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ARTICLE INFO ABSTRACT

Basic leucine zipper (bZIP) transcription factors (TFs) are eukaryote-specific proteins that bind to DNA as a
homodimer or heterodimer and regulate gene expression. They are involved in several biological processes in
plants; therefore inhibiting bZIP-DNA binding activity by targeting protein-protein interface is an attractive
proposition with aspects of both basic and applied biology. Here, we describe the equilibrium and kinetic in-
teractions studies of a designed peptide inhibitor A-ZIP53 and its four variants with the bZIP53 protein, a key
regulator of seed maturation phase and stress response in Arabidopsis. Five designed peptide inhibitors were
primed to preferentially interact with bZIP53 and inhibit its DNA binding activity. Isothermal circular dichroism
(CD) studies were used to quantify the structural changes accompanying heterodimers formation between
bZIP53 and five A-ZIP53s. Equilibrium studies using electrophoretic mobility shift assay (EMSA) and fluores-
cence polarization (FP) assays suggest that A-ZIP53s and bZIP53 mixture form heterodimers, incapable of
binding to DNA. Four A-ZIP53 derivatives were designed with additional interactions that drive hetero-
dimerization with bZIP53. A-ZIP53s dose-dependent FP studies show that peptide inhibitors displaced the DNA
bound bZIP53 with nM half-maximal inhibitory (ICso) concentrations. Using FP, time-dependent displacement
kinetic studies were used to rank five A-ZIP53s for their abilities to displace DNA-bound bZIP53 with a rank
order of A-ZIP53 < A-ZIP53(A—E) < A-ZIPS3(N—A) < A-ZIP53(R—E) < A-ZIP53(A—EN—A). In
transient transfection assays, bZIP53-mediated GUS activity was inhibited by equimolar concentrations of five A-
ZIP53s with A-ZIP53(A — E,N — A) the most effective one. Similar peptide inhibitors may be designed against
other bZIP proteins to study their functions in vivo.
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important and pertinent molecular target to inhibit.
Targeting bZIP TFs is rewarding but challenging as they lack the

1. Introduction

Basic leucine zipper (bZIP) transcription factors (TFs) are ex-
clusively eukaryotic class of dimeric proteins that regulate a broad
range of biological processes, either as homodimers or heterodimers
[1-4]. A bZIP TF has an N-terminal DNA binding domain and a C-
terminal coiled coil dimerization domain which is characterized by the
repeat of seven amino acids or a heptad designated as (gabcdef),, [5]. In
Arabidopsis, bZIP TFs are involved in pathogen defense, light signaling,
flower development, seed development and maturation [6-8]. The
phenomenon of seed maturation is under the control of the combina-
torial action of the multiple bZIP TFs including bZIP53, bZIP10, and
bZIP25. The involvement of the bZIP53 TF has further been reported in
salt and starvation-mediated stress response [9,10]. Thus, bZIP53 im-
plication in different signaling and metabolic pathways makes it an

* Corresponding author.
E-mail address: vikasrishi@nabi.res.in (V. Rishi).

https://doi.org/10.1016/j.bbapap.2018.09.007

enzymatic pocket, have wider range of topographies and large surface
area at the DNA binding and protein-protein interfaces [11,12]. Given
the significance of the bZIPs in various biological processes, it is im-
portant to use the molecules that selectively disrupt the dimer forma-
tion or the bZIP-DNA interactions [13-15]. The availability of the high-
throughput screening (HTS), computer-aided molecular docking and
other approaches have contributed in the designing of small molecules
that may work as an inhibitor of the bZIP-DNA complex or affect the
bZIP dimerization. [16-18]. Currently, various classes of inhibitory
molecules are available, including small molecules, polyamides, and
effector domains but their efficacy and specificity in disrupting the bZIP
dimerization or bZIP-DNA interactions are debatable [19-21]. Earlier
attempt to inhibit bZIPs with small molecules have met with limited
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success, while use of other regulatory biological tools like the RNAi and
CRISPR/cas9 are restricted by their off-target effects [1,18,19,21-24].
In nature, truncated isoforms or dominant negative forms of tran-
scription factors are often used for modulating the gene activity. For
example, C/EBPp LIP, a dominant negative isoform lacking transacti-
vation domain inhibits the activity of biological active C/EBP3 LAP
isoform by forming a heterodimer [25]. Similarly, in plants, truncated
transcription factor-like proteins called microProteins (miPs) are known
to modulate transcription factor activities [26]. Designed peptides or
peptidomimetics have major advantages over small molecules and
naturally occurring dominant negative forms of TFs as they mimic
natural dimerizing partners and can be designed to interact with high
affinity and specificity to the target proteins [1]. Previously, several
peptide inhibitors have been reported that disrupts the protein-protein
interface of bZIP's dimerization domain and few are in clinical trials
[27-29].

Earlier, we have designed dominant negative peptide inhibitor A-
ZIP53 that prevented bZIP53 binding to a G-box containing DNA. We
used this peptide to elucidate the structural determinants that drive the
heterodimerization between bZIP53, bZIP10, and bZIP25. A-ZIP53 was
designed by replacing the basic DNA binding domain of bZIP53 with
the rationally designed 28 amino acids long peptide, rich in glutamic
acid. Further four peptides were designed with additional interactions
that drive heterodimerization. Equilibrium studies, using CD and mass
spectrometry showed strong interactions between bZIP53 and A-ZIP53
and its four derivatives but the study did not envisage whether A-ZIP53
can displace bZIP53 from DNA-bZIP53 complex in vitro, a property that
is prerequisite to its biological activity [30]. Here we further attempt to
answer if heterodimerization between bZIP53 and A-ZIP53 takes place
in biological relevant temperature and timescale. Building on our pre-
vious work, now we have performed kinetics of displacement of bZIP53
bound to a G-box DNA by five A-ZIP53s. FP was used to measure
binding affinity of bZIP53 and A-ZIP53 and ICs, values were de-
termined for five A-ZIP53 peptide inhibitors. Quantitative structural
changes accompanying heterodimer formation between bZIP53 and
five A-ZIP53s are provided by equilibrium CD studies. Using Arabidopsis
protoplasts, ex vivo transient transfections studies demonstrated the
efficacies of five A-ZIPs in inhibiting the bZIP53-mediated GUS reporter
activities.

2. Materials and methods
2.1. Plasmid vectors

Plasmid vectors containing full-length and DNA binding domain
ORFs of bZIP53, five A-ZIP53s and A-ZIP39 are described previously.
All proteins used in the present study have T7 epitope (ASMTGGQ-
QMG) at their N-terminal. bZIP53 and A-ZIP53 nucleotide sequences
were confirmed by dideoxy sequencing. The amino acids sequence of
bZIP53is as follow: RYATVTDERKRKRMISNRESARRSRMRKQKQLGD-
LINEVTLLKNDNAKITEQVDEASKKYIEMESKNNVLRAQASELTDRLRSL-
NSVLEMVEEISGQALD.

All five designed protein inhibitors have the same c-terminal di-
merization domain. The acidic extensions of five A-ZIP53s with un-
derlined mutated amino acids and sequence of A-ZIP39 are as follow:

A-ZIP53: LEQRAEELARENEELEKEAEELEQELAELEN——
A-ZIP53(A — E): LEQRAEELERENEELEKEAEELEQELAELEN——
A-ZIP53(R — E): LEQEAEELARENEELEKEAEELEQELAELEN——
A-ZIP53(N — A): LEQRAEELAREAEELEKEAEELEQELAELEN——
A-ZIP53(A—E, N—A): LEQRAEELEREAEELEKEAEELEQELAE-
LEN——

A-ZIP39: LEQRAEELARENEELEKEAEELEQELAELENELNQLKEENA-
QLKHALAELER KRKQQYFESLKSRAQPKLPKSNGRLRTLMRNPSCPL.
bZIP39 expression vector was a gift from Dr. Wolfgang DrQOge-Laser,
University of Wiirzburg, Germany.
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2.2. Expression and purification of proteins

All chemicals used in the study were of highest analytical grade.
Plasmids encoding bZIP53, bZIP39, A-ZIP53s and A-ZIP39 were used
for the transformation of E. coli BL21 (DE-3). Transformed cells were
grown overnight at 37 °C, and 300 rpm in 20 ml Superbroth medium
containing 100 pg/ml ampicillin and 35 pg/ml chloramphenicol. High-
density cultures were transferred to the 500 ml Superbroth medium
containing 100 pg/ml ampicillin. Transformed bacteria were grown at
the 37 °C, and 300 rpm until the O.D. reached 0.6. Bacterial cultures
were induced by the addition of 1 mM isopropyl-f-p-thiogalactopyr-
anoside (IPTG) and harvested after 3-5h of growth and processed as
described earlier [31]. Samples were dialyzed overnight against the low
salt buffer (20 mM Tris-HCI (pH 8.0), 50 mM KCl, 1 mM EDTA, 0.2 mM
phenylmethylsulfonyl fluoride (PMSF), and 1 mM DTT). The bZIP53
and bZIP39 proteins were purified over the heparin-sepharose column
and eluted using potassium phosphate buffer (pH7.4) containing in-
creasing concentrations of the KCI (150, 300, and 1000 mM). A-ZIP53
proteins were purified using hydroxyapatite column and eluted with the
250 mM sodium phosphate buffer (pH7.4). All proteins were subse-
quently purified using reverse phase HPLC as described previously [31].
300 mM and 1 M fractions of bZIP proteins and 250 mM Na-phosphate
fraction of A-ZIP proteins were injected into C18 Reverse Phase column
(Agilent, USA). Gradient of solution A (degassed deionized water with
0.1% TFA) and solvent B (100% acetonitrile with 0.1% TFA) was em-
ployed for protein purification. Gradient of 0-100% of solvent B with a
flow rate of 2 ml/min was used to elute proteins from the column. Real
time elution was monitored by taking absorption at 220 nm. Complete
elution was achieved in 45 mins. Purified lyophilized proteins were
dissolved in the CD buffer (12.5 mM phosphate buffer (pH 7.4), 150 mM
KCl, and 0.25mM EDTA) and concentrations were measured by using
absorption values at 230 nm [31].

2.3. Protein sequencing by mass spectrometry

Amino acids sequences of expressed A-ZIP53 and its four derivatives
with single and double mutations were confirmed by Nano-LC-MS/MS.
Protein sequencing was performed on Triple TOF™ 5600 mass spec-
trometer (AB Sciex Pte. Ltd., USA) attached to the Nano-LC (Eksigent
Technologies Llc, USA). For peptide sequencing, lyophilized tryptic
digests of 0.1 ug protein were re-suspended in 0.1% formic acid [32].
10 pl of sample was passed through desalting trap column (Chrom-XP,
C-18-CL-3uM, 350 uM X 0.5mm, Eksigent Technologies LLC., USA).
Peptides were separated on the C;g matrix column (3C-18-CL-120,
3uM, 120A, 0.075 x 150 mm, Eksigent Technologies LLC., USA). The
analyte was eluted using gradient of mobile phase A (MS grade water
with 0.1% formic acid) and mobile phase B (acetonitrile with 0.1%
formic acid) from 5 to 95% B in 32 min with a flow rate of 300 nl/min.
After separation, peptides were subjected to tandem mass (MS/MS)
analysis. Peptides were identified using Protein Pilot software (Version
4.08085, AB Sciex Pte. Ltd., USA).

2.4. FP assays

For FP, 5’ fluorescein labeled 28-mer double-stranded oligo con-
taining a single G-box binding site for bZIP53 protein (GTCAGTCAGG
CCACGTGGCATGCCTCAG) was used as described earlier [30]. Same
oligo was used for studies involving bZIP39. Previously, FP was used to
study DNA-protein interactions [18]. 5nM probe was added to 96 well
black polypropylene microwell plate (Thermo Fischer Scientific, USA)
in the FP buffer (10 mM Tris pH 7.4, 150 mM KCl, 0.5 mM EDTA, 0.1%
Triton X-100, and 0.2 mM DTT). Double- stranded oligo in FP buffer
was equilibrated for 30 min at 25 °C and FP signals were recorded using
SpectraMax M5° (Molecular Devices, USA) with excitation at 485 nm
and emission at 535nm with high sensitivity setting. To study dose-
dependent changes in FP signals, varying concentrations of bZIP53
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protein (10, 50, 250, 500, and 1000 nM) were subsequently added to
oligo containing polypropylene plate, the mixtures were incubated for
1h at 25°C and florescence signals were recorded. Increased flores-
cence signals represented bZIP53-DNA binding. For probing the effi-
ciency of peptide inhibitor A-ZIP53 and its derivatives against bZIP53-
DNA binding, two sets of experiments were performed. In first equili-
brium experiments ie., scheme 1, prior to adding DNA, 500 nM of
bZIP53 protein was heated to 65 °C, in presence of 1 uM A-ZIP53 pep-
tide inhibitor, incubated for 15 mins and then added to fluorescein-
labeled DNA. Mixtures were incubated at 25 °C for 2 h in dark. Lower FP
signals observed were due to the inability of A-ZIP53|bZIP53 hetero-
dimer to bind DNA. In second set of experiments or scheme 2, bZIP53
was allowed to bind to labeled DNA, incubated at 25 °C for 1 h for DNA-
bZIP53 complex to form. DNA binding of bZIP53 was challenged by
adding increasing concentrations of five A-ZIP proteins. Solutions
containing DNA-bZIP53 complex and different A-ZIPs were incubated
for 1 h at 25°C and polarization signals were measured again. A-ZIP39
that does not heterodimerize with bZIP53 was used as negative control
[30]. For displacement kinetic assays 1 uM of five A-ZIP53s were added
to DNA-bZIP53 complex and polarization signals were immediately and
continuously recorded over 1h. B-ZIP39, a non-target of A-ZIP53 was
used as a negative control [30].

2.5. Protein structure modelling

bZIP53 homodimer, DNA-bound bZIP53 dimer, A-ZIP53 homo-
dimer and the A-ZIP53|bZIP53 heterodimer (vertical line indicates
heterodimer) were modeled using SWISS-MODEL [33,34]. PyMol soft-
ware was used for molecular visualization of protein [35]. For the
modelling of bZIP53, Arabidopsis HY5 bZIP was used as a template.
DNA-bound bZIP53 was modeled on C/EBPa homodimer, whereas NF-
kB essential modulator was the template for A-ZIP53(A — E). Hetero-
dimer between A-ZIP53(A — E) and bZIP53 used cfos and Jun hetero-
dimer as template. Here, we emphasized that models are for visuali-
zation only.

2.6. CD spectroscopy

CD studies were carried out using J815 spectropolarimeter (Jasco,
Japan) with a 5mm rectangular CD cell. All protein samples were
dissolved in the standard CD buffer (12.5mM potassium phosphate
(pH7.4), 150 mM KCl, and 0.25mM EDTA). For CD study, protein
samples were heated at 65 °C for 15 min with 1 mM DTT, cooled at
room temperature and diluted to 2 uM dimer in 1 ml buffer. Wavelength
scans in triplicate were performed at 6 °C from 200 to 260 nm. Far-UV
spectra were measured with 50 nm/min scanning speed, 1 min response
time, and 3 accumulations. The Spectra Manager program (Jasco Corp.)
was used for buffer subtraction. All CD spectra were represented as the
mean-residual weight molar ellipticity, [6]ygrw, in deg.cm?/dmol.

100 x 6

Olarw = — =
[]MRW CXNXZ

(€))
where 0 is ellipticity signal in deg., C is the molar protein concentra-
tion, N is the number of amino acids and [ is the path length of CD
cuvette.

2.7. EMSA assays

A 28 bps fluorescein labeled DNA that was employed in FP was used
as probe for EMSA assays. EMSA assays involving bZIP53 and A-ZIP53s
heterodimers, proteins were incubated in the gel shift reaction buffer
(10 mM Tris (pH 8.0), 150 mM KCl, 0.5 mM EDTA, 0.3% glycerol, 0.1%
BSA, and 0.1% Triton-X 100) heated to 65 °C for 10 mins, cooled to
room temperature and mixed with the fluorescein labeled double-
stranded oligos. Reaction mixtures were incubated in dark at room
temperature for 2 h and were resolved using 5% native PAGE [30]. Gels
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were visualized in UVP gel documentation system with excitation at
485 nm and emission at 535 nm.

2.8. Transient transfections

Transient transfections were performed in Arabidopsis thaliana pro-
toplast system. Detail method for protoplast isolation is described
elsewhere [6,30,36]. 10° -10” protoplasts were isolated using 40-50
leaves. Leaf sections were cut and lysed using 10 ml of enzyme solution
(20 mM MES (pH 5.7), 1.5% cellulase, 0.4% macerozyme (Sigma, USA),
0.4 M mannitol, and 20 mM KCl) at 37 °C with gentle shaking at 90 rpm
in dark. Leaf tissues endogenous DNAses and proteases were inactivated
by heating the solution to 55 °C for 10 mins. Solution with leaf sections
was cooled to room temperature, and 10 mM CaCl,, 3 mM p-mercap-
toethanol, and 0.1% BSA were added. Leaf sections were vacuum in-
filtrated in desiccator for 30 min in dark. Sections were further in-
cubated in dark for 3-4h with gentle shaking. Lysis was considered
complete when the solution turned green. Intact protoplasts were
checked under the microscope. Protoplasts were diluted by adding
appropriate volume of W5 buffer (2 mM MES (pH 5.7), 154 mM NaCl,
125 mM CaCl,, and 5 mM KCl). Debris was removed by filtration and
protoplasts were centrifuged at 100g, re-suspended at a density of
2 x 10%°/ml in W5 buffer.

For transfections, GUS was used as reporter plasmid whereas NAN
coding plasmid was used as an internal control. 3 ug each of reporter
plasmids ie., CaMV35S:GUS and CaMV35S:NAN, equal molar ratio of
the effector plasmids; CaMV35S:bZIP53, and A-ZIPs encoding plasmids,
namely, CaMV35S:A-ZIP53, CaMV35S:A-ZIP53 (A — E), CaMV35S:A-
ZIP53 (N — A),CaMV35S:A-ZIP53 (R — E), double mutant CaMV35S:A-
ZIP53 (A—E, N—A) and CaMV35S:A-ZIP39 were used as reported
earlier [6,30]. Protoplasts were transfected using PEG (20% PEG 3500
in 200 mM mannitol and 100mM CaCl,). Protoplasts were re-sus-
pended in 1 ml W1 solution (4 mM MES (pH 5.7) 0.5M mannitol, and
20 mM NaCl) and incubated at 25 °C for 16-18 h in dark. Reporter gene
activity was checked using GUS/NAN reporter assay as described pre-
viously [6,36]. A-ZIP39 was used as a negative control.

3. Results

Amino acids sequences of A-ZIP53 and four versions with single and
double substitutions were confirmed by the mass spectrometry. HPLC
purified, trypsin digested proteins were resolved using Nano-LC. Triple-
TOF tandem MS/MS instrument was used to generate MS/MS peptide
profile. For A-ZIP53s, 84-487 peptides were obtained for each protein
and Arabidopsis protein data-base was used for peptide identification
(Supplementary Table 1). Peptides were aligned for generating full
amino acids sequences of proteins. Mutations were identified using
Protein-pilot software.

3.1. Structural determinants of heterodimers formation between bZIP53
and A-ZIP53 and its four derivatives

bZIP protein has two structurally distinct domains, an unstructured
N-terminal basic amino acids rich DNA-binding domain and a C-term-
inal leucine zipper region that spontaneously forms a dimeric coiled
coil in solution. Earlier, we used five A-ZIP53s peptides, designed to
interact with bZIP53 to understand the mechanistic basis of hetero-
dimerization between bZIP53, bZIP10 and bZIP25, three bZIPs that are
involved in Arabidopsis's seed maturation phase but due to the low
sensitivity of EMSA assays, we were not able quantify the bZIPs-DNA
interactions. The present study is an attempt to quantify the interaction
between bZIP53 and five A-ZIP53s, and evaluate if five heterodimers,
based on their dissociation constant values, are more stable than
bZIP53-DNA complex. We further set out to explore if five possible
heterodimers are formed in biological relevant temperature and time-
scale.
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A coiled coil contains number of heptads designated by amino acids
ata, b, c, d, e, f and g positions. Dimerizing leucine zipper is so-named
due to the presence of leucine at d positions of heptads. Though leucine
is the most conserved amino acid, bZIP53 has isoleucine, alanine, me-
thionine and valine in d position of second, fourth and eighth heptad.
These along with amino acids at a position form the hydrophobic core
of the coiled coil. Additional stability is imparted by the g— a' inter-
actions [37]. Dimerization specificity is governed by amino acids at g
and e' positions and polar amino acids at a positions of the heptads. Due
to the presence of a helix breaker proline, two consecutive glycines, and
charged amino acids at g and e positions, bZIP53 leucine zipper domain
is predicted to be more than eight heptads long with four attractive (I**
and 4™heptads) and two repulsive (5th heptad) g<>e' interactions in a
homodimer conformation [30]. Keeping the dimerizing leucine zipper
region intact, A-ZIP53 was produced by replacing the basic DNA
binding domain of bZIP53 with 28 amino acids long (equivalent to four
heptads) glutamic acid rich acidic peptide. Furthermore, the acidic
peptide is designed to be amphipathic in nature and is predicted to
forms coiled coil with the unstructured DNA binding domain of bZIP53
[38]. In an equimolar mix, A-ZIP53 heterodimerizes with bZIP53 and
the complex is inept in DNA binding, resulting in downregulation of
bZIP53-mediated gene expression [30]. Supplementary Fig. 1 shows the
coiled coil representation of A-ZIP53|bZIP53 heterodimer.

To be an effective peptide inhibitor, A-ZIP53 dimer must unfold into
monomers and hetrodimerize with the target wild-type bZIP TF. Four
additional derivatives of A-ZIP53 namely, A-ZIP53(A—E), A-
ZIP53(N — A), A-ZIP53(R — E), and A-ZIP53(A —E, N — A) were de-
signed with decreasing homodimer stability and increasing heterodimer
stabilities with bZIP53 [30]. A-ZIP53(A — E) has a glutamic acid that
replaced alanine at the e position of I*' heptad of acidic extension re-
sulting in an additional salt bridge (K<E") in the A-ZIP53(A —
E)|bZIP53 heterodimer. Similarly, substitution of R —E in the 1st
heptad of A-ZIP53 introduced a stable g<>a' interaction in A-ZIP53(R —
E)|bZIP53 complex. In A-ZIP53(N — A) peptide, asparagine at a posi-
tion of 2nd heptad (L_5) strongly favors homodimerization, substitu-
tion with an alanine decreased its homodimer stability and promote
heterodimer formation with bZIP53 [39,40]. A double-substituted A-
ZIP53 peptide inhibitor (A — E, N — A) showed the lowest homodimer
stability but has the highest heterodimer stability with bZIP53 [30].
Thermal stability studies involving bZIP53 homodimer and its hetero-
dimers with five A-ZIP proteins were used to determine Kp values
(dissociation constant) [30]. Kp value for bZIP53-DNA binding was
obtained by FP (this study). Fig. 2 shows the models of coiled coils of
bZIP53, bZIP53 bound to DNA, A-ZIP53(A — E), and A-ZIP53|bZIP53
heterodimer. Note that the models are generated for visualization only.
bZIP53-DNA complex is ~ 1.5 fold stable than bZIP53 dimer alone
whereas A-ZIP53|bZIP53 heterodimers are ~ two to four magnitude
more stable than bZIP53-DNA complex suggesting their possible in vivo
functionality (Kp, A-ZIP53|bZIP53 =2 x 107'!, Kp, A-ZIP53(A —
E)|bZIP53 = 6 x 1071, Kp, A-ZIP53(R — E)|bZIP53 = 3 x 1071, Kp
A-ZIP53(N — A)|bZIP53 =3 x 107'%,  Kp,  A-ZIPS3(A—EN-—
A)|bZIP53 = 9 x 107 '3).

3.2. DNA binding of bZIP53 as probed by FP

FP was used to study the DNA binding of bZIP53. 5’-Fluorescein
labeled 28 bps long double-stranded DNA with a centrally placed G-box
containing 6 bps binding sequence was used to probe the DNA-binding
of bZIP53. 5nM labeled DNA was titrated with increasing concentra-
tions of pure bZIP53 protein. Bare labeled DNA, in the absence of
binding, tumbles fast and gave low florescence polarization signals.
Binding of bZIP53 reduces the tumbling rate of DNA, resulting in in-
creased FP signal (Supplementary Fig. 2). FP signals as the function of
protein concentrations were used to measure the DNA binding affinity
of bZIP53. Fig. 1A shows the change in florescence signals when 50,
100, 250, 500 and 1000 nM of bZIP53 protein was added to 5nM
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Fig. 1. FP assays showing the binding of bZIP53 protein to fluorescein labeled
DNA. A) Florescence polarization signal of freely tumbling DNA was increased
by bZIP53 binding. Reaction mixture contained 5 nM 5’-fluorescein end labeled
28 bps double stranded DNA with a centrally placed G-box binding sequence for
bZIP53. Polarization signals increased with increasing concentrations of bZIP53
protein, interpreted as bZIP53 binding to the G-box sequence. Each data point is
an average of six independent experiments and error bars represent SEs of the
mean. B) Data from A) was used to draw binding curve for bZIP53 protein. Data
points were fitted according to Eq. (2) that yielded a Ky, of 37.1 nM.

fluorescein labeled G-box containing DNA in FP buffer (10 mM Tris
pH7.4, 150 mM KCl, 0.5mM EDTA, 0.1% Triton X-100, and 0.2 mM
DTT). Each mixture was incubated at 25 °C for one hour and florescence
signals were recorded. Polarization signals were plotted for five bZIP53
concentrations. Each data point was an average of six independent
experiments. Fig. 3B shows the fitting of binding curve according to Eq.
(2).
FBpax

KD + x (2)

where FP,..., is the FP signal at saturating bZIP53 concentrations. Ky, is
the equilibrium dissociation constant. A Kp value of 37 nM for bZIP53
binding to G-box was obtained which is in good agreement with earlier
reported values for other bZIP TFs DNA-binding [41].

3.3. Stability of bZIP53, A-ZIP53 homodimer and five heterodimers

Kp was used to define the stability of bZIP53 alone and when bound
to DNA and A-ZIP53 homodimers and [30]. bZIP53 bound to DNA with
a Kp of 37.1 nM.

3.4. CD spectroscopy studies show the structural changes accompanying
heterodimers formation

CD spectroscopy was used to quantify heterotypic interaction be-
tween the bZIP53 and five A-ZIP53s. Fig. 2A-E shows the circular di-
chroic spectra from 200 to 260 nm of the bZIP53 (2 uM dimer) with the
A-ZIP53 (2 uM dimer) and its derivatives (A—E, R—E, N— A and a
double substitution (A —E, N — A)). The raw signals in milli degree
ellipticity (6, mdeg) were converted into concentration independent
mean-residual weight molar ellipticity values [6]yrw. The far-UV CD
spectrum of all proteins and their heterodimers show minima at 222
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Fig. 2. Structural models of bZIP53 alone, DNA bound
bZIP53, and A-ZIP53|bZIP53 heterodimer. Note that models
are for visualization only. Based on K, values, in equilibrium
conditions, A-ZIP53|bZIP53 heterodimer is the preferred
conformation. A) Coiled coil model of bZIP53 dimer. N-ter-
minus lacks structure due to repulsion in the basic DNA

R »ar‘f!_ M‘;ﬁ ;!!Lm binding domain of the protein. A Kp, of 5 x 10 "M was ob-
i ‘r-':':";,, tained from thermal stability studies [30]. B) Coiled coil is
bZIP53 homodimer extended to N-terminus once bZIP53 binds to its cognate DNA
8 bZIP53 homodimer  sequence. Compared to bZIP53 homodimer, the structure is
KD= 5x10 M bound to DNA stabilized by ~1.5 fold with a Kp of 37.1 x 10 8M (this
-8 study). C) A-ZIP53(A — E) dimer where N-terminus is pre-
KD= 3.7x10 M dicted to form a-helices but due to repulsion in acidic ex-
tensions, coiled coil is unstable. D) A-ZIP53|bZIP53 hetero-
C D dimers showed high stability and Kp values of five

heterodimers ranged from 10~ to 1073 M [30].

N N\
— ARSI v o

Mv?
VUV

A-ZIP53 horréodimer
K=36x10 M

and 208 nm, characteristic of a-helix and a-helix interactions in a
coiled coil [42]. For heterodimeric samples, 2 uM each of bZIP53 and
five A-ZIP53s were taken, thus each mixture contained 4 uM total
protein. Mixtures were heated to 65 °C for 15 min and cooled to room
temperature and incubated for 2 h. All A-ZIP53 peptides are unstable at
25 °C [30], therefor spectra were taken at 6 °C, and each spectrum is an
average of five spectra. bZIP proteins are predominantly a-helices [43].
a-helical content for each sample was determined from mean-residue
weight molar ellipticity values using following equation [42]

[Blops X 100
39500 x ( 2‘57)

1=
where [O]obs is the mean-residue ellipticity at 222nm, 39,500
(deg.cm?/dmol) is the ellipticity of a peptide of infinite length with a
100% helix, I is the peptide length. % a-Helical contents for each
sample thus obtained are given in Table 1. Fig. 3A shows wavelength
scans of A-ZIP53, bZIP53 and their equimolar mix. bZIP53 with DNA
binding domain and eight heptad long leucine zipper show a typical
circular dichroic spectra with a-helical content of 47%, whereas A-
ZIP53 with acidic extension showed 31% a-helices. Spectrum of mix of
2uM each of bZIP53 and A-ZIP53 showed an increase in a-helical
contents to 57%, this additional structure is interpreted as interaction
between bZIP53 basic DNA domain and acidic extension of A-ZIP53.
Also shown is the theoretical sum line obtained, if bZIP53 and A-ZIP53
do not interact. The sum line falls in between A-ZIP53s and bZIP53 and
represents an average of [0] values of two proteins. Similar results were
obtained with bZIP53 and its interaction with A-ZIP53(A — E) (Fig. 2B),

%Helix =
3

L

A-ZIP53s|bZIP53 heterodimers
Ky=10""-10" M

A-ZIP53(R — E) (Fig. 2C), A-ZIP53(N — A) (Fig. 2D), A-ZIP53(A —E,
N — A) (Fig. 3E).

The ratio (222/208 nm) of the mean-residual molar ellipticity is
indicative of coiled coil [43]. A value > 1 is interpreted as a strong
interacting coiled coil. Our design strategy envision A-ZIP53 with
minimum homodimer stability but high affinity for target molecule i.e.,
bZIP53, so that in a mix of A-ZIP and bZIP proteins, heterodimer shall
always be the preferred conformation. In this direction, four mutations
were introduced in A-ZIP53 namely, (A —E),(R—E),(N—A), and
(A —E, N — A). Each mutation resulted in lower homodimeric stability
and decrease in coiled coil structure indicated by reduction in 222/
208 nm values (Table 1). A-ZIP53 (A—E, N — A) with 222/208 nm
value of 0.83 was the least stable coiled coil. Our circular dichroic re-
sults showed that five peptide inhibitors used here are unstable under
experimental conditions but forms highly stable heterodimers with
target bZIP53.

3.5. EMSA show five A-ZIP53s inhibit the DNA-binding of bZIP53

Equilibrium EMSA was used to examine A-ZIP53 and four deriva-
tives for their abilities to inhibit the DNA-binding of bZIP53 to 28 bps
DNA. For EMSA, labeled DNA was same as used for FP experiments. For
experiments involving bZIP53 and DNA binding, 1 uM fluorescein la-
beled DNA was mixed with 5uM HPLC purified bZIP53 protein.
Mixture was incubated at 25 °C for 1 h. The abilities of five A-ZIP53s to
inhibit the bZIP53 DNA binding were tested by mixing increasing
concentrations of A-ZIP53 proteins. Heterodimers of bZIP53 and five A-

Table 1

Structural changes associated with interaction of bZIP53 with five designed A-ZIP53s.*
Homodimers Heterodimers
Proteins 222/208 nm"” % a-helix® T, °C Protein mixtures 222/208 nm" % a-helix® T, °C
bZIP53 1.09 = 0.04 47 + 2 419 = 0.5 -
A-7Z1P53 1.02 + 0.03 31 £ 2 - bZIP53 + A-ZIP53 0.99 += 0.05 57 £ 1 51.5 = 0.5
A-ZIP53(A — E) 1.04 + 0.04 46 = 3 25.5 = 0.5 bZIP53 + A-ZIP53(A —E) 1.04 + 0.03 58 + 4 52.3 = 0.3
A-ZIP53(R — E) 1.12 = 0.06 37 = 2 - bZIP53 + A-ZIP53(R — E) 1.02 + 0.03 44 = 1 53.1 = 0.3
A-ZIP53(N = A) 0.94 = 0.02 21 £ 2 - bZIP53 + A-ZIP53(N — A) 1.01 + 0.02 61 = 3 53.9 + 0.4
A-ZIP53(A—E, N—A) 0.83 = 0.03 32 +£3 - bZIP53 + A-ZIP53 (A—E, N—A) 1.04 + 0.04 47 * 4 55.7 = 0.3

2 All measurements were carried out at 6 °C.

Error in estimation of 222/208 nm, *+ represent SE of the mean (n = 3).
Error in estimation of a-helices, + represent SE of the mean (n = 3).
4 Values taken from previous study [30].
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Fig. 3. Isothermal circular dichroic wavelength spectra from 200 to 260 nm at 6 °C of 2uM bZIP53, 2 uM peptide inhibitor A-ZIP53, its four derivatives, and
equimolar mix of bZIP53 and five A-ZIP53s; A) A-ZIP53, B) A-ZIP53(A — E), C) A-ZIP53 (R — E), D) A-ZIP53(N — A), and E) A-ZIP53(A — E, N — A). The sum line is
the assumed spectrum if the two proteins do not interact. F) Ratio of circular dichroic mean residual signals at 222 and 208 nm (222/208) was used to evaluate the

formation of coiled coil. 222/208 nm = 1 represents stable coiled coil.

ZIP53s were prepared by mixing 5uM bZIP53 with half log increasing
concentrations of five A-ZIP53s (0.5, 1.5 and 5uM). Mixtures were
heated to 65 °C and incubated for 15 min, followed by incubation at
25°C for 1 h and were run on 5% native PAGE. Results of five EMSA
experiments are shown in Supplementary Fig. 3A-E. In all cases, DNA
binding of bZIP53 is inhibited by equimolar concentrations of five A-
ZIP53s.

3.6. FP assays demonstrate that five A-ZIP53s interact with the DNA-bound
bZIP53 and inhibits its DNA binding activity

FP assays were used to evaluate the efficacies of peptide inhibitor A-
ZIP53 and its derivatives in inhibiting DNA binding of bZIP53. A-ZIP53
and its derivatives are predicted to interact with the bZIP53 therefore
loss in polarization signal of DNA-bZIP53 complex by peptide inhibitor
is an indicator of later proficiency to form heterodimer with bZIP53.
Unlike in EMSA, where prior to loading on PAGE, bZIP53 protein was
mixed and heated with respective A-ZIP53, for FP assays DNA bound
bZIP53 was challenged by different A-ZIP53 inhibitors. FP assays were
conducted using same buffer conditions as described above. 5nM
fluorescein labeled DNA was incubated with 500 nM bZIP53 for 1 h and
polarization signals were recorded (Fig. 5A-E). One hour incubation
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was found to be sufficient for the reaction to reach equilibrium and
further incubation has no effect on polarization signals. 1000 nM A-
ZIP53 and its four derivatives were added to the DNA-bZIP53 complex,
incubated for 2 h at 25 °C and polarization signals were again recorded.
For each of the five experiments, FP signals decreased as five A-ZIP53s
were added to DNA-bZIP53 complex, that we interpret as A-ZIPs
forming heterodimers with bZIP53 (Fig. 4A-E). A-ZIPs|bZIP53 hetero-
dimer is incapable of binding to DNA. In absence of bound bZIP53
protein, fluorescein labeled DNA tumbles fast resulting in decreased
polarization signals (Supplementary Fig. 1B-C). Each data point was an
average of six independent experiments.

3.7. FP competitive assays show ICsq values of five A-ZIP53s

Fig. 5A-E shows the transition curves depicting changes in FP sig-
nals as the concentrations of five A-ZIP53s were increased. For dose-
dependent equilibrium experiments, 500 nM bZIP53 was mixed with
5nM fluorescein labeled G-box containing DNA. After 1 h incubation at
25°C, 10, 50, 250, 500, 1000, and 2000 nM of A-ZIP53 and its four
derivatives i.e., A-ZIP53(A — E), A-ZIP53(N — A), A-ZIP53(R — E) and
A-ZIP53(A —E, N— A) were added and mixtures were further in-
cubated for 2h and FP signals were recorded. Polarization signals
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Fig. 4. FP assays involving two experi-
mental schemes were used to demonstrate
the impairment of DNA-bZIP53 complex by
five A-ZIP53s. Green asterisks represent
fluorescein labeled DNA. A) In scheme 1,
prior to mixing with labeled DNA, bZIP53
and A-ZIP53 were mixed and heated to
65°C, and cooled at room temperature.
Labeled DNA was added to the protein mix
and same was incubated at 25 °C for 1 h and
signals were recorded. First column shows
polarization signals for fluorescein labeled
5nM 28bpsG-box containing oligo.
Increased signal signifies DNA-bZIP53
complex formation after the addition of
0.5 uM bZIP53 (second column). FP signal
decreased after the addition of mix of
0.5uM bZIP53 and 1uM A-ZIP53. B—F)
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decreased with increasing concentrations of A-ZIP53s. Maximum
change was recorded at the equimolar concentration of bZIP53 and A-
ZIP53(A —E, N — A). Differences in fluorescence polarization signals
were plotted as a function of log concentrations of peptide inhibitor A-
ZIP53 and its four derivatives (Fig. 5A-E). Curves were fitted according
to following equation that gave half inhibitory concentration (ICsg)
values of five A-ZIP53s.

my + (my — my)

1 + 100~loglC50) C))

where m; are the reduced FP signals at highest concentrations of five A-
ZIPs and m, represents FP signals in absence of peptide inhibitors A-
ZIP53s. ICsq values for five inhibitors are included (Fig. 5, panel A-E).

3.8. Time-dependent displacement of bZIP53 bound to fluorescein labeled
DNA by five A-ZIP53s

FP assay was used to test the time-dependent ability of five peptide
inhibitors to displace DNA bound bZIP53 at 25°C (Fig. 6A-B). Here
DNA bound bZIP53 (500 nM) was challenged by 1 uM A-ZIP53. Time-

*dsDNA

Represent scheme 2: bZIP53 protein was
added to labeled DNA and after incubation
at 25°C for 1h, its DNA binding was chal-
lenged by the addition of two molar
equivalent of A-ZIP53. FP signals were col-
lected after incubation at 25°C for 1h.
Unlike in EMSA, 1 pM A-ZIP53 was not he-
ated with bZIP53 and was directly added to
DNA-bZIP53 complex. Decreased signal
suggests dissociated DNA from DNA-protein
complex, as a result of bZIP53 interacting

%
dsDNA =i:(1SDNA
+ +

bZIP53 | bZIP53 with A-ZIP53 (third column). Inhibition of
Bz the bZIP53 binding to the DNA by B) A-
AZIPSIR—E)  71p53, C) A-ZIPS3(A—E), D) A-ZIP53

(R—E), E) A-ZIP53 (N—A), and F) A-
ZIP53(A —E, N—A). G) DNA binding of
bZIP53 is not affected by 1uM A-ZIP39, a

G
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X
dsDNA

peptide that inhibit the activity of bZIP39
[30]. Results show the specificity of A-
ZIP53.

® ES
dsDNA | dsDNA
+

+ + + + +
bzZIP53 bZIP53 bZIP53 bZIP53 bZIP53 bZIP53

+ + +
A-ZIPS3(N—A) A-ZIP53(A—E ,N—=A) A-ZIP39

dependent displacements of bZIP53 by five A-ZIP53s were studied to
understand how different mutations affect heterodimerization rate. All
experiments were performed at 25 °C and temperature was controlled
by built-in Peltier system. After thorough mixing, FP signals were im-
mediately and continuously recorded over 60 min. Fig. 6A shows decay
of FP signals over time after the addition of 2M excess of A-ZIP53.
bZIP39 was used as negative control [30]. Unlike bZIP53, A-ZIP53 did
not affect the DNA binding of bZIP53 demonstrating the specificity of
designed A-ZIP53. Experiments under same conditions were performed
with four variants of A-ZIP53 proteins. Decay curves were obtained by
plotting FP signals over 60 min. Each curve was fitted according to Eq.
%)

Co X exp(—k X x) 5)
where C, is FP value at zero time, x is time in minutes, and k is the
displacement constant. Displacement constant k values are given in
Table 2.
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Fig. 5. ICso values obtained for A-ZIP53s using FP assays. A) bZIP53 DNA-binding inhibition by increasing concentrations of A-ZIP53. Dose-response sigmoidal
curves were fitted using eq. 4. ICsq for A-ZIP53 thus obtained is included in the panel A. Similarly, ICso values were obtained for B) A-ZIP53(A — E), C)A-ZIP53 (R —

E), D)A-ZIP53 (N — A), and E)A-ZIP53(A — E, N — A).

3.9. Transient transfection studies demonstrated the ex vivo activities of A-
ZIP53 proteins

Fig. 7 shows the results of co-transfection experiments with bZIP53
and A-ZIP53s. Arabidopsis protoplasts were transfected with full length
bZIP53 encoding plasmid. Translated bZIP53 protein binds to the pro-
moter of GUS reporter gene resulting in enhanced GUS signals. NAN
signals were used to normalize GUS activity. When protoplasts were co-
transfected with five A-ZIP53 plasmids, bZIP53-mediated GUS signals
decreased significantly. At 1:1 molar ratio of bZIP53 and A-ZIP53, GUS
reporter activity decreased compared to the bZIP53 control. Unlike in in
vitro EMSA assays, equimolar A-ZIP53 does not completely inhibit the
DNA binding of bZIP53. A-ZIP53(A—E), A-ZIP53(N—A), A-
ZIP53(R — E) reduced the reporter activity further. Maximum inhibi-
tion of GUS activity was observed when A-ZIP53(A—E, N—A)
plasmid was used. Our transfection experiments recapitulated the ob-
servations made from in vitro studies. To demonstrate the specificity of
A-ZIP53 against bZIP53, A-ZIP39 was used as negative control. A-ZIP39
showed no effect on the bZIP3-mediated reporter activity.

4. Discussion

In Arabidopsis, bZIP53 is involved in stress response and also
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regulates seed maturation specific genes like proline dehydrogenase,
cruciferin, asparagine synthase, CRA, and hydroxysteroid dehydrogenase
[6,44]. Earlier, we used five A-ZIP53 peptides, designed to interact with
bZIP53 to understand heterodimerization between bZIP53, bZIP10 and
bZIP25, the three bZIP TFs involved in Arabidopsis's seed maturation
[30]. Present study is an attempt to quantify the interaction between
bZIP53 and five A-ZIP53s, and to explore if five heterodimers are
formed in biological relevant temperature and time scale. Using A-
ZIP53, our previous work described the dimerization properties of
bZIP53 and its ability to interact with bZIP10 and bZIP25 in the absence
of DNA. A limitation of previous work is that the study did not take into
account the contribution of DNA in dictating dimerization. It is well
known that DNA plays a prominent role in dimerization, it may en-
courage dimerization even in those cases where interactions are weak
and monomers do not interact spontaneously. Moreover, when a tran-
scription factor binds to DNA, the complex is more stable than the bZIP
homodimer; therefore a peptide inhibitor needs to overcome this extra
stability to inhibit bZIP's DNA binding. In the previous study, we did not
measure the stability of DNA-bZIP53 complex to which all the hetero-
dimeric stabilities need to be compared to, so that an able prediction
can be made regarding the in vivo efficacies of designed proteins. We
used different assays to gain insight into the mechanism of our designed
peptide to interact with the bZIP53 protein and inhibit its DNA-binding
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Fig. 6. Five A-ZIP53s displace DNA bound bZIP53 at different rates. A) Time-
dependent displacement of bZIP53 bound to fluorescein labeled DNA. Prior to
the addition of A-ZIP53, 5 nM labeled DNA was incubated with 1 uM bZIP53 for
1 h. Histograms representations of signal decay of labeled DNA-bZIP53 com-
plex, after addition of 2uM A-ZIP53.Polarization signals were measured im-
mediately and continuously for 60 min. B) 2 uM each of A-ZIP53 and its four
derivatives ie., A-ZIP53(N — A), A-ZIP53(R —E), A-ZIP53(A—E), and A-
ZIP53(N — A, R — E) were added to the DNA-bZIP53 complex and polarization
signals were measured continuously for 60 min. Each curve is a mean of five
independent experiments. Displacement rate constants were obtained by fitting
the FP vs time traces according to equation5 and are given in Table 2.

Table 2
Time-dependent displacement of bZIP53 bound to DNA.

k*x 10 *min~?!

Protein

bZIP53

bZIP53 + A-ZIP53 16 = 3
bZIP53 + A-ZIP53 (A —E) 37 = 4
bZIP53 + A-ZIP53 (N — A) 46 + 4
bZIP53 + A-ZIP53 (R — E) 63 £ 6
bZIP53 + A-ZIP53 (A—E, N—A) 67 + 5

@ Displacement constants obtained for A-ZIP53s. Values are average of
five independent observations and * represent SEs.

activity; 1) Equilibrium isothermal circular dichroic studies confirm the
formation of coiled coil between peptide inhibitors and bZIP53 protein,
2) At equimolar concentrations, five A-ZIP53s inhibit the DNA-binding
of bZIP53, as demonstrated by EMSA, 3) FP studies confirm the effi-
ciency of A-ZIP53s in dislodging DNA bound bZIP53, 4) Displacement
constants obtained using time-dependent FP studies, reveals different
rate at which five A-ZIP53s interact with bZIP53. 5) Transient trans-
fections studies suggested that A-ZIP53 peptide inhibitors reduced the
bZIP53-mediated GUS activity.

We used CD spectroscopy to assess the structural changes

BBA - Proteins and Proteomics 1866 (2018) 1249-1259

250F .,
T

200

%%

150 - ai

100

Relative reporter activity (GUS/NAN)

Fig. 7. Transient transfections show that five A-ZIP53s inhibit the bZIP53-
mediated GUS gene activity. NAN gene expression was used as internal control.
Reporter activity is shown as GUS/NAN. Isolated Arabidopsis protoplasts were
transfected with various combinations of bZIP53, A-ZIP53 and A-ZIP39 ex-
pressing plasmids. bZIP53 plasmid alone enhanced the GUS reporter activity.
bZIP53 transfected with A-ZIP53 demonstrated significantly reduced signals.
Three variants of A-ZIP53 namely, A-ZIP53(N — A), A-ZIP53(R — E), and A-
ZIP53(A — E) further reduced the GUS activity. A-ZIP5S3(N—A, R—E), a
plasmid carrying double mutation in acidic extension was the most effective in
reducing the relative GUS activity. A-ZIP39 peptide inhibitor carrying the
leucine zipper of bZIP39 did not affect the bZIP53-GUS activity demonstrating
the specificity of A-ZIP53.

accompanying heterodimer formation between bZIP53 and five A-
ZIP53s. All heterodimers used here showed 222/208 nm = 1, sug-
gesting the presence of stable coiled coil (Fig. 3E and Table 1). In the
homodimer conformations, basic DNA-binding domain of bZIP53 and
acidic peptide of A-ZIP53 are repulsive, resulting in low stabilities. In
an equimolar mix, unstructured N-terminal regions of bZIPs and A-ZIPs
form a coiled coil [38]. bZIP53 and A-ZIP53 showed 47% and 31% a-
helices in homodimers, whereas their equimolar mix showed 57% he-
lices, suggesting formation of a stable heterodimer that melted with a
T of 51.5°C, an increase of 9.6 °C over bZIP53 (Fig. 3A and Table 1).
A-ZIP53(A — E) showed 46% a-helices, a 15% gain over A-ZIP53
(Fig. 3B and Table 1). A-ZIP53(A — E)|bZIP53 heterodimer with a Ty, of
52.3°C, showed 58% a-helices (Fig. 3B and Table 1). Maximum gain in
a-helicity (61%) was observed for A-ZIP53(N — A) peptide with a Ty, of
53.9°C (Fig. 3D and Table 1). Above results can be explained on the
basis of e<>g’ interactions and coupling energy of amino acids at a and
d positions in a heptad upon heterodimer formation. A-ZIP53(A — E),
A-ZIP53(R — E) are designed to introduce new e<>g’ interactions in
heterodimeric conformation with bZIP53, whereas A-ZIP53(N — A)
with the substitution of homodimer favoring asparagine at a position by
an alanine, formed heterodimer with bZIP53. Our results proved our
predictions and as expected A-ZIP53(A — E, N — A) mutant was most
active in our FA and transient transfection assay. Four heterodimers
involving A-ZIP53s and bZIP53 showed higher helical contents com-
pared to individual proteins and had higher thermal stability [30].
Surprisingly, double substitution acidic extension A-ZIP53(A —E, N —
A) with 222/208 nm = 0.83, when mixed with equimolar bZIP53
showed similar helical contents as bZIP53 homodimer but exhibited
maximum stability with T, of 55.7 °C. It is reported earlier that a-he-
lices contribute to the specificity in peptide interactions but show poor
correlation with the stability parameters [31,45]. In order to design
specific peptide inhibitors, the thermodynamic stability of heterodimers
is paramount. Thermodynamic stability plays an important role in
functionality of a protein since in vitro thermal stability and protein
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turnover rate are negatively correlated [46,47].

We further asked the question, if A-ZIP53s can interact with DNA
bound bZIP53? Five A-ZIP53s, when added to DNA-bZIP53 complex
were able to displace DNA bound bZIP53 as demonstrated by decreased
FA signals (Figs. 4 and 6). The results suggest that acidic peptides in A-
ZIP53 offer alternative binding site for N-terminus basic region of
bZIP53. nM ICs, values suggest to the plausible biological applications
of these inhibitors. Kinetics studies were used to discriminate between
five A-ZIP53s for their abilities to interact with target bZIP53. FP decay
curves showed that five A-ZIP53s were effective in displacing DNA-
bound bZIP53 in biological relevant temperature and timescale, with
double substitution A-ZIP53(A — E, N — A) being the most effective.
We observed a good correlation between stability (Ty,, Table 1) and
displacement constants (Table 2).

Results from ex vivo transient transfections co-relate well with the in
vitro biochemical properties of the peptides. It also highlights some
divergences in in vitro and ex vivo results, for example, in vitro EMSA
studies show that all A-ZIP53s inhibit the bZIP53 DNA binding at 1:1
molar ratio whereas transfection studies could discriminate between
five A-ZIPs.

After transfection, A-ZIP53 is expected to be localized in cytoplasm
due to the absence of nuclear localization sequence (NLS). In a previous
study, we have shown that numbers of bZIPs, with the exception of cfos,
were localized in nucleus, whereas in absence of NLS, A-ZIPs were lo-
calized in cytoplasm, [48]. Co-expression of b-ZIP and A-ZIP in the cell
caused the cytoplasmic localization of corresponding bZIP. A possible
explanation is the formation of heterodimer between bZIP and A-ZIP
heterodimer (A-ZIP|bZIP) in the cytoplasm that inactivates the NLS in
the basic region of bZIP protein. This mechanism may prevent the A-
ZIP|bZIP heterodimer from entering the nucleus.

A-ZIP53 inhibitor was designed to target structurally and func-
tionally similar bZIP transcription factors ie., bZIP53, bZIP10, and
bZIP25. Using A-ZIP53 as scaffold, in future, peptide inhibitors will be
designed that will be specific for one bZIP TF only. For example, 5th
heptad of leucine zipper region of bZIP53 has two repulsive g<=e’ in-
teractions (KNNVLRA) [30]. It will be interesting to understand, how
introducing two attractive interactions (ENNVLEA) will change its di-
merization potential. We anticipate that these mutations will guide the
peptide inhibitor to interact specifically with bZIP53 and not with
bZIP10 and bZIP25. For biotechnology applications, A-ZIP may be used
to study the role of a bZIP transcription factor in planta by its con-
stitutive or tissue-specific expression in transgenic plants. Furthermore,
A-ZIP inhibitors may potentially be used as switches and oscillators in
system biology [49].

5. Conclusions

A-ZIP53 and its four derivatives were designed to preferentially
heterodimerize with Arabidopsis bZIP53 transcription factor involved in
stress response and regulation of seed maturation genes. Designed A-
ZIP53s targeted the protein-protein interface of bZIP53 coiled coil and
inhibited its DNA binding activity. FP equilibrium and kinetics studies
demonstrated the ability of five A-ZIP53s in displacing DNA bound
bZIP53. Biological activities of A-ZIP53s were shown by transient
transfections studies in Arabidopsis protoplast system.
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