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ABSTRACT

Z-DNA binding proteins (ZBPs) play important roles
in RNA editing, innate immune response and viral in-
fection. Structural and biophysical studies show that
ZBPs initially form an intermediate complex with B-
DNA for B-Z conversion. However, a comprehensive
understanding of the mechanism of Z-DNA binding
and B-Z transition is still lacking, due to the absence
of structural information on the intermediate com-
plex. Here, we report the solution structure of the Za
domain of the ZBP-containing protein kinase from
Carassius auratus (caZapgkz). We quantitatively de-
termined the binding affinity of caZapkz for both B-
DNA and Z-DNA and characterized its B—Z transition
activity, which is modulated by varying the salt con-
centration. Our results suggest that the intermediate
complex formed by caZapkz and B-DNA can be used
as molecular ruler, to measure the degree to which
DNA transitions to the Z isoform.

INTRODUCTION

Left-handed Z-DNA is a higher energy conformation than
B-DNA and forms under conditions of high salt, negative
supercoiling and complex formation with Z-DNA bind-
ing proteins (ZBPs) (1-3). ZBPs have been identified in
an RNA editing enzyme (ADAR1), DNA-dependent ac-
tivator of interferon-regulatory factor (DAI, also known

as DLM-1 and ZBP1), the viral E3L protein and a fish
protein kinase containing a ZBP (PKZ) (Figure 1A) (4-
7). The crystal structures of the Za domains of human
ADARI1 (hZaapar1) (8), mouse DAI (mZappm;) (5) and
yatapoxvirus E3L (yabZags) (9), and Carassius auratus
PKZ (caZopkz) (10) in complex with 6-base-paired (6-
bp) dT(CG); revealed that two molecules of Za bind
to each strand of double-stranded (ds) Z-DNA, yielding
2-fold symmetry with respect to the DNA helical axis.
The intermolecular interaction with Z-DNA is mediated
by five residues in the a3 helix and four residues in the
B-hairpin (B2-loop-B3) (Figure 1B). Among them, four
residues (K34, N38, Y42 and W60; marked with asterisks
in Figure 1A) show a high degree of conservation and play
important roles in Za function.

In addition, structural studies in solution suggested an
active mechanism of B-Z transition of a 6-bp DNA induced
by ZBPs, in which (i) the ZBP (denoted as P) binds directly
to B-DNA (denoted as B); (ii) the B-DNA in the complex is
converted to Z-form; and (iii) the stable ZP, complex (the
Z-form DNA denoted as Z) is produced by the addition of
another P to ZP (Figure 1C) (11). In spite of these extensive
structural studies (5,8-10), the detailed molecular mecha-
nism of DNA binding and B-Z transition is still unclear
due to the lack of structural data on the intermediate com-
plexes. Therefore it is crucial to obtain structural snapshots
and/or quantitative analyses of each step in the B-Z transi-
tion: B-DNA binding complex, transition complex and Z-
DNA binding complex.
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Figure 1. Interaction of caZapkz with DNA and its dependence of NaCl concentrations. (A) Multiple sequence alignment of Z-DNA binding proteins.
Numbering and secondary structural elements for caZapkz are shown above the sequence. Yellow and gray bars indicate residues important for Z-DNA
recognition and protein folding, respectively. The key aromatic residue, tyrosine, is indicated by an orange bar. The asterisks indicate four highly conserved
residues which play important roles in Za function. (B) Residues of caZapkz involved in intermolecular interaction with dT(CG);3 reported in a previous
study (10). Intermolecular H-bonds and van der Waals contacts indicated by solid lines and dashed lines, respectively. Three water molecules in key positions
within the protein-DNA interface are indicated by orange ovals. (C) Mechanism for the B-Z conformational transition of a 6-bp DNA by two ZBPs. Black
arrows indicate the primary transition mechanism. (D) 1D imino proton spectra of dT(CG)3; at 35°C upon titration with caZapkz in NMR buffer (pH
= 8.0) containing 10 (left), 100 (middle) or 250 mM NacCl (right). The resonances from B-form are labeled as G2b and G4b and those from Z-form are
labeled as G2z and G4z. (E) Relative Z-DNA populations (fz) of dT(CG)sz induced by caZapkz at 10 (red circle), 100 (blue square) or 250 mM NaCl
(green triangle) as a function of [P)iot/[Niot ratio. Solid lines are the best fit of the emerging G2z resonance to Equation (8).



2938 Nucleic Acids Research, 2016, Vol. 44, No. 6

Studies of the exchange of imino protons, which reflect
the structural and dynamic changes of base-pairs in DNA,
have provided the dissociation constants and the equilib-
rium constant of B-Z transition of a 6-bp DNA induced by
hZaapari (11,12) and yabZagsp (13). However, determina-
tion of the DNA-binding sites and conformational changes
of ZBPs in each step of the B-Z transition, which relate to
their affinities, has not been studied yet. The chemical shift
perturbation of >N-labeled proteins by ligand binding us-
ing heteronuclear nuclear magnetic resonance (NMR) has
been widely used to identify binding sites as well as to deter-
mine binding affinities (14). The NMR titration method has
been applied mostly to one-site binding processes but the
two-site or more binding systems have rarely been studied
quantitatively. Recently, a novel quantitative method to an-
alyze two-site protein interactions by NMR chemical shift
perturbation has been described (15). Nevertheless, it is still
very difficult to obtain accurate dissociation constants in
the DNA-ZBP system, because the ZBPs bind to Z-DNA
via a two-site DNA—protein interaction and also induce the
B-Z conformational change in the DNA helix (Figure 1C).

In fish species, PKZs contain two Z-DNA binding do-
mains (Za and ZB) to recognize heterogeneous DNAs
(7,16-18). Although the overall structure of caZapgz and
its interactions with Z-DNA are very similar to other ZBPs,
the B-Z transition activity of caZapgz exhibits a unique de-
pendence on NaCl concentration (denoted [NaCl]) (10). In
addition, in contrast to other ZBPs, the unusual hydrogen
bonding (H-bonding) interaction of caZapk z-K 56 with the
phosphate of Z-DNA is required for efficient Z-DNA bind-
ing (Figure 1B) (10). Thus the caZapkz—Z-DNA interaction
is thought to be a good model system for the quantitative
analysis of a two-site protein—-DNA binding system includ-
ing conformational change of DNA.

In this study, we determined the solution structure of the
free form of caZapkz by multidimensional heteronuclear
NMR spectroscopy and performed NMR experiments on
complexes of caZapgz with DNA duplexes, dT(CG); and
d(CQG)3, under various [NaCl]. We studied caZapxz—DNA
interactions using imino proton and heteronuclear single-
quantum correlation (HSQC) titrations, and determined
the dissociation constants of caZapkz for B-DNA and Z-
DNA binding and the equilibrium constant for the B-Z
transition of DNA in the complex form. This provides the
information about the chemical shift changes in caZapgkyz
upon binding to B-DNA as an intermediate structure dur-
ing B-Z transition. We also performed relaxation disper-
sion experiments to kinetically study the Z-DNA bind-
ing of caZapkz. We investigated changes in the binding
affinity and hydrogen exchange of d(CG); complexed with
caZopgz, in which the H-bonding interaction between Z-
DNA and the K56 sidechain of caZapgyz is interrupted.
This study provides structural information on the interme-
diate complex formed by caZapkz and B-DNA, which plays
an important role as molecular ruler by deciding the degree
to which of the B-Z transition in DNA is induced by ZBPs.

MATERIALS AND METHODS
Sample preparation

The DNA oligomers d(CG); and dT(CG); were pur-
chased from M-biotech Inc. (the Korean branch of IDT
Inc.), purified by reverse-phase HPLC, and desalted us-
ing a Sephadex G-25 gel filtration column. The coding se-
quence for residues 1-75 of caZapkz was cloned into E.
coli expression plasmid pET28a (Novagen, WI, USA). Uni-
formly '*C/!’N- and "N-labeled caZapk were obtained
by growing the transformed BL21(DE3) bacteria cells in
M9 medium that contained "NH4Cl and/or *C-glucose.
The 3C/!°N- and '""N-labeled caZapkz proteins were pu-
rified with a Ni -NTA affinity column and a Sephacryl S-
100 gel filtration column (GE Healthcare, USA) on a GE
AKTA Prime Plus. The amount of DNA was represented as
the concentration of the double-stranded sample. The DNA
and protein samples were dissolved in a 90% H,O/10% D,O
NMR buffer containing 10 mM sodium phosphate (pH =
6.0 or 8.0) and NaCl with concentration of 10, 100 or 250
mM.

NMR experiments

All of the 'H, '3C and PN NMR experiments were
performed on an Agilent DD2 700-MHz spectrometer
(GNU, Jinju) or a Bruker Avance-IIT 800-MHz spectrome-
ter (KBSI, Ochang) equipped with a triple-resonance cryo-
genic probe. All three-dimensional (3D) triple resonance ex-
periments were carried out with 1.0 mM 3C/">N-labeled
caZapgz protein. The imino proton and 'H/"N-HSQC
spectra were obtained for complexes prepared by addition
of 'N-labeled caZapkz to 0.1-0.2 mM DNA or addition of
DNA to 1 mM SN-labeled caZapkz. One dimensional (1D)
NMR data were processed with either VNMR J (Agilent,
Santa Clara, CA, USA) or FELIX2004 (FELIX NMR, San
Diego, CA, USA) software, while the two-dimensional and
3D data were processed with NMRPIPE (19) and analyzed
with Sparky (20). External 2-2-dimethyl-2-silapentane-5-
sulfonate was used for the 'H, 1*C and "N references.

'H, 3C and PN resonance assignments for caZapgz
were obtained from the following 3D experiments in 10%
D,0/90% H,O containing 10 mM sodium phosphate
(pH 8.0) and 100 mM NaCl: CACB(CO)NH, HNCA,
HNCACB, HNCO, HAHB(CO)NH, CB(CGCD)HD,
CB(CGCCDCE)HE, HCCH-TOCSY, NOESY-'H/!">C-
HSQC, NOESY-'H/P’N-HSQC and TOCSY-'H/!'>N-
HSQC. The average chemical shift differences of the amide
proton and nitrogen resonances between the two states
were calculated by Equation (1):

Abus =\ (Adw)? + (Adx/5.88) (1)

where Ady and Ady are the chemical shift differences of the
amide proton and nitrogen resonances, respectively.

Solution structure calculation

The inter-proton distance restraints were extracted from
NOESY-'H/N-HSQC and NOESY-'H/!3C-HSQC spec-
tra. Backbone dihedral angle restraints were generated us-
ing TALOS+ (21). Only phi (¢) and psi (s ) angle restraints



which qualified as ‘good’ predictions from TALOS+ were
used in the structure calculation. Hydrogen-bonds were in-
troduced as a pair of distance restraints based on nuclear
Overhauser effect (NOE) analysis in combination with the
prediction of protein secondary structural elements using
the software CSI (22). Structure calculations were initially
performed with CYANA 2.1, which combines automated
assignment of NOE cross-peaks and structure calculation.
On the basis of distance restraints derived from CYANA
output, further structure calculations were carried out us-
ing CNS 1.3 in explicit solvent using the RECOORD proto-
col (23-25). The 10 lowest-energy structures were validated
by PROCHECK-NMR (26). Structures were visualized us-
ing the program Discovery Studio 4.1 (BIOVIA, San Diego,
CA, USA). Structural statistics are presented in Table 1.

Nitrogen Carr-Purcell-Meiboom-Gill (CPMG) relaxation
dispersion

The N amide Carr-Purcell-Meiboom-Gill (CPMG) re-
laxation dispersion experiments were performed using free
I5N-labeled caZapkz and '*N-labeled caZapkz complexed
with dT(CG); at 35°C. Experiments employed a constant
relaxation delay (7eax) of 60 ms and 11 values of vepmg
= 1/(27cp) ranging from 33 to 900 Hz, 7¢p is the delay be-
tween consecutive pulses. Transverse relaxation rates R ef
were calculated for each cross-peak signal at each value by:

1 In < I(VCPMG)> )
Eelax IO

where I(vcpmg) and [y are the peak intensity at values of
vepmc With of 60 and 0 ms, respectively. For evaluation of
average and standard deviation of R, ¢ values, three or four
different datasets were measured.

In the free caZapkyz, the relaxation dispersions derived
from residues in fast exchange on the NMR chemical shift
timescale were fitted to (27):

R cr(vepma) = —

R (vepmc) =
Doyt 4vepmc keex. 1
R+ == {1 - tanh( : 3
2 kexr keex £ 4vepmc ®)

where R, is the intrinsic transverse relaxation rate; Dy
= pape(Awp)?, where Awy is chemical shift difference be-
tween states A and B and pa and pp are the relative popula-
tions of states A and B, respectively; and k. ¢ the exchange
rate between states A and B. The caZapgkz in the complex
with Z-DNA shows two kinds of independent exchange
processes, the conformational exchange of free protein and
the association/dissociation of Z-DNA. In this case, the re-
laxation dispersion data of the caZapkz complexed with
dT(CG); (Rye*°™P) could be expressed by Equation (4):

omp _
R;eff (vermc) = 4
B+ R veevic) + 32 {1 = 4209 anh (55|

4vepmc

where R, is the intrinsic transverse relaxation rate; Dexp =
PoPu(A®pound)?, Where Ampoung is chemical shift difference
between the bound and unbound states and py, and p, are
the relative populations of the bound and unbound states,
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respectively; and ke p the exchange rate between the bound
and unbound states (28).

Binding models

Accordingly, the HSQC titration curves were analyzed by
assuming an active model of B-Z transition (Figure 1C),
where P is the free forms of caZapkz, BP and ZP are the
singly bound forms to B-DNA and Z-DNA, respectively,
7P, is the doubly bound form to Z-DNA, and B is the B-
form of free dT(CG)3. The concentrations of B, BP, ZP and
7P, forms, [B], [BP], [ZP] and [ZP»], respectively, are de-
scribed as:

Ka,p Kd,zp2
Kq gpKa zp2 + (1 + Kpz 1) K4 zp2[ Pl + Kpz 1[ PP

[B] = [Ntot

Ky,zp2[ P]
Kq.gpKa,zp2 + (1 + Kpz,1)Ka zp2[ Pl + Kpz.1[ PP

[BP] = [Nt

Kpz,1Kq4,zpo[ P]
K4.gpKa zpo + (1 + Kpz,1)Kq zp2[ P1 + Kpz,1[ PP

[ZP] = [Nt

[ZP,] =
[N] Kpz.1[PI* (5)
0K 5p Ka zp2+(1+ Kpz.1) Ka 202 P1+ Kz 1 [ P12

where [ V]iot is the total concentration of DNA duplex; K4 gp
and Kg4zpy are the dissociation constants for the BP and
7P, complexes, respectively; Kgz; ( = [ZP]/[BP]) is the
equilibrium constant between BP and ZP forms; and [P] is
the concentration of the free caZapgkyz, which is a solution
of the following cubic equation:

[PP +a[ PP +b[P]4+c=0 (6)
1
a = 2[N]iot — [Pliot + <1 + % ) Kq4,7p2
BZ.1
1 K K
b= (1 + —) Kq.z02([Nhot — [Phot) + — =222
Kgz,1 Kpz,1
KqpKa,zpo
S Ll iy o
C KBZ.l [ ]lot

where [Py is the total concentration of caZapkz. The
closed-form solution of Equation (6) has been reported
(29):

2 0
[P =~ + 2 /a? ~Sheos s @)
where,
—2a% +9ab — 27¢
0 = arccos
2,/ (a? - 3b)°

The observed 'H and N chemical shift difference refer-
enced to the free caZopkz, Adyps, 1S described as:

Ay, — [BP] Asg + [ZP] + 2[ZP,] A
[P]tot

[Pl . ®
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Table 1. Structural statistics for the caZapgz structures

NOE upper distance limits
Intra-residual
Short-range (li —jl = 1)
Medium-range (1 <li—jl < 5)
Long-range (li—jl > =15)
Dihedral angle constraints
Hydrogen bonds

Violations i
Distances > 0.5 A
Dihedral angles > 5°

Ramachandran analysis (%)
Most favored regions
Additionally allowed regions
Generously allowed regions
Disallowed regions

R.M.S.D. from mean structure (structured region)*
Backbone (A)
Heavy atom (A)

878
241
312
210
63
109
27 x 2

none
none

79.3
15.5
5.2
0.0

0.57 £ 0.18
1.04 £ 0.21

4Residues in the structured region: 6-61.

where Adg and A8y are the 'H and "N chemical shift dif-
ferences of the B-DNA- and Z-DNA-bound forms relative
to the free form, respectively. The relative Z-DNA popula-
tion (fz) could be determined from the integration of new
resonances in the *'P NMR or imino proton spectra, which
provide the same results (11). The observed fz value deter-
mined from imino proton resonances is described as:

_ [ZP]1 +[ZP,]

— 9
= N ©)

Hydrogen exchange rate measurement

The apparent longitudinal relaxation rate constants (R, =
1/T1,) of the imino protons of free and bound DNA were
determined by semi-selective inversion recovery 1D NMR
experiments. The hydrogen exchange rate constants (key) of
the imino protons were measured by a water magnetization
transfer experiment with 20 different delay times (30,31).
The ke values for the imino protons were determined by
fitting the data to Equation (10):

I — I(t) -2 kex (eiR]"‘t
I (Riw — Ria)

where [y and (¢) are the peak intensities of the imino pro-
ton at times zero and ¢, respectively, and R, and R;,, are
the apparent longitudinal relaxation rate constants for the
imino proton and water, respectively (30-32).

—e Rty (10)

RESULTS
Titration of caZa pkz into dT(CG)3 under various [NaCl]

Figure 1D shows the changes in the imino-proton spectra
of dT(CQG); upon titration with caZapgz at 35°C. The rel-
ative populations of Z-DNA (fz) in dT(CG); were deter-
mined by integration of the new G2z resonance, as a func-
tion of the total protein: total DNA duplex ([Pliot/[Nlot)
ratio (Figure 1E). CaZapky exhibited a severe decrement
in B-Z transition activity as [NaCl] increased. Most of
the dT(CG); was in the Z-conformation at [Pliot/[ Nt >
2.0 at 10 mM NaCl. However, at [NaCl] = 100 mM, only

about 67% of dT(CG); displayed the Z-DNA conforma-
tion at [ Piot/[V]tot = 2.0 (Figure 1E), in contrast to previous
findings that most of d(CG); was converted to Z-DNA by
hZoaapar1 (11) and yabZagsp (13) under the same condi-
tions. Interestingly, when [NaCl] increased up to 250 mM,
caZapkz showed extremely low B-Z transition activity to
dT(CG); (Figure 1E).

Solution structure of free caZa pgz,

In order to elucidate detailed structural information for free
caZapkz, the solution structure of free caZapkz was deter-
mined by restrained molecular dynamics calculations using
878 distance restraints and 109 dihedral angle restraints col-
lected at 100 mM NaCl (Table 1). A final set of 10 lowest
energy structures was selected from 100 calculations, with
no violations larger than 0.5 A and 5° for the NOEs and di-
hedral angles, respectively (Figure 2A). The RMSD values
for the backbone atoms in structured region was calculated
to be 0.57 £ 0.18 A. Free caZapgz is composed of three a-
helices (a1, a2 and «3) and three B-strands (81, B2 and B3)
(Figure 2A). The ensemble of the 10 lowest energy struc-
tures shows that only the L4 loop in the B-hairpin (residues
53-57) is not well converged whereas all other loops are
tightly structured (Figure 2A). Two consecutive prolines
(P57 and P58) which have only limited numbers of restraints
hinder to determine the precise orientation of the B-hairpin
in solution structures. Figure 2B shows the superimposition
of the lowest energy structure of free caZapgz and the crys-
tal structure of the caZapgz—dT(CG); complex (10), where
the B-hairpin exhibits bigger differences while no significant
structural deviations were observed in other structural re-
gions. The crystal structure showed that K56 sidechain in
the B-hairpin of caZapky is involved in H-bonding with the
phosphate of Z-DNA in the caZapkz—dT(CG); complex
(10) (Figure 2B). It might be possible that the orientation
of the B-hairpin is restrained when the sidechain of K56 in-
teracts with the backbone of Z-DNA.
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3

complex

free

Figure 2. Solution structure of free caZapkz and comparison with other structures. (A) Superimposed backbone traces of the 10 lowest energy caZapkz
structures. (B) Superimposition of the 3D structures of free caZapkz (violet) and caZapkz—dT(CG)3 complex (PDB ID = 4KMF, pale green).

Chemical shift changes in caZ o pgz upon binding to dT(CG)3

In the 'H/N-HSQC spectra of free caZapkxz and
caZapkz—dT(CG); at 35°C, the amide resonances for sev-
eral residues (N38, R39 and Y42) of the a3 helix dis-
appeared altogether (Supplementary Figure S2), meaning
they were in chemical exchange on an intermediate NMR
time scale. Significant chemical shift changes were observed
in other residues in the o3 helix as well as most residues
in the B1-a2 and B-hairpin regions (Supplementary Fig-
ure S1), indicating the direct interaction of the sidechains
of caZapgz with the phosphate backbone of dT(CQG); as
reported in the previous crystal structural study (10). As ex-
pected from the imino proton spectra at 250 mM NaCl, few
chemical shift changes occurred upon exposure to dT(CG);
(Supplementary Figure S1).

To further clarify the chemical shift perturbation results,
the 'H/"N-HSQC spectra of caZapkz were acquired at
35°C as a function of the [N]wy/[Pliot ratio, where most
amide cross-peaks showed significant movement (Supple-
mentary Figure S2). Interestingly, the cross-peaks of some
residues changed the direction of their movement after
achieving a certain position (Figure 3A and Supplementary
Figure S2), indicating the presence of at least two binding
modes. We analyzed the HSQC titration curves as well as
the relative Z-DNA populations (fz) assuming an active B—
Z transition model (Figure 1C). K4 gp and K4 zps are the dis-
sociation constants of the BP and ZP, complexes, respec-
tively, and Kpz,; ( = [ZP]/[BP)) is the equilibrium constant
between the ZP and BP complexes. Because fitting each
titration curve independently did not give reliable Ky val-
ues, all titration curves were fitted globally. During global
fitting, we have fitted simultaneously all '"H and N titra-
tion curves with Equation (8) and the fz data with Equation
(9) to obtain accurate K4 values (Figure 3B-D). At 10 mM
Nacl, the global fitting gave K4 gp and K4 zp> of 28 += 17 and
345 £ 79 nM, respectively, and Kpz; of 0.87 £ 0.01 (Table
2 and Figure 3B and C). The dataset at 100 mM NaCl was
globally fitted to obtain Ky gp and Kq zp» values of 16.4 +
0.8 and 8.76 + 0.67 wM, respectively, and Kpz; of 0.19 +
0.01 (Table 2 and Figure 3B and D). These results indicate
that the incrementation of [NaCl] from 10 to 100 mM leads
to ~600- and 25-fold larger Ky of caZapgz for B-DNA and

Z-DNA binding, respectively, and 4.6-fold lower B-Z tran-
sition activity in the complex form (Table 2). The titration
data at 250 mM NaCl could not be analyzed based on an ac-
tive B-Z transition model, because of the extremely smaller
Kgz:.

Chemical shift differences in caZ« pgz bound to B-DNA and
Z-DNA

In addition to the dissociation constants, the global fitting
method also provides the 'H and >N chemical shift differ-
ences between the free and the bound forms for both B-
DNA and Z-DNA binding (Supplementary Figure S3). The
combined averages of 'H and >N chemical shift changes
(A3,y,) were determined for each residue to represent effects
of binding to B-DNA and Z-DNA (Figure 4A). The chem-
ical shift information for residues N38, R39, L41, Y42 and
L44 in the o3 helix could not be collected because these res-
onances disappeared or became very weak during titration
upon DNA. At 10 mM NacCl, both B-DNA and Z-DNA
binding of caZapkz caused similar chemical shift pertur-
bations, such that significant chemical shift changes were
observed in the a3 helix as well as in the B1-a2 and B-
hairpin regions (Figure 4A). However, at 100 mM NacCl, the
B-DNA and Z-DNA binding of caZapkz exhibited com-
pletely different chemical shift perturbation results from
each other (Figure 4A). For the Z-DNA binding, a large
chemical shift changes were observed for the a3, 1-a2 and
B-hairpin regions, similar to data at 10 mM NaCl (Figure
4A and B). On the other hand, the B-DNA binding affected
130 in L2; S35, Q45 and R46 in «3; and N54 and V59 in the
B-hairpin with A8,, > 0.06 ppm (Figure 4A and C). These
results meant that the B-DNA binding state of caZapk 7 €x-
hibited distinct structural features under high and low salt
conditions, which might be related to reduced B-Z transi-
tion activity at higher [NaCl].

The superimposed 'H/’N-HSQC spectra of free
caZopkz at 10, 100 or 250 mM NaCl at 25°C are shown
in Supplementary Figure S4. Significant chemical shift
differences were observed for residues in the a2 and o3
regions with increasing [NaCl] from 10 to 100 mM (Figure
4D). However, all residues in the Z-DNA binding complex
showed little chemical shift changes (A8,, < 0.05 ppm)
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Figure 3. Quantitative assessments of DNA binding by caZapkz using HSQC data. (A) A representative region of the 'H/!N-HSQC of caZapkz upon
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[Ntot/[Plior ratio. (B) Global fitting of the fz data and (C and D) the ' H/!SN-HSQC titration curves for caZapgz with dT(CG)s as a function of [Nt /[Pliot
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Table 2. Dissociation constants (Kgqpp and Kqzpr) for B-DNA and Z-DNA binding, equilibrium constant for B-Z transition (Kpz;) and
association/dissociation rate constants (konzp and kofrzp2) for Z-DNA binding of caZapkz with a 6-bp DNA

kon,ZP (X 108

DNA pH [NaCl] (mM) Kqp (LM) Kq,zp2 (LM) Kpz.1 M-Is7h kottzp2 (s71)
dT(GC);3 6.0 10 0.028 + 0.017 0.345 + 0.079 0.87 £+ 0.03 19.6 £ 1.22 675 + 432
100 16.4 £ 0.8 8.76 + 0.67 0.19 + 0.02 1.56 + 0.03° 1381 & 30°

8.0 10 0.157 + 0.021 0.129 + 0.074 1.18 & 0.03

100 5.41 4+ 0.66 241 £+ 0.37 0.18 £ 0.02

d(GO)3 8.0 10 5.18 £ 2.43 1.79 £+ 0.95 0.11 £ 0.05

4From CPMG data with P, = 0.873.
YFrom CPMG data with Pge. = 0.891.

upon change of [NaCl] (Figure 4D). For example, the A23
and L24 amide signals in the Z-DNA binding complex
were located at the almost same position in the spectra (red
and orange peaks in Figure 4E), whereas they showed the
significant chemical shift differences in the free form (green
and brown peaks in Figure 4E). These results indicate
that the Z-DNA binding complex of caZapgz maintains
almost the same structural features regardless of salt
concentration, contrary to free caZapgz.

ISN Carr-Purcell-Meiboom-Gill (CPMG) relaxation disper-
sion experiment on caZa pgz bound to dT(CG);

The rate constants for association and dissociation of
caZapgz with DNA were determined using NMR N
backbone amide CPMG relaxation dispersion experiments
(33). According to the concentrations of each state calcu-
lated using Equation (4) as a function of [N]io/[Piot, free
P and complex ZP, are the only two major conforma-
tional states when [N}iot/[Pliot << 0.5 (Supplementary Fig-
ure S5). Thus we analyzed the CPMG data using a two-
state model of conformational exchange, where the ZP and

7P, are considered as the ligand (L) and complex (PL),
respectively (Figure 5A). In this model, the conformation
exchange rate (key) is given by kex = konzp[ZP] + kofrzp2,
where kon zp 1s the association rate of ZP, kog.zp» is the dis-
sociation rate of ZP, and [ZP] is the concentration of ZP
(Figure 5A). Interestingly, several residues of free caZapkz
exhibited conformational exchange with ke, of 550 + 296
and 684 + 153 s~ at 10 and 100 mM NaCl, respectively
(Figure 5B). Thus, in order to minimize the effect of con-
formational exchange of free caZapk z, the transverse relax-
ation rate differences between the caZapxz—dT(CG); com-
plex and free caZapk 7 (Rz,effC"mp—Rz,efffree) were fitted glob-
ally using Equation (4). The Aw values were determined
from global fitting of the 'H/!>N titration data and the rela-
tive population of free caZapkz, Prree ( = [P]/[Plior) Was cal-
culated by ppree = 1 — Adops/Adz (Figure 5C). Even though
we used these fixed Aw and pge. values for fitting of the
CPMG data, the all CPMG data were globally well fitted
(Figure 5D). Itindicates that the conformation exchange for
the association/dissociation of Z-DNA exhibits the single
kex value through all residues. At 10 mM NaCl, the CPMG
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Figure 5. Quantitative assessments of DNA binding by caZapkz using CPMG data. (A) Two-state models of association/dissociation of a protein-ligand
complex (upper) and the caZapkz—Z-DNA complex (lower). (B) The '’N CPMG NMR relaxation dispersion data for free caZapiz with [NaCl] of 10
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data for the caZapkz—dT(CG)3 complex at 10 (left) or 100 mM NaCl (right). The microscopic rate constant (ko zp2) Was extracted from key and the

[P]/[Pliot ratio.

dataset with pge. = 0.873 was globally fit to obtain the ke
of 774 + 49 s~!, which was used to calculate the kon.zp[ZP]
and kogrzpy of 98 £ 6 and 675 & 43 s™!, respectively (using
koff,zpz = kex X pfree) and the kon,zp of (1.96 £ 0.12) x 10°
M~!s~! (using konzp = kofr.zp2/Ka.zp2) (Table 2 and Figure
5D). In the case that [NaCl] = 100 mM, the dataset at peee
=0.891 was globally fitted to obtain the k., of 1550 4 34 s~!
and the ko zp2 and kon zp of 1381 4 30 and (1.56 £ 0.03) x
103 M~!s™!, respectively (Table 2 and Figure 5D). These re-
sults indicate that, as [NaCl] increased from 10 to 100 mM,
the 13-fold slower ko zp and 2-fold faster ko zp» resulted in
a 25-fold larger K4 zp;.

H-bonding interaction of K56 with Z-DNA phosphate

The crystal structure of the caZoapkz—dT(CG); complex
showed that the sidechain of K56 exhibited an unusual H-
bonding interaction with the TOpC1 phosphate of Z-DNA
(Figure 1B) (10). Thus, in order to understand the role of
this intermolecular H-bonding interaction, NMR titrations
of caZapkyz into d(CG); were performed (Figure 6A). At
10 mM NacCl, only 57% of d(CG); was converted to Z-
DNA by caZapkz at [Pt /[ V]t = 2.0 (Figure 6B), whereas

most of dT(CG); exhibited the Z-DNA conformation at
[Pliot/[Ntot = 2.0 (Figure 1E). A similar decrement in B—
Z transition activity was also observed at 100 mM NaCl
(Figure 6B). We fitted simultaneously the 'H and '°N titra-
tion curves of caZapkz and the f; data of d(CG)s; and
dT(CG); at pH 8.0 to compare the B-Z transition activi-
ties of these two DNAs by caZapkz (Supplementary Figure
S6). The global fitting showed that d(CG); has 33- and 14-
fold larger values of K4 gp and Kg4 zp», respectively, and a 10-
fold smaller Kpz; than dT(CG)s at 10 mM NacCl (Table 2).
When [NaCl] = 100 mM, the 'H/"N-HSQC titration data
of d(CG); were not fitted well because of its very low B-Z
transition activity (meaning Kpz,; << 1). These results sug-
gest that the intermolecular H-bonding interaction of K56
with the phosphate backbone of Z-DNA significantly con-
tributes not only to DNA binding of caZapkz but also to
its B-Z transition activity.

The hydrogen exchange rate constants (kex) for the imino
protons of both free and caZapgz-bound dT(CG); and
d(CG); were determined at 35°C. The G2b and G4b pro-
tons of free dT(CG); have significantly smaller k¢ values
compared to those of free d(CG); (Figure 6C and D), in-
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Figure 6. Contribution of H-bonding interaction of K56 with Z-DNA phosphate to B-Z transition. (A) 1D imino proton spectra of d(CG)3 at 35°C upon
titration with caZapgz in NMR buffer (pH = 8.0) containing 10 (left), 100 (middle) or 250 mM NaCl (right). The resonances from B-form are labeled as
G2b and G4b and those from Z-form are labeled as G2z and G4z. (B) Relative Z-DNA populations (fz) of d(CG)3 induced by caZapkz in NMR buffer
containing 10 (red circle), 100 (blue square) or 250 mM NaCl (green triangle) as a function of [Pliot/[Niot ratio. Solid lines are the best fit to Equation
(8). (C) The exchange rate constants (kex) of the imino protons of the free dT(CG)s (left) and caZapkz—dT(CG); (right, [Pliot/[Niot = 3.4) at 35°C. (D)
The ke of the imino protons of the free d(CG)3 (left), caZaprz—d(CG)s, (middle, [Pliot/[Niot = 6.0) and hZaapar1—d(CG)s, (right, previous data (11))

at 35°C.

dicating that the flanking T residue of dT(CG); leads to
greater stabilization of the central G-C base-pairs. In the
caZapkz—dT(CG); complex, the ke, of G4z are significantly
smaller than those of free dT(CG)3, whereas the G2z imino
protons have slightly larger k¢ than the corresponding G2b
protons (Figure 6C). Surprisingly, the G2z in the caZapkz—
d(CG)3 complex has significantly larger ke than in the
caZapkz—dT(CG); complex (Figure 6D), consistent with
severe line-broadening of the G2z imino resonance (Fig-
ure 6A). These results indicate that the intermolecular H-
bonding interaction of K56 plays an important role in sta-
bilization of the G2-C5 base-pair in Z-DNA.

DISCUSSION

The caZapgz protein requires low salt concentration for
full B-Z transition activity, although its overall structure
and interactions with Z-DNA are similar to other ZBPs.
It has been reported that the typical intracellular salt con-
centration of fresh water fish is maintained at as few as
10 mM (34,35), and goldfish showed low salinity tolerance
(<20 ppt) (36). Thus the salt-dependent B-Z transition ac-
tivity of caZapkz is thought to reflect the natural envi-
ronmental conditions of goldfish. We have undertaken a
structural analysis of protein-DNA interactions during B—
Z transition of a 6-bp DNA by caZapkyz, in order to un-
derstand the salt-dependency of ZBP activity. The NMR

chemical shift perturbation (Supplementary Figure S1) and
crystal structure analyses (10) can only illustrate the in-
teractions of ZBP with Z-DNA 1in the final caZopkz—Z-
DNA (ZP,) complex. However, by applying global anal-
ysis on the titration curves, we are able to provide struc-
tural information on caZapgz not only in the Z-DNA
binding complex but also in the B-DNA binding complex
that is the first intermediate structure in the B-Z transi-
tion pathway (Supplementary Figure S3). Global analy-
sis gave the K4 of caZapky for the BP (28 nM) and ZP,
complexes (345 nM) under 10 mM NaCl condition (Ta-
ble 2), which have orders of magnitude similar to the pre-
vious K4 (851 nM) determined by bio-layer interferometry
(10). The values of konzp (1.96 x 10° M~!s™!) and kofr.zp2
(675 s71), which are supported by fast exchange behavior in
the '"H/">N-HSQC spectra during titration (Supplementary
Figure S2), are consistent with the association process of
10°-10'° M~!s~! reported for protein—nucleic acid interac-
tions (15,37-39). Taken together, we conclude that the anal-
ysis of CPMG data combined with global fitting of titration
curves is the most effective method to estimate accurate dis-
sociation constants as well as dissociation/association rate
constants in a multi-site protein—-DNA binding system in-
cluding conformational changes of DNA and/or proteins.
The increase of [NaCl] from 10 to 100 mM exhibits a
larger effect on the konzp (13-fold larger) than kogzpr (2-
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Z-DNA binding of caZapkz at 10 and 100 mM NaCl, respectively.

fold larger), and this resulted in a 25-fold larger K4 zp» (Ta-
ble 2). Similar results were observed for the binding of Fyn
SH3 domain to substrate peptides (40). The Gibbs free en-
ergies for the formation of ZP, can be calculated using
the equation AG°zpy = RTInKq4 zps. The results revealed
that the difference between the AG°zp, values at 10 and
100 mM NaCl (AAG°zp; = A GO zp, 100mM _ AGozpzlomM)
is +2.0 kcal/mol (Figure 7). The activation energy differ-
ences for association (A A G*zp,) and dissociation (AA G¥zp)
of the ZP, complex can be evaluated using the equations,
AAGzpy =~RTIn(konzp' "™ /kon zp'"™™) and AAG'zp =
~RTIn(kogr zp2 "M / ko 7p2 ''™M), respectively. The CPMG
data revealed that the AAG'zp, value was 1.6 kcal/mol
whereas AAG'zp was only —0.4 kcal/mol (Figure 7), which
could be explained by the structural feature that, in the
Z-DNA binding complex, caZapgz maintains almost the
same backbone conformations regardless of salt concentra-
tion (Figure 4D). However, the free form of caZapkz shows
unusual conformational exchange (Figure 5B), which dis-
plays distinct 'H/""N-HSQC spectra with varying salt con-
centration (Supplementary Figure S4). This structural fea-
ture is consistent with the CPMG data showing that, in
spite of a 2-fold larger kogzp2, the Kyzpy value increased
25x larger as [NaCl] increased from 10 to 100 mM (Ta-
ble 2). Thus, our study suggested that increasing the ionic
strength more strongly interferes with the association of ZP
with caZapkz via the intermolecular electrostatic interac-
tions (related to ko, zp) rather than the dissociation of ZP,
(related to komzp2).

Surprisingly, we found that the structural features of the
B-DNA binding complexes (BP) of caZapkz at 10 and 100
mM NaCl are completely different from each other (Fig-
ure 4D). At 10 mM NacCl, the a3, B1-a2 and B-hairpin re-
gions of caZapkz participate in strong intermolecular inter-
actions with B-DNA (Figure 4B). This intermolecular in-
teraction in the BP complex is able to provide efficient driv-
ing force to cause the B-Z conformational change of DNA.
However, as [NaCl] increased to 100 mM, the caZapkyz

binds to B-DNA mainly through the a3 helix, with a par-
tial contribution of the B-hairpin (Figure 4B). Global anal-
ysis found that increasing [NaCl] from 10 to 100 mM more
significantly reduced the Gibbs free energies for the forma-
tion of BP with AAG®°gp of 3.9 kcal/mol, which is 2-fold
larger than the AAG°zp, value (Figure 7). It is reported
that the activity of nitrogen regulatory protein C can be
modulated by mutations or BeF3;~, which drive the equi-
librium toward the active state through destabilizing the in-
active state and stabilizing the active state, respectively (41).
Assuming that caZapgyz binds to B-DNA to form a fully
active BP conformation at low salt concentration, increas-
ing the ionic strength screens the intermolecular electro-
static interactions, which participates in formation of the
active BP conformation, and then the conformational equi-
librium is driven toward the inactive state. As shown in Fig-
ure 4E, the ~25-40% chemical shift movements of caZapk 7
upon B-DNA binding, reflecting a lower population of the
active BP conformation, can explain the relatively lower
B-Z transition activity (4.5-fold smaller Kpz;) (Table 1).
Thus, the HSQC spectra of the intermediate BP complex
derived from our global analysis could be used as a molec-
ular ruler to determine the degree of B-Z transition activity
of caZapkz (Figure 4E).

The hydrogen exchange data of the imino protons in-
dicates that the G-C base-pairs in the caZapxz—dT(CG);
complex are less stable compared to the hZaapar1—d(CG);
complex (Figure 6C and D). This might be caused by the
lack of H-bonding interaction of caZapkz with the C5pG6
phosphate of DNA (Figure 1B), which is provided by the
K170 sidechain of hZaapar; (8). Under low salt condi-
tions, this H-bonding interaction of ZBP rarely affects the
DNA binding as well as B-Z transition. In contrast, the H-
bonding of K56 with DNA phosphate contributes to not
only stabilization of base-pairs in Z-DNA but also DNA
binding and B-Z transition (Figure 6). Because the back-
bone of the B-hairpin in free caZapky is distinct from that
of the complex structure (Figure 2B), this interaction plays



an important role in stabilizing the contact of the B-hairpin
with Z-DNA in order to achieve full activity of the ZBP. In
hZoaapari, both the free and complex forms have similar
B-hairpin structures (8,42) and thus this interaction is not
crucial for the function of the human protein.

In summary, we have performed a structural analysis of
the interaction of ZBP caZapkz with DNA during B-Z
transition. The solution structure of free caZapgz revealed
that the overall structure is very similar to the caZopgz—
dT(CG); complex while the B-hairpin exhibits the differ-
ent orientation from the crystal structure. Global analy-
sis of chemical shift perturbations found that increasing
[NaCl] from 10 to 100 mM reduced the binding affinity of
caZapgz for both B-DNA (600-fold) and Z-DNA (25-fold)
and decreased its B-Z transition activity (4.6-fold). Our re-
sults suggest that the structure of the intermediate complex
formed by caZapgz and B-DNA is modulated by varying
salt concentration and thus it could be used as a molecular
ruler to determine the degree of B-Z transition.
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