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Abstract The Z-DNA-binding domain of human double-
stranded RNA adenosine deaminase I (hZαADAR1) can spe-
cifically recognize the left-handed Z-DNAwhich preferential-
ly occurs at alternating purine-pyrimidine repeats, especially
the CG-repeats. The interactions of hZαADAR1 and Z-DNAs
in different sequence contexts can affect many important
biological functions including gene regulation and chromatin
remodeling. Therefore it is of great necessity to fully under-
stand their recognition mechanisms. However, most existing
studies are aimed at the standard CG-repeat Z-DNA rather
than the non-CG-repeats, and whether the molecular basis of
hZαADAR1 binding to various Z-DNAs are identical or not is
still unclear on the atomic level. Here, based on the recently
determined crystal structures of three representative non-CG-
repeat Z-DNAs (d(CACGTG)2, d(CGTACG)2 and d(CGGC
CG)2) in complex with hZαADAR1, 40 ns molecular dynamics
simulation together with binding free energy calculation were
performed for each system. For comparison, the standard CG-
repeat Z-DNA (d(CGCGCG)2) complexed with hZαADAR1

was also simulated. The consistent results demonstrate that
nonpolar interaction is the driving force during the protein-
DNA binding process, and that polar interaction mainly from
helix α3 also provides important contributions. Five common
hot-spot residues were identified, namely Lys169, Lys170,
Asn173, Arg174 and Tyr177. Hydrogen bond analysis
coupled with surface charge distribution further reveal the

interfacial information between hZαADAR1 and Z-DNA in
detail. All of the analysis illustrate that four complexes share
the common key features and the similar binding modes
irrespective of Z-DNA sequences, suggesting that Z-DNA
recognition by hZαADAR1 is conformation-specific rather than
sequence-specific. Additionally, by analyzing the conforma-
tional changes of hZαADAR1, we found that the binding of Z-
DNA could effectively stabilize hZαADAR1 protein. Our study
can provide some valuable information for better understand-
ing the binding mechanism between hZαADAR1 or even other
Z-DNA-binding protein and Z-DNA.

Keywords Binding free energy .Molecular dynamics
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Introduction

Left-handed Z-DNA preferentially consists of alternating
pyrimidine-purine nucleotides especially the CG-repeat se-
quences with the alternating anti and syn conformations,
which binds to the Z-DNA-binding protein to affect various
important biological functions such as gene regulation and
chromatin remodeling [1–5]. Z-DNA has a high-energy con-
formation relative to the classic right-handed B-DNA [6].
With the unstable thermodynamic structure, Z-DNA can be
stabilized by many factors including Z-DNA-binding pro-
teins, negative supercoiling in vivo and high salt condition
in vitro [6, 7]. Although a series of crystal structures of Z-
DNA complexed with different Z-DNA-binding proteins
(e.g., ZBP [8], E3L [9], DLM-1 [10]) have been discovered,
human double-stranded RNA adenosine deaminase I
(hZαADAR1) is regarded as the best-characterized one. As
the human RNA editing enzyme, ADAR1 has the capability
of A to I RNA editing [11], and can alter the important
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sequential information of RNA which further leads to the
diversity of the corresponding protein. Structural study
showed that ADAR1 had two binding motifs, Zα and Zβ,
but only the former could specifically bind to Z-DNA and/or
Z-RNA with high affinity [12–15]. Zα domain of ADAR1
containing a winged helix-turn-helix (HTH) structure can not
only recognize the Z-DNA among numerous B-DNAs, but
also induce B-Z junction formation of DNA duplexes
[16–18].

In early research, Rich et al. [13] observed that B-DNAs
could be converted to the Z-DNAs by binding to hZαADAR1. It
was shown that hZαADAR1 preferred to bind to Z-DNA rather
than B-DNA due to the unfavorable steric hindrance of the
latter. Moreover, Z-DNA recognition by hZαADAR1 mainly
depended on the level of negative superhelicity or context
rather than base composition. After the solution structure of
free hZαADAR1 was determined [11], they found that the
interaction surface between hZαADAR1 and Z-DNA in the
solution agreed well with that in crystal structure of their
complex with interaction mapping strategy, indicating that
minor conformational variations occurred upon binding to
Z-DNA. In their work, they also exhibited the important roles
of hot-spot residues determined by previous mutagenesis,
which were confirmed again by subsequent studies of this
team such as E3L [9], DLM-1 [10]. In reality, the identifica-
tion of these key residues lays the foundation for understand-
ing the binding mode of Z-DNA-binding proteins and Z-
DNA. Apart from these, Lee et al. [17, 19] took full advantage
of NMR spectroscopy to explore the B-Z transition mecha-
nism of a DNA duplex induced by hZαADAR1 and even the
conformational and dynamic features of hZαADAR1 during the
B-Z transition. Recently, a X-ray study [20] reported three
representative co-crystal structures of non-CG-repeat Z-
DNAs, namely d(CACGTG)2, d(CGTACG)2 and d (CGGC
CG)2, complexed with hZαADAR1. On this basis, Lee’s group
further investigated the sequence discrimination of hZαADAR1

during B-Z transition of DNA duplexes [21]. The results
showed that hZαADAR1 had much more sequence preference
for the CG-repeat Z-DNA than for the non-CG-repeats
through multiple sequence discrimination steps, which ex-
plained how hZαADAR1 selectively recognized the alternating
CG-repeat in a long genomic DNA.

In recent years, molecular dynamics simulation has been
widely used for the systems of different DNA-binding pro-
teins and DNA to explain the protein-DNA recognition mech-
anism, such as p53-DNA [22], TALE-DNA [23] and CBFα-
DNA [24]. However, few computational studies are aimed at
the interaction of hZαADAR1 and Z-DNA although experi-
ments have revealed that hZαADAR1 recognized Z-DNAs in
a conformation-specific manner regardless of DNA sequence
[12, 13, 20]. In addition, most existing experimental works
focus on the standard CG-repeat Z-DNA rather than the non-
CG-repeats. The existence of these questions motivates our

present study. In this paper, starting from crystal structures of
the CG-repeat and three representative non-CG-repeat Z-
DNAs complexed with hZαADAR1, 40 ns molecular dynamics
simulations were performed for each system. Our aims are to
reveal the recognition mechanism of hZαADAR1 and Z-DNA
from the perspective of structure and energy, and investigate
whether the molecular basis of different Z-DNAs binding to
hZαADAR1 are identical on the dynamic level. In order to
explore the conformational changes of hZαADAR1 induced
by Z-DNA, the apo-protein and apo-DNAwere also simulat-
ed. Our work can provide a complement for the existing
experimental results in theory, and is very useful for better
understanding the molecular recognition mechanism of Zα
domain of Z-DNA-binding protein and Z-DNA.

Materials and methods

Molecular systems

Initial structures were based on the co-crystal structures of
CG-repeat DNA and three representative non-CG-repeat
DNAs with hZαADAR1, which were simplified as Ori
(PDBID: 1QBJ), F21 (PDBID: 3F21), F22 (PDBID: 3F22)
and F23 (PDBID: 3F23), respectively [20]. In these four
systems (Ori, F21, F22 and F23), the corresponding Z-DNA
sequences were d(CGCGCG)2, d (CACGTG)2, d(CGTACG)2
and d(CGGCCG)2, respectively. The components of each
system and the molecular model of hZαADAR1/Z-DNA com-
plex were shown in Fig. 1. From the inset of Fig. 1, each
system is an asymmetric unit composed of three hZαADAR1

chains (assigned as a, b, c) and three Z-DNA chains (assigned
as d, e, f). Each complex consists of one hZαADAR1 chain and
one strand of a DNA duplex, therefore ad, be and cfmake up
the corresponding three hZαADAR1/Z-DNA complexes in
each system. Chain d forms a DNA duplex with chain e, but
chain f loses the matched half. In each hZαADAR1/Z-DNA

Fig. 1 The overall structure of each system and the molecular model of
hZαADAR1/Z-DNA complex. Z-DNA with “zig-zag” conformation rep-
resents four different kinds of DNA sequences, namely d(CGCGCG)2,
d(CACGTG)2, d(CGTACG)2 and d(CGGCCG)2
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complex, the backbone of Z-DNA exhibits the “zig-zag”
conformation. All the helices of hZαADAR1 are almost per-
pendicular to each other and the helix-turn-helix domain (α2-
turn-α3) locates besides the antiparallel β-sheet. In our work,
the apo-DNA and apo-hZαADAR1 were extracted from the
complex.

Prior to molecular dynamics (MD) simulations, hydrogen
atoms were added using the tleap module of Amber 10.0
package [25], and all of the crystal waters were kept. To
maintain the system as neutral, a proper number of Na+ions
were added. Then, the corresponding system was solvated
using TIP3P [26] water in a cubic box by setting the minimum
distance from the solute to the edge of box to 10.0 Å.

Molecular dynamics simulation

All the MD simulations were carried out using Amber 10.0
package [25] with ff99SB force field [27] under period bound-
ary conditions. To relieve possible steric clashes and unrea-
sonable overlaps of side chains, we first conducted three
rounds of energy minimization using the steepest descent
algorithm followed by the conjugate gradient method. Posi-
tional restraints were applied to all the non-hydrogen atoms of
hZαADAR1/Z-DNA complex in the first and second rounds
with harmonic restraint weights of 2.0 kcal mol−1 Å−2 and
1.0 kcal mol−1 Å−2, respectively. In the third round, the whole
system was minimized without any restraint. The system was
then gradually heated from 0 to 310.0 K over a period of 50 ps
under the NVT ensemble. Subsequently, five separate 100 ps
equilibrations were performed to adjust the solvent density
with the decreased restraint forces from 2.0, 1.5, 1.0, 0.5 and
0.1 kcal mol−1 Å−2, respectively. These were followed by an
additional 500 ps equilibration by releasing all the restraints.
Last, the production phase was performed for a total of 40 ns
without any restraint. Both the equilibration and production
phases were carried out in the NPT ensemble at a temperature
of 310.0 K and a pressure of 1 atm. The initial velocity was
assigned from a Maxwellian distribution at the initial temper-
ature. During the simulation, bond lengths involving hydro-
gen atom were constrained using SHAKE algorithm [28] and
the equations of motion were integrated with 2 fs time step.
The particle mesh Ewald (PME) method [29] was used to
calculate long-range electrostatic interactions, and the non-
bonded cutoff value was set to 10.0 Å. Coordinate trajectory
was recorded every 1 ps for later analysis. For apo-DNA and
apo-hZαADAR1 systems, similar input parameters were used.

Binding free energy calculation

The molecular mechanics/generalized Born surface area
(MM/GBSA) and molecular mechanics/Poisson Boltzmann
surface area (MM/PBSA) methods, which have been success-
fully applied for the binding free energy calculation in a broad

range of systems [30–37], were used here to compute the
binding free energies of Z-DNAs and hZαADAR1. Generally,
the binding free energy is obtained from the difference:

ΔGbind ¼ Gcomplex−Gprotein−GDNA ð1Þ

The free energy (G) is calculated based on an average over
the extracted snapshots from a single-trajectory MD simula-
tion. Each state is estimated from the molecular mechanics
energy (Egas), the solvation free energy (Gsol) and the solute
entropy (−TS).

G ¼ H−TS ¼ Egas þ Gsol−TS ð2Þ

Egas ¼ Eele þ EvdW þ Eint ð3Þ

Gsol ¼ Gsol−polar þ Gsol−np ð4Þ

Gsol−np ¼ γ*SAS ð5Þ

Gpolar ¼ Eele þ Gsol−polar ð6Þ

where Egas is the gas-phase energy; Eint is the internal energy;
Eele and EvdW are the Coulomb and van der Waals energies,
respectively. Gsol is the solvation free energy and can be
decomposed into the polar and nonpolar terms. Gsol_polar is
the polar solvation contribution obtained by solving the GB
and PB equations [35, 38]. In the MM/GBSA and MM/PBSA
calculation for polar solvation energy, the solute dielectric
constant (εin) was a key parameter and was testified to in-
crease with the rising charged binding interface [39]. Because
the interfaces of hZαADAR1 and Z-DNA in our systems were
highly polar, εin value was then set to 4. Gsol_np is the nonpolar
solvation contribution and can be estimated by the solvent
accessible surface with Amber molsurf module [40] using a
1.4 Å radius of water probe. The surface tension constant γ
was set to 0.0072 kcal mol−1 Å−2 [41, 42]. Gpolar is the total
polar contribution, composed of Coulomb term (Eele) and
polar solvation term (Gsol_polar). The conformational entropy
(S) was estimated by normal-mode analysis of Amber 10.0
nmode program [25, 43].

In addition to the binding free energy calculations, another
important and attractive feature of MM/GBSA method is that
it can decompose the total binding free energy into group
contributions in a structurally non-perturbing formalism by
consideringmolecular mechanics energy and solvation energy
without considering the contribution of entropy [30, 34]. We
therefore can use this method to obtain the detailed contribu-
tion of individual residue of hZαADAR1 and further identify
the key residues during the hZαADAR1-DNA binding process.
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Clustering analysis and principal component analysis

The clustering analysis [44] is usually used to generate the
representative structure from the MD trajectory. Here, the
conformational clustering was carried out for backbone atoms
of hZαADAR1 and/or Z-DNA using the ptraj module of Amber
10.0 [25]. By using the root-mean-square deviation (RMSD)
as a measure of the distance between any two given confor-
mations within the trajectory, SOM algorithm was applied to
produce clusters. The cutoff value of RMSD was set to 1.4 Å.

Principal component analysis (PCA) is an effective tool to
investigate the motion tendency of a protein during the MD
simulation [45, 46]. As a linear dimension reduction method,
it can identify the most significant fluctuation modes of the
protein using a few dimensions [47]. The concerted motions
of this protein then become much easier to be monitored and
visualized. In our work, PCAwas performed for α3 and wing
domains of hZαADAR1 with the ptraj module of Amber 10.0
package [25]. We first calculated the covariance matrix C
using the coordinates of Cα atoms of α3 and wing domains,
and then diagonalized them to obtain the principal component
eigenvectors. Finally, each structure extracted from the trajec-
tory was projected in the collective coordinate space which
was defined by the first two largest principal component
eigenvectors (PC1 and PC2). In theory, principal components
of the protein motion were estimated using the following
formula:

Ci j ¼ 〈 xi− 〈xi〉ð Þ〉 〈 xj− 〈xj〉
� �

〉 pt i; j ¼ 1; 2; 3;…; 3Nð Þ ð7Þ

where xi and xj are the Cartesian coordinates of the ith and jth
of Cα atom, respectively. N represents the number of Cα
atoms, and xi and xj are the time average over all the config-
urations from the simulation [47]. Prior to clustering and
principal component analysis, each snapshot was aligned with
the first structure of the selected trajectory to remove rigid-
body motions.

Results and discussion

The global structural properties

The equilibration of molecular dynamics simulations was
monitored from the convergence of the root-mean-square
deviation (RMSD) of hZαADAR1 and Z-DNA backbone atoms
relative to the initial structure (Fig. 2). As shown in Fig. 2,
RMSD values of cf complex in four systems (Ori, F21, F22
and F23) fluctuate in a wider range than that of the corre-
sponding ad and be complexes, indicating that cf complex has
larger conformational changes than ad and be in each system.

The similar phenomenon happens to c and f chains as well.
For ad complex (Fig. 2a), Ori and F21 remain stable around
1.7 Å during the whole simulation and F22 becomes stable
from 25 ns at 2.3 Å. RMSD values of F23 are very stable from
5 ns, but have a sudden fluctuation at 25 ns. By extracting the
structures of 25 ns and 35 ns, we found that this obvious
bounce of RMSDs was mainly ascribed to the large confor-
mational changes of helix α2 of hZαADAR1, which also could
gain information from chain a of F23 system (Fig. 2d). Com-
pared with ad and cf, RMSDs of be complex fluctuate in a
relatively small range. As shown in Fig. 2b, RMSD values of
be complex in all four systems converge from 20 ns. Specif-
ically, Ori/F21 and F22/F23 stay around 1.4 Å and 2.2 Å,
respectively. Furthermore, conformational changes of the
hZαADAR1 (chain b) and the Z-DNA (chain e) in be complex
are also kept very small, as shown in Fig. 2e and Fig. 2h.
Therefore, be complex is considered as the most stable one in
each system.

To investigate the effect of Z-DNA’s binding on the internal
compactness of hZαADAR1 in different complexes, we calcu-
lated the windowed average values of the radius of gyration
(Rg) of hZαADAR1 of every 200 ps during the whole simula-
tion and the average values of Rg of the last 10 ns trajectory
(Fig. 3). In each system, we observed that Rg values of chain c
fluctuated more notably than that of chain a and b, which was
consistent with the changes of RMSD values above. Chain a
of the F21 system also has an obvious bounce at 12 ns, but
with a smaller range than chain c. Relatively, chain b of each
system remains the most stable with the minimum Rg value
during the whole trajectory. For instance, the average value of
Rg of chain b in Ori system is 10.9 Å, notably lower than those
(11.1 Å and 11.2 Å) of chain a and c. These suggest that the
internal structure of hZαADAR1 corresponding to chain b is
more compact than other chains in the same system. Addi-
tionally, the root-mean-square fluctuations (RMSFs) of back-
bone atoms for each residue/nucleotide in different
hZαADAR1/Z-DNA complexes were calculated by averaging
the 10,000 frames of the last 10 ns using the Amber 10.0
software. As shown in Fig. 4, the overall tendencies of
hZαADAR1/Z-DNA complex are similar in four systems, and
in each system be complex has lower RMSF values than ad
and cf complexes.

Taken together, the hZαADAR1/Z-DNA complex corre-
sponding to be in each system is the most stable, and therefore
our analysis and discussions below will focus on the be
complex.

Binding free energy calculation

To explore the interaction features of hZαADAR1 and Z-DNA
from the perspective of energy, the binding free energy calcu-
lations were performed. The snapshots used to calculate the
binding free energy were obtained from the last equilibrated
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10 ns trajectory. Here, five hundred snapshots were extracted
at 20 ps intervals for the enthalpy calculation. Given the high
computational demand, two hundred snapshots were used to
calculate the entropy. The average binding free energies and
the detailed contributions of various energy components were
shown in Table 1. As can be seen, the van der Waals contri-
butions (ΔEvdw) commonly dominate during the binding of
hZαADAR1 to Z-DNAs in all four systems. The resulting
balance (ΔGpolar) of electrostatic interactions in vacuum and
solvent, namelyΔEele+ΔGsol_polar, provides favorable contri-
butions for their binding as well. Totally, the enthalpic contri-
bu t i on s o f hZαADAR1 /Z -DNA comp lex in Or i
(−55.34 kcal mol−1), F22 (−55.64 kcal mol−1) and F23
(−55.76 kcal mol−1) systems were similar, and lower than that
(−54.32 kcal mol−1) in F21 system. Additionally, as we know,
the changes of solute entropy derive from the burial of hydro-
phobic groups on binding and the loss of solute conforma-
tional degrees of freedom. In this work, for F21 and F22
systems, their losses of configurational entropy upon binding
to hZαADAR1 were larger than that for Ori and F23 systems by
~1−2 kcal mol−1, resulting in that their final binding free

energies were slightly higher than that for Ori and F23
systems.

The identification of key residues and binding mode analysis
of hZαADAR1 and Z-DNA

By decomposing the binding free energy into each residue, we
can obtain the energy contribution of each residue of
hZαADAR1 protein and further identify the hot-spot residues
for the hZαADAR1/Z-DNA binding. In this paper, we consid-
ered the residue with energy contribution larger than
2 kcal mol−1 as a hot-spot residue. In order to directly find
out the hot-spot residues, the DNA-residue spectra was then
depicted, shown in Fig. 5. From Fig. 5 (a, c, e and g), it is easy
for us to observe that almost all the hot-spots locate at the helix
α3 and wing domains, confirming the importance of these two
domains. Previous studies [11, 20] found that hZαADAR1

interacted with Z-DNA mainly through helix α3 and wing
domains, which was consistent with our result. To quantify the
contributions of helix α3 and wing domains, we further
summed the contributions of residue 169–181 (helix α3)

Fig. 2 A-I Time dependences of RMSDs of backbone atoms relative to
the initial structure for (a) ad complex (hZαADAR1/Z-DNA), (b) be
complex (hZαADAR1/Z-DNA) and (c) cf complex (hZαADAR1/Z-DNA);

(d) chain a (hZαADAR1), (e) chain b (hZαADAR1) and (f) chain c
(hZαADAR1); (g) chain d (Z-DNA), (h) chain e (Z-DNA) and (i) chain f
(Z-DNA)
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and residue 190–193 (wing domain), respectively. As can be
seen from Table S1, helix α3 is the dominant binding domain
for hZαADAR1/Z-DNA complex and provides 40.48 %, 43.12
%, 43.35 % and 41.12 % contributions for Ori, F21, F22 and
F23 systems, respectively. Although the wing domain only
consists of four residues, this domain contributes 10.84 %,
7.24 %, 8.99 % and 10.92 % to the binding process in four
systems, respectively. Moreover, the energy contribution sum
of helix α3 and wing domains is larger than 50 % of the total
enthalpy, indicating that these two domains indeed are the key
binding domains of DNA during the hZαADAR1/Z-DNA
interaction.

Five common hot-spot residues were identified in four
systems, namely Lys169, Lys170, Asn173, Arg174 and
Tyr177, in accordance with the previous experimental re-
sult [11, 12, 20]. For Z-DNAs, most of the energy contri-
butions came from nucleotides 2–5. On the basis of the
identified hot-spot residues, we further decomposed their
contributions into polar and nonpolar terms to reveal the
major source of interaction. From Fig. 5 (b, d, f and h),
most of the residues of helix α3 provide both polar and
nonpolar contributions with the polar contribution more
notable. Different from helix α3, the hot-spot residues in
wing domain interact with Z-DNA mainly by nonpolar
interaction. Residue Pro192, as the most important one in
this domain, plays a key role in each system, especially in
Ori, F22 and F23 systems (nonpolar interactions under
−2 kcal mol−1). Its dominant nonpolar interaction mainly
comes from the strong hydrophobic contacts between the

pyrrole ring of Proline and Z-DNA, which can be reflected
from the early experiments [12, 20].

To identify the source of the large polar contribution of
helix α3, we further analyzed the hydrogen bond formations
between hZαADAR1 and Z-DNA. From the 40 ns trajectory
40,000 snapshots were monitored to identify all direct hydro-
gen bond (H-bond) interactions (Table 2 and Table S2-S4). A
hydrogen bond is considered to be formed if the donor-
acceptor distance is less than 3.5 Å and the donor-hydrogen-
acceptor angle is larger than 120°. Here, we only gave out
hydrogen bonds whose percentage of occupation exceeded 20
%. With regard to the Ori system (shown in Table 2), it is
notable that all of the H-bond acceptor atoms locate on the
sugar-phosphate backbone of Z-DNA. Most of the protein
residues involving hydrogen bond interaction belong to helix
α3, which is in good agreement with the binding free energy
calculation result that polar interaction dominates in α3 do-
main. Four H-bonds are of great importance in Ori system,
and they exist between the side-chain N−H of Asn173 and
O1P of G4 nucleotide of Z-DNA, the side-chain N−H of
Arg174 and O1P of C5 nucleotide, the O−H of Tyr177 and
O2P of C3 nucleotide, and the side-chain N−H of His159 and
O2P of G2 nucleotide, respectively, with the occupation over
50 %. The hydrogen bonds between the side-chain N−H of
Asn173 and O5’ of G4, the O−H of Tyr177 and O1P/P of C3
also possess large occupied percentages, namely 38.62 %,
46.15 % and 40.07 %, respectively. In addition, Lys169 with
G4 nucleotide and Lys170 with G4/C5 nucleotide also have
obvious hydrogen bond formations. Combined with the

Fig. 3 A-D The windowed
average values of the radius of
gyration (Rg) of every 200 ps of
hZαADAR1 for (a) Ori, (b) F21, (c)
F22 and (d) F23 systems. For
clarity, the average values of Rg of
the last 10 ns trajectory were also
shown
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spectra of residue’s contribution, the hydrogen bond forma-
tions from residue His159, Lys169, Lys170, Asn173 and
Arg174 make these residues have large polar contributions.
However, why does Tyr177 participate in many H-bond for-
mations and the polar contribution is almost zero? According
to the calculated result of energy decomposition, the direct
Coulombic interaction (−2.85 kcal mol−1) from residue
Tyr177 indeed is obviously favorable for the binding, but
most of which is neutralized by its unfavorably polar solvation
contribution (2.77 kcal mol−1).

Hydrogen bond formations of hZαADAR1 and Z-DNA in
F21, F22 and F23 systems are similar to that in Ori system. As
shown in Table S2-S4, the H-bond occupied percentages
between Asn173 and O1P of the fourth nucleotide in three
systems are up to 91.22%, 97.21% and 97.02%, respectively.
Tyr177 also forms obvious hydrogen bonds with O1P of C3/
T3/G3 (occupation 97.17 %, 96.96 % and 99.75 %, respec-
tively). However, contrary to simultaneous H-bond forma-
tions of Tyr177 with P, O1P and O2P of C3 nucleotide in
Ori system, Tyr177 forms the unique hydrogen bond in F21,

Fig. 4 A-D The calculated
RMSF values of backbone atoms
as a function of residue/nucleotide
of hZαADAR1/Z-DNA complex
for (a) Ori, (b) F21, (c) F22 and
(d) F23 system. Only the last
equilibrated 10 ns trajectory was
considered. For comparison, the
average RMSFs of all involved
residues for each system were
also given
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F22 and F23 systems. Differently, Arg174 forms the only one
with O1P of C5 nucleotide in Ori system, but forms several H-
bonds with different atoms in the other three systems. Of
course, there are also other residues forming H-bond, such
as His159 and Lys169. Similar to Ori system, almost all the
involved residues locate in the α3 domain.

To show the interfacial feature of hZαADAR1/Z-DNA com-
plex intuitively, we analyzed the surface charge distributions
of hZαADAR1 complexed with four kinds of Z-DNAs (Fig. 6).
As shown in Fig. 6, the surface of hZαADAR1 close to Z-DNA
is rich in positive charges, indicating that hZαADAR1 fits the Z-
DNA both in terms of shape and electrostatic match. Besides,
the similar charge distributions on hZαADAR1 surface in four
systems further imply their similar binding modes.

As we know, the common feature of the CG-repeat and
non-CG-repeat Z-DNAs is that both Z-DNAs share the com-
mon “zig-zag” conformation. Although the CG-repeat Z-
DNA and non-CG-repeat Z-DNA have completely different
sequences, both can be recognized by hZαADAR1, showing
that the hZαADAR1 identifying the Z-DNA does not only rely
on their sequences. By our analysis and the reported experi-
mental results, we can conclude that the Z-DNA recognition
by hZαADAR1 is conformation-specific.

Conformational variation of hZαADAR1 upon binding
to Z-DNA

In order to further explore the conformational changes of
hZαADAR1 induced by Z-DNA, additional MD simulations
for isolated hZαADAR1 and Z-DNA extracted from their

complex were then performed. Using the obtained trajectories,
the root-mean-square fluctuation (RMSF) values of per-
residue backbone atoms were first calculated to reveal the
changes of structural flexibilities of hZαADAR1 upon binding
to Z-DNA. As shown in Fig. 7, the fluctuation trends of
RMSF values of hZαADAR1 protein in free state have obvious
differences from that in Z-DNA-bound state. For the key
binding domain, helix α3, it can be seen from Fig. 7 that
almost all the residues in this domain have the lower RMSF
values in Z-DNA-bound state than that in free state, suggest-
ing that Z-DNA’s binding makes the flexibility of helix α3
reduced. The RMSFs of wing domain also weakly decrease
after binding to Z-DNA in Ori, F22 and F23 systems, but
largely increase in F21 system. By analyzing the binding
modes of four complexes, we found that this phenomenon
was associated with the different A2 nucleotide of F21 system
from the G2 nucleotide of other three systems. Relative to the
G2 nucleotide, A2 nucleotide is close to Thr191 (the impor-
tant residue of wing domain), and they can form many non-
polar interactions. The participation of a favorable interaction
leads to the obvious increasing of flexibility of residue Thr191
and even other residues in wing domain. Additionally, in
Fig. 7, we observed that the RMSFs of loop between α1 and
α2 of the bound hZαADAR1 in Ori system were obviously
larger than that without Z-DNA, whereas the RMSFs of this
domain in the other three systems altered very little. By further
analysis, we found that the big RMSF difference of α1-α2
loop was mainly derived from the structural changes of resi-
due Gly151-Lys154, especially Glu152 and Lys154. In apo-
hZαADAR1 protein, the long side chains of residue Glu152 and
Lys154 stretch in two opposite directions. However, upon
binding to Z-DNA, their side chains convert into the same
direction. It is likely that the binding of Z-DNA leads to the
increase of the long-range electrostatic interactions of Glu and
Lys. Meanwhile, the large conformational fluctuations of the-
se two residues prompt the structures of their adjacent residues
(residue Gly151 and Gly153) to change during the simulation.
Therefore, we consider that the binding of standard Z-DNA
(d(CGCGCG)2) has influence not only on the conformation of
hZαADAR1 site but also on the α1-α2 loop away from the site.
Correspondingly, the flexibilities of Z-DNA also alter upon
the binding of hZαADAR1. That is, RMSFs of six nucleotides
are notably different from each other, instead of the similar
values in the presence of hZαADAR1.

To reveal the detailed structural changes of hZαADAR1

upon Z-DNA’s binding, a structural comparison of apo-
hZαADAR1 (without Z-DNA) and Z-DNA-bound hZαADAR1

(with Z-DNA) was next carried out. The representative struc-
tures were obtained by clustering analysis [44] with the last
10 ns trajectory. Figure 8 shows the superposition of the apo-
hZαADAR1 and Z-DNA-bound hZαADAR1. In Fig. 8, we ob-
served that the conformational changes of Lys169 and Asn173
in four systems were similar, and the conformational changes

Table 1 The binding free energy and its components obtained from the
MM/GB (PB) SA calculations for hZαADAR1/Z-DNA complex
(kcal mol−1)

Contributions Ori-be F21-be F22-be F23-be

ΔEele −258.62 −256.81 −289.57 −290.04
ΔEvdw −38.13 −35.56 −32.44 −33.14
ΔEint 0.00 0.00 0.00 0.00

ΔEgas −296.74 −292.37 −322.01 −323.18
ΔGsol_np −5.99 −5.95 −6.02 −6.43
ΔGsol_polar, PB 232.51 228.42 257.13 258.94

ΔGsol, PB 226.52 222.47 251.11 252.51

ΔGpolar, PB −26.11 −28.39 −32.44 −31.10
ΔHPB −70.22 −69.90 −70.90 −70.67
ΔGsol_polar, GB 247.39 244.01 272.40 273.86

ΔGsol, GB 241.40 238.05 266.37 267.43

ΔGpolar, GB −11.22 −12.80 −17.18 −16.18
ΔHGB −55.34 −54.32 −55.64 −55.76
-TΔS 30.27 31.11 32.31 30.25

ΔGbind, PB −39.95 −38.79 −38.59 −40.42
ΔGbind, GB −25.07 −23.21 −23.33 −25.51
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of Arg174 in Ori and F23 systems were smaller than that in
F21 and F22 systems. Due to these residues belonging to helix
α3, their conformational changes after binding to Z-DNA
favorably produce more polar interactions with Z-DNA, as
reflected from H-bonds of Fig. 8. As for Thr191, Pro192 and
Pro193 of wing domain, which make great contributions to
the hZαADAR1/Z-DNA binding by van der Waals interactions,
also have obvious conformational changes during the binding
process. Compared with apo-hZαADAR1, the side chains of
Tyr177 in Z-DNA-bound hZαADAR1 of four systems twist by
a larger margin around the Cβ atom. Actually, the twist of this
side chain is not only favorable to the hydrogen bond forma-
tion between Tyr177 and the third nucleotide of Z-DNA, but
also favorable to the direct CH-π interaction between the
benzene ring of Tyr177 and carbon-8 atom of the syn
deoxyguanosine or deoxyadenine at the fourth position. Gen-
erally, pyrimidine nucleotide preferentially applies the anti

conformation and purine prefers the syn conformation in Z-
DNA [9, 10, 20]. However, in F23 system, although the
deoxycytidine of C4 nucleotide adopts the syn conformation,
it is still stabilized by hZαADAR1 through CH-π interactions
between the benzene ring of Tyr177 and carbon-5/carbon-6
atoms of C4 (Fig. 8d), which agrees with the experimental
result [20].

Furthermore, due to helix α3 and wing domains as the key
binding domains, we care more about their conformational
changes during the binding process. Thus here, a principal
component analysis (PCA) of Cα atoms of helix α3 and wing
domains for apo- and Z-DNA-bound hZαADAR1 was per-
formed. The conformations of hZαADAR1 extracted from the
last 10 ns trajectory were used for PCA. In PCA, over 75 % of
these motions can be accounted for by the first two principal
components in each system. To visualize the conformational
spaces, the first two principal components were plotted in

Fig. 5 A-H The DNA-residue
interaction spectra between Z-
DNA and hZαADAR1, and the
polar/nonpolar contributions of
hot-spot residues inA/B Ori, C/D
F21, E/FF22 and G/HF23
system. Residues with energy
contribution under
−2.0 kcal mol−1 were labeled
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Fig. 9. As can be seen from Fig. 9, it is notable that the
distribution of conformational spaces for Z-DNA-bound
hZαADAR1 is narrower than that for apo-hZαADAR1, suggest-
ing that helix α3 and wing domains of hZαADAR1 become
more stable upon the binding of Z-DNA.

In addition to the ADAR1 studied in this work, Zα domain
is also present in three other Z-DNA-binding proteins: E3L

protein [9], DLM-1 protein [10] and PKR-like kinase (PKZ)
[48]. Experimental studies showed that they recognized the Z-
DNA solely based on the feature of its “zig-zag” conformation
as well [48–50]. Thus, a general mechanism of Z-DNA rec-
ognition is that the Z-DNA-binding proteins recognize the
CG-repeat and non-CG-repeat Z-DNAs through their com-
mon “zig-zag” conformation. Helix α3 and wing domains of

Table 2 The occupied percent-
ages of the formed hydrogen
bonds between hZαADAR1 and Z-
DNA in Ori system. Atom1, at-
om2 and atom3 are indicative of
acceptor atom, donor atom and
hydrogen atom of the donor,
respectively

Acceptor Donor Percentage of occupation (%)
Nucleotide (atom 1) Residue (atom 2-atom 3) Distance (Å) Angle (°)

G4 (O1P) Asn173 (ND2-HD22) 2.87 152.14 95.89

C5 (O1P) Arg174 (NH1-HH11) 2.83 156.87 69.35

C3 (O2P) Tyr177 (OH-HH) 2.78 165.26 68.31

G2 (O2P) His159 (NE2-HE2) 2.90 151.16 66.62

C3 (O1P) Tyr177 (OH-HH) 2.85 150.83 46.15

C3 (P) Tyr177 (OH-HH) 3.37 145.43 40.07

G4 (O5) Asn173 (ND2-HD22) 3.26 141.45 38.62

G2 (O1P) His159 (NE2-HE2) 3.01 145.87 38.06

G2 (P) His159 (NE2-HE2) 3.37 143.11 32.37

G4 (O1P) Lys169 (NZ-HZ2) 2.77 153.26 31.28

G4 (O2P) Lys170 (NZ-HZ2) 2.79 158.80 28.85

C5 (O2P) Lys170 (NZ-HZ1) 2.82 160.12 28.84

G4 (O1P) Lys169 (NZ-HZ3) 2.77 152.69 25.34

G4 (O1P) Lys169 (NZ-HZ1) 2.77 152.05 24.74

G4 (O2P) Lys170 (NZ-HZ3) 2.79 158.61 24.00

C5 (O2P) Lys170 (NZ-HZ2) 2.82 160.44 22.54

G4 (O2P) Lys170 (NZ-HZ1) 2.79 158.99 20.34

Fig. 6 A-D Surface charge
distributions of hZαADAR1 in (a)
Ori, (b) F21, (c) F22 and (d) F23.
Positive (blue) and negative (red)
surface potentials are indicated
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Z-DNA-binding motif are the key interacting domains with Z-
DNA, and nonpolar interaction provides the driving force
during the recognition process.

The conformation-specific recognition mechanism of Z-
DNA and Z-DNA-binding proteins relies on the specific
“zig-zag” conformation of Z-DNA. For non-zigzag DNA,

most of them are right-handed and have no “zig-zag” confor-
mation like Z-DNA. The recognition of this kind of DNA by
proteins is mainly sequence-specific, and takes place primarily
in the major groove by the readout mechanism that involves
the formation of a series of amino-acid- and base-specific
hydrogen bonds [51]. The analysis for protein-DNA

Fig. 7 RMSF values of
backbone atoms as a function of
residue/nucleotide for hZαADAR1

and Z-DNA in both free and
bound states. Helix α3 and wing
domains were highlighted by
green dashed lines. Herein, we
used “Ori-be”, “F21-be”, “F22-
be” and “F23-be” to represent
hZαADAR1/Z-DNA complex of
different systems in bound state,
and “Ori-b-e”, “F21-b-e”, “F22-
b-e” and “F23-b-e” to represent
the combination of the hZαADAR1

and the Z-DNA of different
systems in free state

Fig. 8 A-D The superposition of
apo-hZαADAR1 and Z-DNA-
bound hZαADAR1, and the
interaction mode hZαADAR1/Z-
DNA complex in (a) Ori, (b) F21,
(c) F22 and (d) F23 system. Pink
and green cartoons are indicative
of apo-hZαADAR1 and Z-DNA-
bound hZαADAR1, respectively.
Green dashed lines represent the
formed hydrogen bonds of
hZαADAR1/Z-DNA complex
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complexes shows that the binding of arginine residues to
narrow minor grooves is a widely used mode for the protein-
DNA recognition, and the ability to detect local variations in
DNA shape and electrostatic potential is a general mechanism
that enables proteins to use information in the minor groove
[52].

Conclusions

In this study, to explore the recognition mechanisms between
hZαADAR1 and different Z-DNAs (d(CGCGCG)2, d(CACG
TG)2, d (CGTACG)2, and d(CGGCCG)2), three molecular
dynamics simulations in each system were performed for
apo-hZαADAR1, apo-Z-DNA and hZαADAR1/Z-DNA com-
plex, respectively. The results obtained from MD data show
that hZαADAR1 recognized Z-DNAs in different sequence
contexts via the common mechanism. By the binding free
energy calculation together with energy decomposition, we
found that the nonpolar interaction provided the driving force
during the binding process and five commonly important
residues (Lys169, Lys170, Asn173, Arg174 and Tyr177) were
further identified. As the key domains, helix α3 and wing
domains interact with Z-DNA mainly by the polar and non-
polar interactions, respectively. Furthermore, conformational
analysis and principal component analysis indicate that helix
α3 and wing domains of hZαADAR1 were more stable upon
the binding of Z-DNA. In general, although the d(CACG

TG)2, d (CGTACG)2, and d(CGGCCG)2 sequences are nei-
ther the same as the standard Z-DNA nor rich in CG-repeats,
the recognitions between hZαADAR1 and Z-DNAs are not
influenced and even are conserved. In other words, their
recognition mechanism is not sequence-specific but rather
conformation-specific. Our work can give a deeper insight
into the recognition mechanisms between Z-DNA-binding
proteins and various Z-DNAs, and will be useful for better
understanding the regulation of biological process.
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