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a b s t r a c t

The Z-DNA binding domain of human ADAR1 (ZaADAR1) preferentially binds Z-DNA rather than B-DNA
with high binding affinity. Here, we have carried out chemical shift perturbation and backbone dynamics
studies of ZaADAR1 in the free form and in complex with three DNA duplexes, d(CGCGCG)2, d(CACGTG)2,
and d(CGTACG)2. This study reveals that ZaADAR1 initially binds to d(CGCGCG)2 through the distinct con-
formation, especially in the unusually flexible b1–loop–a2 region, from the d(CGCGCG)2–(ZaADAR1)2 com-
plex. This study also suggests that ZaADAR1 exhibits a distinct conformational change during the B–Z
transition of non-CG-repeat DNA duplexes with low binding affinities compared to the CG-repeat DNA
duplex.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction transition mechanism of a 6-base-paired (6-bp) DNA duplex, in
Left-handed Z-DNA is a higher energy conformation than
right-handed B-DNA [1–3]. Z-DNA forms a polymer of alternating
pyrimidine–purine nucleotides, with the dC residues in the anti-
conformation and the dG residues in the unusual syn-conformation
[1–3]. The Z-DNA conformation can be stabilized by high salt
conditions, negative supercoiling [2,3] or complex formation with
Z-DNA binding proteins [4–10]. Human ADAR1, which deaminates
adenine in pre-mRNA to yield inosine, consists of two Z-DNA bind-
ing domains, Za and Zb [4]. The Za domain of human ADAR1
(ZaADAR1) preferentially binds with high binding affinity to
Z-DNA rather than B-DNA [11–13]. Z-DNA can also be formed in
double-stranded DNA sequences that either lack alternating
pyrimidine–purine base pairs or include A�T base pairs [14–16],
in the following order of preference: d(CG) repeat > d(TG/AC)
repeat > d(GGGC) repeat > d(TATA) repeat [17,18]. Recently, an X-
ray structural study revealed that similar to CG-repeat DNA duplex,
two ZaADAR1 domains bind to each strand of non-CG-repeat DNA
duplexes with 2-fold symmetry with respect to the DNA
helical axis, suggesting that ZaADAR1 recognizes Z-DNA through a
common structural feature rather than by a specific sequence or
by structural alternations [19]. A previous NMR study on a
d(CGCGCG)2–ZaADAR1 complex [20] suggested an active B–Z
ll rights reserved.
which the ZaADAR1 protein first binds to B-DNA and then converts
it to left-handed Z-DNA, a conformation that is then stabilized by
the additional binding of a second ZaADAR1 molecule. ZaADAR1 can
also undergo the B–Z transition of non-CG-repeat DNA duplexes,
following the sequence preference of d(CGCGCG)2 >> d(CAC-
GTG)2 > d(CGTACG)2 through multiple sequence discrimination
steps [21]. However, these studies focused on the conformational
change of B-DNA to Z-DNA induced by ZaADAR1 and thus, there is
little information on the structural and dynamic features of
ZaADAR1 during B–Z transition of DNA duplexes.

To investigate the structural and dynamic properties of ZaADAR1

when it binds to DNA duplexes and induces the B–Z transition in a
DNA duplex, we have performed NMR experiments on complexes
between ZaADAR1 and the three DNA duplexes: d(CGCGCG)2 (referred
to as CG6), d(CACGTG)2 (referred to as CA6) and d(CGTACG)2 (re-
ferred to as TA6) (see Fig. 1). The results revealed that ZaADAR1

exhibits a distinct conformational change during the B–Z transition
of non-CG-repeat DNA duplexes compared to the CG-repeat DNA du-
plex. This study provides valuable insights into the molecular mech-
anism of the sequence-specific B–Z transition induced by ZaADAR1.
2. Materials and methods

2.1. Sample preparation

The DNA oligomers were purchased from IDT Inc. (Coralville, IA).
They were purified by a reverse-phase HPLC and desalted using a
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Fig. 1. (A) Sequences of the DNA duplexes and (B) ZaADAR1. The secondary structure
is drawn above the sequence.
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Sephadex G-25 gel filtration column. To produce 15N-labeled
ZaADAR1, BL21(DE3) bacteria expressing ZaADAR1 were grown in
M9 medium containing 1 g/L 15NH4Cl. The expression and purifica-
tion of 15N-labeled ZaADAR1 have been described in a previous
report [8]. The protein concentration was measured spectroscopi-
cally using an extinction coefficient of 6970 M�1 cm�1 at 280 nm.
The DNA and protein samples were dissolved in a 90% H2O/10%
D2O NMR buffer containing 10 mM sodium phosphate (pH 8.0)
and 100 mM NaCl.

2.2. NMR experiment

All NMR experiments were performed on an Agilent DD2
700 MHz spectrometer (GNU, Jinju, Korea) or a Varian 900 MHz
NMR spectrometer (KIST, Seoul, Korea), equipped with a triple res-
onance probe. All 1H and 15N NMR spectra were obtained using
complex samples that were prepared by the addition of 15N-la-
beled ZaADAR1 to 0.5 mM DNA samples in an NMR buffer at the
indicated P/N ratio. One dimensional (1D) NMR data were pro-
cessed with either the program VNMRJ (Agilent, Santa Clara, CA)
or FELIX2004 (Accelrys, San Diego, CA), whereas 2D data were
processed with the program NMRPipe [22] and analyzed with the
program Sparky [23]. External 2-2-dimethyl-2-silapentane-5-
sulfonate was used for the 1H and 15N references. The average
chemical shift differences of the amide proton and nitrogen reso-
nances between free ZaADAR1 and ZaADAR1 in complex with DNA
were calculated with Eq. (1),

Ddavg ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DdHð Þ2 þ DdN=5:88ð Þ2

q
ð1Þ

where DdH and DdN are the chemical shift differences of the amide
proton and nitrogen resonances, respectively. Residue-specific rota-
tional correlation times (sC) were calculated from the 15N R1 and R2

relaxation rates using Eq. (2) [24,25]:

sC ¼
1

4pmN
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s
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3. Results and discussion

3.1. Chemical shift perturbation of ZaADAR1 upon binding to CG6

A superposition of the 1H/15N-HSQC spectra of free ZaADAR1 and
ZaADAR1 bound to CG6 at P/N ratios = 0.5 and 2.0 is shown in Sup-
plementary Fig. S5. Resonance assignments of the amide proton
spectra of free ZaADAR1 and the ZaADAR1–CG6 complexes were pre-
viously reported [20]. The weighted averages of 1H/15N backbone
chemical shift changes were determined for each residue with
Eq. (1) (Fig. 2A). At a P/N ratio = 2.0, all residues of the a3 helix
of ZADAR1 undergo significant backbone chemical shift changes
(Ddavg > 0.15 ppm) upon binding to CG6 (Fig. 2A) [20]. In addition,
significant chemical shift changes were observed in the b1–a2 and
b2–loop–b3 regions of the ZaADAR1–CG6 complex (Fig. 2A) [20].
These significant chemical shift perturbations suggest a direct
interaction between the corresponding residues with the phos-
phate backbone of Z-DNA in the CG6–(ZaADAR1)2 complex as re-
ported in the previous crystal structural study [4]. At a P/N
ratio = 0.5, the chemical shift perturbation results were very simi-
lar to those of the ZaADAR1–CG6 complex at P/N ratio = 2.0 reported
previously [20] (Fig. 2A). This result indicates that the structural
features of ZaADAR1 in the complex with CG6 at P/N ratio = 0.5 are
similar to those of ZaADAR1 in complex with Z-DNA. However, some
amide resonances, for example A158 and E171, show the slight dif-
ferences in the 1H/15N-HSQC spectra of the ZaADAR1–CG6 complex
at P/N ratios = 0.5 and 2.0 (Fig. 2B). These differences could be ex-
plained by the previous finding that the conformational state of
ZaADAR1 in the complex formed at P/N 6 1 is a mixture of the
CG6�(ZaADAR1) and CG6–(ZaADAR1)2 complexes [20].

3.2. Chemical shift changes of ZADAR1 upon binding to non CG-repeat
DNA

A superposition of the 1H/15N-HSQC spectra of ZaADAR1 in the
free form and in a complex with CA6 at a P/N ratio = 2.0 and TA6
at a P/N ratio = 2.0 is shown in Supplementary Fig. S6. In contrast
to CG6, the residues of ZaADAR1 underwent Ddavg < 0.05 ppm upon
binding to either CA6 or TA6 when the P/N ratio = 2.0 (Fig. 3A). The
same patterns in the 1H/15N-HSQC spectra were observed for the
ZaADAR1–CA6 and ZaADAR1–TA6 complexes when the P/N ratio P 1
(data not shown). These 1H/15N-HSQC spectra show that ZaADAR1

complexed with CA6 or TA6 at a P/N ratio P 1 exhibits a different
conformational state from ZaADAR1 complexed with CG6 (Z-DNA). A
previous NMR study revealed that ZaADAR1 has significantly lower
binding affinities for CA6 and TA6 compared to CG6 [21]. Thus, at
a P/N ratio P 1, both free ZaADAR1 and ZaADAR1�DNA complexes
could exist as the major conformational states in these mixtures.
Interestingly, in the ZaADAR1–CA6 and ZaADAR1–TA6 complexes at
a P/N ratio=2, the amide resonances for five residues (173–177)
of the a3 helix disappeared altogether (Fig. 3A), indicating that
there was chemical exchange between free and DNA-bound forms
of ZaADAR1 on an intermediate NMR time scale.

To reduce the amounts of free ZaADAR1 in the ZaADAR1–DNA
complex samples, the 1H/15N-HSQC spectra of ZaADAR1 in a com-
plex with CA6 (P/N ratio = 0.2) and TA6 (P/N ratio = 0.2) were also
acquired at 35 �C and compared to other 1H/15N-HSQC spectra of
ZaADAR1 (see Supplementary Fig. S6). In contrast to CG6, the resi-
dues of ZaADAR1 underwent Ddavg < 0.2 ppm upon binding to the
CA6 and TA6 duplexes, when the P/N ratio = 0.2 (Fig. 3B). Interest-
ingly, these 1H/15N-HSQC spectra of the ZaADAR1–CA6 and ZaADAR1–
TA6 complexes at a P/N ratio = 0.2 are slightly different from those
at a P/N ratio = 2.0 (Fig. 3A). The G153 amide signals in the
ZaADAR1–DNA complexes at a P/N ratio = 2.0 are located at the same
position as in the free ZaADAR1 (Fig. 3B). However, when the P/N ra-
tio = 0.2, the G153 amide protons exhibit significant chemical shift
changes upon binding to CA6 and TA6 (Fig. 3B). In addition, the
S178 and T191 amide protons show a larger chemical shift pertur-
bation upon binding to CA6 and TA6 at a P/N ratio = 0.2 compared
to a P/N ratio = 2.0 (Fig. 3B). The similar results were also observed
in the amide signals for the loop–b1–loop (151–158) and the a3–
loop–b2 regions (178–191) of the ZaADAR1–CA6 and ZaADAR1–TA6
complexes (Fig. 3A). The V175 residue shows no amide signal in
the ZaADAR1–CA6 and ZaADAR1–TA6 complexes at a P/N ratio = 2.0;
however, when the P/N ratio = 0.2, their amide resonances are ob-
served very far from the signal of free ZaADAR1 (close to the
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corresponding signal of the ZaADAR1–CG6 complex) (Fig. 3B). These
results show that, similar to CG6, ZaADAR1 displays a significant
chemical shift perturbation upon binding to CA6 and TA6 at a P/
N ratio = 0.2, but these chemical changes become smaller as the
P/N ratio increases.

3.3. Relaxation rate constants of the amide protons of ZADAR1 in the free
and in a complex with DNA

The spin–lattice (R1) and spin–spin (R2) relaxation rates and
heteronuclear 15N/1H NOE for the amide protons of ZaADAR1 in
the free form and in complex with CG6 (P/N ratio = 0.5), CA6 (P/N
ratio = 0.2), and TA6 (P/N ratio = 0.2) were determined at 35 �C
using the standard Agilent pulse sequences. The R1 and R2 relaxa-
tion rates for H159 and R169 could not be determined exactly be-
cause of their very weak amide signals. In free ZaADAR1, most amide
protons, except for some amide protons in the linkers between the
secondary structures and in the C-terminal region, have R1 from 1.5
to 2.2 s�1 and R2 from 7.0 to 9.0 s�1 (Fig. 4). In the ZaADAR1–CG6
complex at a P/N ratio = 0.5, all amide protons have R1 values of
0.8–1.6 s�1, which are significantly smaller than the R1 values of
the corresponding protons in the free ZaADAR1 (Fig. 4A). However,
the R2 values of amide protons in this complex are 3-fold larger
than those in the free ZaADAR1 (Fig. 4B). The amide protons in the
linkers between the secondary structures and in the C-terminal re-
gion have larger R1 but smaller R2 values compared to other amide
protons (Fig. 4), which are indicative of their structural flexibility.
Interestingly, the R2 values of all amide protons in the ZaADAR1–
CA6 and ZaADAR1–TA6 complexes at a P/N ratio = 0.2 are between
those of the free ZaADAR1 and the ZaADAR1–CG6 complex (Fig. 4).

Residue-specific rotational correlation times (sC) were calcu-
lated from the 15N R1 and R2 measurements on both the free
ZaADAR1 and the ZaADAR1–DNA complexes (Fig. 4C). In the
free ZaADAR1, the residues in the a-helices and b-sheets of the free
ZaADAR1 have an average sC value of 4.1 ns, while the residues in
the linkers between their secondary structures have lower average
sC values (Fig. 4C). This average sC value would be expected for an
8 kDa spherical protein, which is consistent with the actual molec-
ular weight (7.5 kDa) of free ZaADAR1. In the ZaADAR1–CG6 complex
at a P/N = 0.5, the residues in the a-helices and b-sheets have an
average sC value of 11.6 ns (Fig. 4C). This average sC value, which
would be expected for a 29 kDa spherical protein, is much larger
than what would be predicted for the ZaADAR1–CG6 (11 kDa) and
(ZaADAR1)2–CG6 (19 kDa) complexes. This result means that the
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ZaADAR1–DNA complex does not have an overall spherical shape.
Interestingly, the residues in the b1 sheet and a2 helix have aver-
age sC values of 10.2 and 11.1 ns, respectively, which are signifi-
cantly smaller than those of other secondary structure elements
(ranging from 11.7 to 12.2 ns). This result indicates that the b1–
a2 section of the ZaADAR1 protein shows unusual structural flexibil-
ity in the ZaADAR1–CG6 complex at a P/N = 0.5.

The residues in the a-helices and b-sheets of the ZaADAR1–CA6
(P/N ratio = 0.2) and the ZaADAR1–TA6 (P/N ratio = 0.2) complexes
have average sC values of 6.9 and 7.3 ns, respectively, which would
be expected for 16–17 kDa spherical proteins. Similar to ZaADAR1–
CG6 complex, in both complexes, the average sC value of the resi-
dues in the b1 sheet and a2 helix is slightly smaller than those of
other secondary structural elements. The expected molecular
weights could be thought of as average molecular weight values
consisting of �40% of the DNA-bound form (29 kDa) and �60% of
the free form of ZaADAR1 (8 kDa), meaning that only 40% of ZaADAR1

binds to CA6 or TA6, but that 60% of the proteins still remains in
the free form, even though the amount of protein is 5-times higher
than the amount of DNA duplex (meaning that the P/N ratio = 0.2).

3.4. Implication for the B–Z transition mechanism

The ZaADAR1 proteins preferentially bind with high binding
affinity Z-DNA rather than B-DNA [11–13]. An NMR study pro-
posed an active B–Z transition mechanism of the DNA duplex by
ZaADAR1, in which the ZaADAR1 protein first binds to B-DNA and
then converts it to left-handed Z-DNA, a conformation that is then
stabilized by the additional binding of a second ZaADAR1 molecule
[20]. The ZaADAR1 preferentially binds to CG6, rather than other
ZaADAR1–CG6 complexes as the P/N ratio increased up to 1, indicat-
ing that the conformational state of ZaADAR1 in the complex formed
at a P/N ratio 1 is a mixture of CG6–(ZaADAR1) and CG6–(ZaADAR1)2

complexes [20]. When the P/N ratio rose to P 1, free ZaADAR1 began
to bind to the ZaADAR1–CG6, producing the (ZaADAR1)2–CG6 com-
plex, because free CG6 rarely existed under these conditions [20].
This analysis indicates that the major conformational state of
ZaADAR1 in the complex formed at a P/N ratio = 2 is the
CG6–(ZaADAR1)2 complex [20]. The difference in the intermolecular
protein–DNA interactions between the CG6–(ZaADAR1) and
CG6–(ZaADAR1)2 complexes could be observed in the chemical shift
perturbation data of the b1–loop–a2 region (see Fig. 2). Interest-
ingly, the average sC values of residues located in this region in
the ZaADAR1–CG6 complex at a P/N ratio = 0.5 were significantly
smaller than those located in other secondary structure regions
(Fig. 4), indicating that the b1-a2 part of ZaADAR1 protein shows
an unusual structural flexibility in the ZaADAR1–CG6 complex at a
P/N ratio = 0.5.

The ZaADAR1 protein can bind to both CG-repeat and non-CG-re-
peat DNA duplexes through a common structural feature in which
two Za domains bind to each strand of the double-stranded DNA
with 2-fold symmetry with respect to the DNA helical axis [4,19].
Structural studies suggested that ZaADAR1 recognizes Z-DNA
through a common structural feature rather than by a specific se-
quence or by structural alternations [19]. However, ZaADAR1 can in-
duce the B–Z transition of DNA duplexes, following the sequence
preference of d(CGCGCG)2 > d(CACGTG)2 > d(CGTACG)2 through
multiple sequence discrimination steps [21]. For example, at a
P/N ratio = 2.0, only 30% of the TA6 duplexes were converted to
Z-DNA by ZaADAR1, whereas most of the CG6 exhibited the Z-
conformation [21]. In the case of CA6, about 60% of the DNA
duplexes displayed Z-conformation at a P/N ratio = 2.0 [21]. The
association constants (Ka = [ZaADAR1–DNA]/[ZaADAR1][DNA]) of the
ZaADAR1–CA6 and ZaADAR1–TA6 complexes are 3.9 � 103 M�1 and
2.5 � 103 M�1, respectively, which are much smaller than that of
the ZaADAR1–CG6 complex (>107) [21]. These values indicate that
in the ZaADAR1–CA6 complex at a P/N ratio = 0.2 (total concentra-
tion of DNA = 0.2 mM), the relative population of the DNA–protein
complex is 41%, and thus, 59% of the proteins still remains in the
free form. Similarly, in the ZaADAR1–TA6 complex at a P/N ra-
tio = 0.2 (total concentration of DNA = 0.2 mM), the relative popu-
lations of free protein and DNA–protein complex are 66% and 34%,
respectively. These percentages are consistent with the average sC

values of the ZaADAR1–CA6 and ZaADAR1–TA6 complexes, as deter-
mined by the backbone dynamics studies described above. Previ-
ous study reported that the equilibrium constant (KBZ) between
B-DNA and Z-DNA in the ZaADAR1–CA6 complex is about 0.4 [21],
indicating that 70% of the CA6 in the complex state displayed Z-
conformation (that is, 7% of overall DNA) at a P/N ratio = 0.2, and
thus, 30% of the DNA remains in the B-form. In the case of the
ZaADAR1–TA6 complex at a P/N ratio = 0.2, the KBZ (= 6.3) value indi-
cate that only 14% of the TA6 in the complex state were converted
to Z-DNA (that is, 1% of overall DNA), whereas 86% of the TA6 still
exhibited the B-conformation. These Z-DNA population results are
consistent with the titration data of ZaADAR1 to CA6 and TA6 by the
1D imino proton spectra in the previous study [21].

This population analysis can explain the chemical shift pertur-
bation data showing that the residues of ZaADAR1 underwent
Ddavg < 0.2 ppm upon binding to CA6 and TA6 when the P/N ra-
tio = 0.2 (Fig. 3B). Interestingly, the amide protons in the loop–
b1–loop (151–158) and the a3–loop–b2 regions (178–191) show
a larger chemical shift perturbation upon binding to CA6 and TA6



A.-R. Lee et al. / Biochemical and Biophysical Research Communications 428 (2012) 137–141 141
at a P/N ratio = 0.2 rather than a P/N ratio = 2.0 (Fig. 3B). In addi-
tion, the V175 residue shows no amide signal in either the
ZaADAR1–CA6 or the ZaADAR1–TA6 complexes at a P/N ratio = 2.0,
but when the P/N = 0.2, the amide resonances of these complexes
are observed very far from the signal of the free ZaADAR1 (close to
the corresponding signal of the ZaADAR1–CG6 complex) (Fig. 3B).
Recently, it has been reported that ZaADAR1 initially interact with
13-nucleotide DNA duplexes maintaining B-form helix via a unique
conformation [26]. In this conformation, the residues of ZaADAR1

underwent Ddavg < 0.15 ppm upon binding to DNA duplex and
the amide resonances for five residues (173–177) of the a3 helix
disappeared altogether [26]. At a P/N ratio = 2.0, the ZaADAR1 is
thought to bind to non-CG-repeat DNA with weak binding affinity
through the a3 helix maintaining B-form helix like initial contact
conformation in the previous report [26]. Thus, we concluded that
the backbone amide signals of the ZaADAR1 were perturbed by non-
CG-repeat DNA duplexes via direct DNA–protein interaction rather
than conformational change of DNA duplex in the complex. In
addition, the disappearance of some amide signals in the a3 helix
indicated that they were in chemical exchange on an intermediate
NMR time scale. However, at a P/N ratio = 0.2, the ZaADAR1 binds to
non-CG-repeat DNA with weak binding affinity through the a3
helix as well as through the loop–b1–loop (151–158) and the
a3–loop–b2 regions (178–191). And then, the B-form helix of
non-CG-repeat DNA duplexes can be converted to Z-conformation
via these multiple intermolecular interactions with ZaADAR1

proteins.
In summary, our NMR study reveals that ZaADAR1 initially bind

to CG6 through a distinct conformation, especially in the unusually
flexible b1–loop–a2 region, from the CG6–(ZaADAR1)2 complex.
This study also suggests that ZaADAR1 exhibits a distinct conforma-
tional change during the B–Z transition of non-CG-repeat DNA du-
plexes with low binding affinities compared to the CG-repeat DNA
duplex.
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