine DNA glycosylase excises the mismatched base as well as removing
5fC and 5caC, but not 5mC and 5hmC, when paired with a guanine.6,28,29

Zfp57 belongs to the family of Krüppel-associated box (KRAB) domain-containing C2H2
zinc finger (ZnF) transcription factors.30,31 KRAB ZnF transcription factors (KRAB-ZnFs)
act mostly as chromatin-modulating transcription repressors,32 and the family has grown
greatly during vertebrate evolution.33 Point mutations within the DNA-binding domain of
Zfp57 have been found in patients with transient neonatal diabetes,30 and those mutations
abolish DNA binding activity.34 Zfp57 recognizes the methylated CpG within a specific
sequence GMGGCA (M = 5mC) (the sequence of the opposite strand, TGCCGC, was
initially used35). Structural analysis of the complex between methylated DNA and the DNA-
binding domain of mouse Zfp57, which has two ZnF motifs in tandem, revealed that the
recognition of 5mCpG involves a 5mC-Arg-G triad.34,36 Biochemically, Zfp57 binds most
strongly to methylated (5mC) DNA, with affinity decreasing in the following order: 5mC >
5hmC (or C) > 5fC ≫ 5caC (1:7–10:17:187).34

In classic C2H2 DNA-binding ZnF proteins, each finger is composed of two β-strands and
one helix and generally recognizes three DNA base pairs.37,38 The DNA base contacts in the
major groove are made by the side chains in the N-terminal portion of the helix together
with the residue immediately preceding the helix. Because the first zinc-binding histidine
(C2–4CX12H2–6H) is located almost always in the middle of the recognition helix, and the
spacing between Cys2 and His2 is constant (12 residues), we use the amino acids at
positions −1 to −8 (relative to the first zinc-binding histidine) in the following text to discuss
the residues making base contacts. Most commonly, residues at position −1, −4, −7, or −8
(from the C- to-N-terminus) make contacts in the DNA major groove, and the identities of
the amino acids determine the sequence specificity (from 5′ to 3′). In the second ZnF of
Zfp57, Arg185 at position −1 (RH) makes direct base contact to the 5′ Gua, Glu182 at
position −4 interacts with the central 5mC, and Arg178 at position −8 recognizes the 3′ Gua
of methylated 5′-GCG-3′ (Figure 1).
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Using high-throughput sequencing to profile the mouse and human cortex from the fetus to
young adult, Lister et al. revealed global epigenomic reconfiguration of 5hmC, the level of
which is enriched in brain,7,8,39 during mammalian brain development.40 The genomic
levels of 5fC and 5caC may also be similarly regulated, because both are derived from
5hmC oxidation. Although the global epigenomic profiles point to regulatory roles for 5mC
and its oxidative derivatives (5hmC, 5fC, and 5caC) in the brain, the mechanisms by which
these modification marks are read out to affect gene expression await elucidation. It will be
essential to understand which DNA-binding factors are recruited to unmethylated,
methylated, and hydroxymethylated DNA to mediate their regulatory functions.

Interestingly, KRAB-ZnF genes are also expressed at higher levels in embryonic cells and
brain,33,41 so it seems entirely justifiable to ask the question of whether some of the KRAB-
ZnF proteins might have gained the ability to bind the oxidative products of 5mC.
Unfortunately, despite the large number of KRAB-ZnF proteins (in the hundreds), few of
them have known biologic roles,42–48 and even fewer have known target DNA sequences.
We searched the C2H2 zinc finger gene (SysZNF) database (http://lifecenter.sgst.cn/
SysZNF/)49 for KRAB-ZnFs that, like Zfp57, contain arginines at positions −1 and −8.
Among these, the amino acid at position −4 (corresponding to Glu182 of Zfp57) could be at
least 14 different amino acids (Figure 1). Obviously, different amino acids at position −4
could recognize different DNA bases. Alternatively, we postulated that some of these amino
acids could distinguish different modifications of cytosine at the C5 position in the DNA
major groove, with 5mC carrying a hydrophobic methyl group, 5hmC carrying a hydroxyl
oxygen with the potential to be a hydrogen bond donor, 5fC carrying a carbonyl oxygen
with the potential to be a hydrogen bond acceptor, and 5caC carrying a carboxylate moiety
with the potential to be both a hydrogen bond door and a hydrogen bond acceptor.

Here, using Zfp57 as a model system, we show that a single glutamate residue (Glu182 at
position −4) in Zfp57 can critically discriminate against 5caC. Glu182 forms a van der
Waals contact with the methyl group of 5mC, and one of its carboxylate oxygen atoms
interacts with the exocyclic N4 amino group of the same 5mC base (Figure 2a).34

Substitution of Glu182 with its corresponding amide (E182Q) has no effect on 5mC DNA
binding because the same interactions are maintained. Surprisingly, this E-to-Q mutant has a
>200-fold higher binding affinity for 5caC DNA, resulting in a binding affinity for 5caC
DNA comparable to that of the wild-type (WT) protein for 5mC. We show structurally that
the uncharged amide group of E182Q interacts favorably with the carboxylate group of
5caC. This observation raises the possibility that some KRAB-ZnF proteins with other
amino acids at the corresponding position might preferentially recognize the oxidative
products of 5mC.

EXPERIMENTAL PROCEDURES
Protein Purification

Proteins containing mouse Zfp57 residues 137–195 (pXC1127) and its mutants, E182A
(pXC1150), E182T (pXC1242), E182L (pXC1151), E182M (pXC1240), E182Q
(pXC1158), E182H (pXC1244), E182R (pXC1243), and E182Y (pXC1241), were prepared
as previously described.34 For each mutant, recombinant GST-tagged protein was purified
with Glutathione Sepharose 4B, and the GST tag was removed by incubating with
PreScission protease overnight at 4 °C, resulting in an additional N-terminal Gly-Pro-Lys-
Gly-Ser sequence. Protein was further purified to homogeneity by three columns of HiTrap-
Q, HiTrap-SP, and Superdex-200 (16/60). The yields of the mutant proteins were lower than
that of the WT protein: ~87% for E182M, 85% for E182Q, 80% for E182Y, 73% for
E182A, 54% for E182T, 51% for E182R, 30% for E182L, and 23% for E182H. The
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difference in yield mostly reflected protein expression level, and all purified proteins
appeared to be stable.

Fluorescence-Based DNA Binding Assay
The DNA binding assays were performed by measuring fluorescence polarization (mP), in
25 mM Tris-HCl (pH 7.5), 150 mM NaCl, 5% (v/v) glycerol, and 1 mM tris(2-
carboxyethyl)-phosphine (TCEP) at room temperature using a Synergy 4 Microplate Reader
(BioTek). Fluorescently labeled DNA probe (1 nM) and various amounts of Zfp57 protein
(WT or mutants) with a final volume of 50 µL were incubated in a 384-well plate for 0.5 h
before measurements were taken. The sequences of 6-carboxyfluorescein (FAM)-labeled
double-stranded oligonucleotides were FAM-5′-TATTGCMGCAG-3′ and 3′-
TAACGGXGTCA-5′ (where M = 5mC and X = C, 5mC, 5hmC, 5fC, or 5caC). Curves were
fit individually using Origin version 7.5 (OriginLab). KD values were calculated as [mP] =
[maximal mP] × [C]/(KD + [C]) + [baseline mP], where [mP] is millipolarization and [C] is
protein concentration. The averaged KD and its standard error are reported. We note that in
some cases (E182T), the KD values are on the same order of magnitude as the probe
concentration (1 nM, the minimum needed for the instrument to accurately measure mP),
which could result in slight underestimation of binding constants.

Crystallography
The purified E182Q protein was incubated with annealed oligonucleotides at an equimolar
ratio for 1 h on ice before crystallization. The mutant E182Q–DNA complexes, in 20 mM
Tris-HCl (pH 7.5), 150 mM NaCl, 2.5% glycerol, and 0.5 mM TCEP, were crystallized at
16 °C with mother liquor that contained 35% 2-methyl-2,4-pentanediol (MPD), 15%
polyethylene glycol 8000, 100 mM CaCl2, and 100 mM acetate (pH 4.2). The E182Q–DNA
complexes crystallized in space group P21, containing two complexes per crystallographic
asymmetric unit.

The crystals were flash-frozen by being plunged into liquid nitrogen. X-ray diffraction data
were collected at 100 K at the SER-CAT 22-ID beamline of the Advanced Photon Source
(Argonne National Laboratory, Argonne, IL). HKL200050 was used for X-ray diffraction
data processing. Because an appropriate choice of resolution cut off is difficult,51–53 we
truncated the high-resolution data at 0.97 Å, with Rmerge not exceeding ~0.6–0.8. The
structure was determined by the molecular replacement method using the WT Zfp57–DNA
complex structure (Protein Data Bank entry 4GZN) as the initial searching model, using
PHASER.54 PHENIX55 and COOT56 were used for structural refinement. The ReadySet
module of the PHENIX suite was used to add hydrogen atoms.55 The Dali server57 was used
for structural comparison.

RESULTS
DNA Binding Study of Glu182 Mutants of Zfp57

To see the effects on cytosine modification discrimination, we mutated the negatively
charged Glu182 of mouse Zfp57 to residues with small (Ala and Thr), hydrophobic (Leu and
Met), corresponding amide (Gln), polar (His), aromatic (Tyr), and positively charged side
chains (Arg), in the context of residues 137–19534 (Figure 2b). The majority of mutants
examined lose selectivity of methylated over unmodified and oxidative derivatives, not via a
decrease in the affinity of 5mC but via an increase in the affinity for the others. Only ~3-fold
variation of affinities was observed for E182A, suggesting that the side chain of Glu182 is
dispensable for methyl group recognition (Figure 2c). E182T exhibited an almost equal high
affinity for all five states of the DNA cytosine residue (Figure 2d). E182L, E182M, and
E182Q maintain the 4–8-fold discrimination against 5hmC but have relatively similar
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affinities for the four other forms (Figure 2e–g). E157H has ~3-fold reduced affinity for
methylated DNA but ~10-fold higher affinity for 5caC, in comparison to those of the WT
protein, thereby diminishing the selectivity against 5caC (from ~200-fold for the WT to ~6-
fold) (Figure 2h). Unexpectedly, E182Y has a binding affinity for methylated DNA reduced
by a factor of approximately 38 in comparison to that of WT protein (Figure 2i). On the
other hand, introducing a positively charged arginine at position 182 (E182R) resulted in a
protein that was selective for 5caC over all four other forms of cytosine, gaining an
approximately 10-fold selectivity against unmodified cytosine and a 2–3-fold selectivity
against 5mC, 5hmC, and 5fC (Figure 2j).

Atomic Structure of the Zfp57 E182Q Mutant in Complex with 5-Carboxylcytosine
We decided to further analyze the E182Q mutant structurally because the E-to-Q mutation
represents the smallest change from the WT (an amide group in place of the carboxylate),
while the mutant (like E182A and E182T) can gain >200-fold binding affinity for 5caC
without a change in the affinity of 5mC. We crystallized the E182Q mutant protein in
complex with 5caC-containing DNA and determined the structure to a resolution of 0.97 Å
(Table 1 and Figure 3). The DNA used for cocrystallization was a 10 bp oligonucleotide
containing the recognition element, with a 5′-overhanging thymine on the T strand and a 5′-
overhanging adenine on the A strand (Figure 3a). The oligonucleotide has a 5mC on the T
strand and a 5caC on the A strand for the following reasons. (i) Zfp57 recognizes the 5mC
residues of the two DNA strands asymmetrically: the 5mC of the A strand is contacted by
the protein (Arg178 and Glu182), while the 5mC of the T strand is surrounded by a layer of
water molecules34 (Figure 3b). (ii) Tet-mediated 5mC oxidation (most probably) generates
asymmetric hydroxymethylation at CpG sequences,9,11 with one strand hydroxymethylated
(5hmC). Because 5caC is derived from further oxidations of 5hmC,5,6 we replaced only
5mC of the A strand with 5caC for structural analysis (Figure 3a).

The atomic resolution (0.97 Å) of our crystallographic data allowed us to include hydrogen
atoms in the final stage of the structural refinement, resulting in a structure with an overall
crystallographic thermal B factor of 13.7 Å2. Sequential refinement and model building
followed the order of adding water molecules (Rwork/Rfree = 0.2189/0.2203), the anisotropic
B factor refinement (0.1523/0.1605), and the alternative conformations (0.1301/0.1426). The
atomic-resolution electron density allowed us to include a large number of water molecules
(~500) in addition to positioning every atom of the DNA nucleotides and protein residues.
The mutant complex structure resembles closely that of the WT Zfp57–DNA complex, with
an overall root-mean-square deviation of 0.1 Å. Among the side chains involved in DNA
base-specific interactions, E182Q undergoes the largest conformational change upon
binding of 5caC (as compared to 5mC) DNA. Superimposing the two structures (mutant and
WT) reveals that E182Q moves from the 5mC-interacting conformation to the 5caC-
interacting conformation via an ~25° rotation of both side chain torsion angles χ1 and χ2

(Figure 3c).

Recognition of 5caC
The 5caC is involved in a network of intra- and intermolecular interactions. The polar
groups of the 5caC base along the Watson–Crick edge are all hydrogen bonded with the
guanine of the opposite strand (Figure 3d). An intramolecular hydrogen bond is formed
between the exocyclic N4 amino group and one of the carboxylate oxygen atoms at C5 of
5caC (Figure 3d). The same carboxylate oxygen atom forms a hydrogen bond with the
amide group of Gln182 (Figure 3d). In addition, an ionic interaction is formed between the
negatively charged carboxylate group and the positively charged guanidino group of R178,
which in turn makes bifurcated hydrogen bonding interactions with the 3′ guanine of the
same strand (Figure 3e). The two carboxylate oxygen atoms of 5caC are further stabilized by
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water-mediated interactions (Figure 3e). Furthermore, the side chain of Q182 links 5caC to
5mC of the bottom strand (Figure 3f).

Taken together, we suggest that the side chain of Glu182 of Zfp57 (the size and the charge)
negatively impacts the binding of unmodified cytosine as well as oxidative derivatives of
5mC, particularly the negatively charged 5caC. Indeed, introducing a positively charged
arginine at position 182 (E182R) resulted in a protein that was selective for 5caC over all
four other forms of cytosine, gaining approximately 10-fold selectivity against unmodified
cytosine and 2–3-fold selectivity against 5mC, 5hmC, and 5fC (Figure 2j). This reversal of
selectivity is achieved via significantly increasing the affinity for 5caC (~24-fold) as well as
decreasing the affinities for other cytosine forms, particularly 5mC (~26-fold), in
comparison to that of the WT protein.

Computational Modeling of the Glu182 Mutants
To understand the lack of differences in the measured binding affinity of Glu182 mutants,
particularly those with smaller side chains, we further performed computational modeling of
the mutants based on the structures of the WT–5mC DNA complex34 as well as the E182Q–
5caC DNA complex. Because the two structures are highly similar except for the differences
mentioned above (Figure 3c), we focus our comparisons on that of the E182Q–5caC DNA
complex. Substituting an alanine in the place of Glu182 (E182A) resulted in a void space
between the Ala Cβ atom and the carboxylate group of 5caC (separated by ~4.5 Å) (Figure
2c). The space could be easily filled with water molecules, as the carboxylate group is
already involved in water-mediated interactions (Figure 3e). The hydroxyl oxygen atom of
the E182T mutant is approximately 3.6 Å from the 5caC carboxylate group (Figure 2d); a
water molecule between them could form a water-mediated hydrogen bond. Replacement of
Glu182 with either Leu or Met, each of which is similar in size to E/Q, could form a van der
Waals contact or unconventional C–H⋯O (Leu) or S–H⋯O (Met) type of hydrogen bond to
one of the carboxylate oxygen atoms (Figure 2e,f). It seems that it is the size of the amino
acid, either similar to or smaller than that of E/Q, that is required to maintain the binding
affinity, rather than the ability to form direct interaction with 5mC or 5caC, as the five
mutants (A, T, L, M, and Q) have little effect on binding either 5mC or 5caC (Figure 2c–g).
Interestingly, the E182T mutant seems to selectively bind 5hmC stronger than E182A and
E182M by ~3–4-fold and E182Q and E182L by ~7–8-fold.

On the other hand, the replacement by His or Tyr had variable effects. The less flexible
imidazole ring would crash into the DNA base, resulting in reduced binding affinity (Figure
2h). The bulkier aromatic ring of tyrosine would collide with either 3′ Gua-interacting
Arg178 (Figure 2i) or 5′ Gua-interacting Arg185 via an alternative rotamer conformation
(not shown). A methyl–π interaction has recently been observed in ZNF217 with the
aromatic ring of a tyrosine at the corresponding −4 position contacting a thymine methyl
group in a TpG dinucleotide.58 However, in ZNF217, the residue corresponding to Arg185
at position −1 is an isoleucine, which does not directly interact with DNA and leaves space
to accommodate the tyrosine at position −4. Finally, the larger but more flexible side chain
of arginine (E182R) could be modeled to occupy the space vacated by the carboxylate-
interacting water molecules (Figure 2j), allowing a more favorable interaction to form
between the positively charged guanidino group and the negatively charged carboxylate.

DISCUSSION
Using Zfp57 as an example, we showed that the identity of the amino acid at position 182
(corresponding to position −4 of the second ZnF of Zfp57) might be important in differential
binding of 5mC and its oxidative derivatives in the sequence context of GCG. The WT
protein (Glu182) binds with decreasing affinity in the following order: 5mC > 5hmC > 5fC
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≫ 5caC. The negatively charged side chain carboxylate group of Glu182 might be critical
in discrimination against the negatively charged carboxylate moiety of 5caC. Via the
introduction of a positively charged arginine at position 182 (E182R), the selectivity is
reversed in the following order: 5caC > 5fC > 5hmC > 5mC ≫ C [although the magnitudes
of the differences are small among the modifications (<4-fold) and up to 10-fold between
5caC and C (Figure 2j)]. Interestingly, the mutants could accommodate either 5mC or 5caC
with similar or smaller side chains compared to that of Glu182 (Q, M, L, T, and A).
Structurally, the uncharged amide group of E182Q interacts with the carboxylate group of
5caC. It is possible that multiple changes (surrounding position −4) in the recognition helix
might be needed to achieve selectivity (involving structural plasticity and the physical and
chemical bases for specificity). The situation is more complicated by a large number of
water-mediated secondary contacts, observed in the current atomic-resolution structure in
the protein–DNA interface. Such results highlight the much more difficult problem of trying
to develop a code that could predict an optimal set of contacts with DNA cytosine
modifications.
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Figure 1.
Sequence alignment of representatives of KRAB-C2H2 ZnF proteins with variation at
position −4. We focus on the proteins that, like Zfp57, contain arginines at positions −1 and
−8. The amino acids at positions −1, −4, and −8 and the primary DNA base recognition are
highlighted with the same color code (red, green, and blue).
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Figure 2.
Mutations of Glu182 in the binding site of 5mC recognition by Zfp57. (a) In Zfp57, in
addition to Arg178, the side chain of Glu182 forms a van der Waals contact with the methyl
group of 5mC and one of its carboxylate oxygen atoms interacts with the N4 atom of the
same 5mC base. (b) Summary of DNA binding affinities of mutants for DNA substrates
containing five different modification states. The sequences of FAM-labeled double-
stranded oligonucleotides were shown. (c–j) Dissociation constants (KD) between Zfp57
mutants and double-stranded oligonucleotides containing a single CpG dinucleotide. For
each mutant, a computational model was provided on the basis of the E182Q-5caC DNA
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structure. The mutated residue is colored gray, superimposed with the side chain of Gln182
as a thin line. The 5caC:G base pair is shown as 5caC colored magenta and the opposite Gua
colored green. The 5mC, 5′ to the Gua, is also colored green. Base pairing hydrogen bonds
are shown as dashed lines. The hydrogen bonds mediated by Gln182 are shown as dashed
lines to the carboxylate moiety of 5caC and the exocyclic N4 amino group of 5mC. Minor
clashes to the 5caC could occur for the E182H or E182R mutant (panels h and j). Serious
clashes with protein side chains, either Arg178 (panel i) or Arg185 (not shown), could occur
for the E182Y mutant, via the adoption of different side chain rotamer conformations.
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Figure 3.
Atomic structure of Zfp57 E182Q in complex with 5caC DNA. (a) The secondary structure
elements (arrows for β-strands and ribbons for α-helices) are shown above the protein
sequence. The amino acid positions highlighted are responsible for Zn ligand binding
(C2H2) and DNA base-specific interactions (−1 to −8 relative to the first Zn-binding His).
(b) Details of E182Q base-specific interactions for the 5mC:G base pair. Electron densities
(2Fo − Fc) contoured at 1σ above the mean are shown. (c) Structural comparison of Zfp57
WT (orange) and the E182Q mutant (green) interacting with 5mC and 5caC, respectively.
(d) Details of E182Q base-specific interactions for the 5caC:G base pair. (e) Arg178 forms
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an ion pair with the carboxylate moiety of 5caC. (f) The side chain of Gln182 links 5caC
(via the amide group) of the top strand to 5mC (via the carbonyl oxygen) of the bottom
strand. The left panel illustrates interactions of Gln182 with the CpG duplex, and the right
panel shows a superimposition with the electron density.
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Table 1

X-ray Data Collection and Refinement Statistics

Data Collectiona

space group P21

cell dimensions

  a, b, c (Å) 36.388, 96.093, 36.408

  α, γ (deg) 90

  β (deg) 113.145

beamline APS 22-ID (SERCAT)

detector–crystal distance (mm) 125

wavelength (Å) 0.8

exposure time (s/image) 1

rotation degree (deg/image) 1

total no. of images 140

resolution (Å) 33.5–0.97 (1.00–0.97)

Rmerge (%) 0.070 (0.648)

〈I〉/σ(I) 11.7 (1.4)

completeness (%) 95.7 (92.7)

redundancy 2.6 (2.2)

no. of observed reflections 331787

no. of unique reflections 129957 (12599)

Refinement

Rwork/Rfree (%) 13.01/14.26

no. of atoms

  protein 1177 (2005 with hydrogens)

  DNA 1076 (1524 with hydrogens)

  water 501

  others 54 (122 with hydrogens) (4 Zn2+, 2 Ca2+, 4 acetate molecules, 4 MPD molecules)

overall B factor (Å2) 13.7

B factor for protein (Å2) 11.4

B factor for DNA (Å2) 13.2

B factor for water (Å2) 22.2

B factor for others (Å2) 21.6

root-mean-square deviation

  bond lengths (Å) 0.009

  bond angles (deg) 1.815

a
Data for the highest-resolution shell are given in parentheses.
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