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a b s t r a c t

A Z-DNA binding protein (ZBP)-containing protein kinase (PKZ) in fish species has an important role in
the innate immune response. Previous structural studies of the Za domain of the PKZ from Carassius
auratus (caZaPKZ) showed that the protein initially binds to B-DNA and induces B-Z transition of double
stranded DNA in a salt concentration-dependent manner. However, the significantly reduced B-Z tran-
sition activity of caZaPKZ at high salt concentration was not fully understood. In this study, we present the
binding affinity of the protein for B-DNA and Z-DNA and characterize its extremely low B-Z transition
activity at 250 mM NaCl. Our results emphasize that the B-DNA-bound form of caZaPKZ can be used as
molecular ruler to measure the degree of B-Z transition.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

Z-DNA binding proteins (ZBPs) are critical players in various
cellular functions such as RNA editing and the innate immune
response [1e3]. An RNA editing enzyme (ADAR1), DNA-dependent
activator of interferon-regulatory factor (DAI), the viral E3L protein,
and a fish protein kinase containing a ZBP (PKZ) are examples of
ZBPs which contain one or more Z-DNA binding domains [1,2,4,5].
They stabilize left-handed Z-DNA, which is a higher energy
conformation than B-DNA, via complex formation [6,7]. The
conserved Za domain (~60 amino acids) consists of three a helices
and three b strands (a1-b1-a2-a3-b2-b3), the first half of which is
considered as a helix-turn-helix fold (Fig. 1A) [8]. Several crystal
structures of the Za domain in complex with dT(CG)3 revealed that
two Za molecules bind to each strand of double-stranded Z-DNA
using residues in their a3 helix and their b-hairpin (b2-loop-b3)
(Fig. 1B) [1,7,9,10]. The critical residues for Z-DNA binding are well

conserved among various ZBPs [2]. In order to explain ZBP-DNA
interaction, an active B-Z transition mechanism has been sug-
gested (Fig. 1B). Firstly, the ZBP (denoted as P) binds to B-DNA
(denoted as B) to form BP, and then BP is converted to ZP (Z-DNA is
denoted as Z). Binding of another P to ZP generates a stable ZP2
complex [11].

In a previous study, we applied the active B-Z transition
mechanism to the function of the Za domain of the PKZ from Car-
assius auratus (caZaPKZ) [12]. The solution structure of the free form
of caZaPKZ wasmostly similar to its structurewhen bound to Z-form
dT(CG)3, with the exception of the orientation of the b-hairpin,
which is involved in a charge-charge interaction with the phos-
phate backbone of the Z-DNA [12]. However, the global analysis of
chemical shift perturbation data at 10 mM and 100 mM NaCl
indicated that the protein had different binding affinities for B- and
Z-DNA and that interaction with B-DNA was severely affected by
the concentration of NaCl ([NaCl]). By monitoring ellipticity at
255 nm for the B-Z transition with time course CD spectroscopy at
various [NaCl], it has been shown that the B-Z transition activity of
caZaPKZ is strongly salt concentration-dependent, unlike other
ZBPs, and that high salt concentrations (tested up to 250 mM NaCl)
produce extremely low activity [10].

In order to investigate the B-Z transition induced by caZaPKZ at
high [NaCl], we analyzed the imino proton spectra of dT(CG)3
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during titration with caZaPKZ and monitored the 1H-15N chemical
shift perturbations of caZaPKZ during titrationwith dT(CG)3, both at
250 mM NaCl. Based on these data, the relative Z-DNA population,
the dissociation constants of caZaPKZ for B- and Z-DNA binding, and
the equilibrium constant for the B-Z transition were determined.
Our study also provides information about the chemical shift
changes in the B-DNA-bound form of caZaPKZ, which can be used as
a molecular ruler for the B-Z transition induced by ZBPs at 250 mM
NaCl.

2. Materials and methods

2.1. Sample preparation

The DNA oligomer dT(CG)3 was purchased from M-biotech Inc.
(the Korean branch of IDT Inc.), purified by reverse-phase HPLC, and
desalted using a Sephadex G-25 gel filtration column. To produce
15N-labeled caZaPKZ, BL21(DE3) bacteria expressing caZaPKZ were

grown in M9 medium containing 1 g/L of 15NH4Cl. The expression
and purification of 15N-labeled caZaPKZ have been described in a
previous report [12]. The DNA and protein samples were dissolved
in a 90% H2O/10% D2O NMR buffer containing 10 mM sodium
phosphate (pH 6.0) and 250 mM NaCl.

2.2. NMR experiments

All NMR experiments were performed on an Agilent DD2
700 NMR MHz spectrometer (GNU, Jinju, Korea) or a Bruker
Avance-III 800-MHz NMR spectrometer (KBSI, Ochang) equipped
with a triple resonance cryogenic probe. All 1H-15N HSQC and imino
proton spectra were obtained for complexes prepared by addition
of DNA to 1 mM 15N-labeled caZaPKZ or addition of 15N-labeled
caZaPKZ to 0.1e0.2 mM DNA One-dimensional (1D) NMR data were
processedwith either the programVNMRJ (Agilent, Santa Clara, CA)
or FELIX2004 (FELIX NMR, San Diego, CA), whereas 2D data were
processed with the program NMRPipe [13] and analyzed with the

Fig. 1. (A) Sequence and secondary structure of caZaPKZ. (B) Mechanism for the BeZ transition of a 6-bp DNA duplex by two molecules of Z-DNA binding protein. (C) Relative Z-DNA
populations (fZ) of dT(CG)3 induced by caZaPKZ at 10 (blue square) [12], 100 (yellow triangle) [12], or 250 mM NaCl (magenta circle, this study) as a function of [N]tot/[P]tot ratio. (D)
Histogram of the Ddavg of 15N-labeled caZaPKZ upon dT(CG)3 binding at 250 mM NaCl [12]. (E) 1H and (F) 15N chemical shift changes of HSQC cross-peaks of caZaPKZ upon dT(CG)3
titration at 250 mM NaCl. Solid lines are the best fits to the equation described previously [12]. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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