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Abstract

Key message Two new TDZ derivatives (HETDZ and
3FMTDZ) are very potent inhibitors of CKX and are
promising candidates for in vivo studies.

Abstract Cytokinin hormones regulate a wide range
of essential processes in plants. Thidiazuron (N-phenyl-
N'-1,2,3-thiadiazol-5-yl urea, TDZ), formerly registered as
a cotton defoliant, is a well known inhibitor of cytokinin
oxidase/dehydrogenase (CKX), an enzyme catalyzing the
degradation of cytokinins. TDZ thus increases the lifetime
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of cytokinins and their effects in plants. We used in silico
modeling to design, synthesize and characterize twenty new
TDZ derivatives with improved inhibitory properties. Two
compounds, namely 1-[1,2,3]thiadiazol-5-yl-3-(3-trifluo-
romethoxy-phenyl)urea (3FMTDZ) and 1-[2-(2-hydroxy-
ethyl)phenyl]-3-(1,2,3-thiadiazol-5-ylyurea (HETDZ), dis-
played up to 15-fold lower /Cs,, values compared with TDZ
for AtCKX2 from Arabidopsis thaliana and ZmCKX1 and
ZmCKX4a from Zea mays. Binding modes of 3FMTDZ and
HETDZ were analyzed by X-ray crystallography. Crystal
structure complexes, solved at 2.0 A resolution, revealed
that HETDZ and 3FMTDZ bound differently in the active
site of ZmCKX4a: the thiadiazolyl ring of 3FMTDZ was
positioned over the isoalloxazine ring of FAD, whereas that
of HETDZ had the opposite orientation, pointing toward
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the entrance of the active site. The compounds were further
tested for cytokinin activity in several cytokinin bioassays.
We suggest that the combination of simple synthesis, low-
ered cytokinin activity, and enhanced inhibitory effects on
CKX isoforms, makes 3FMTDZ and HETDZ suitable can-
didates for in vivo studies.

Keywords Cytokinin oxidase/dehydrogenase -
Crystal structure - Molecular docking -
Organic synthesis - Thidiazuron - Cytokinin

Introduction

Cytokinins are hormones that influence a wide range of
essential processes in plants, including cell division, shoot
and root development, seed and fruit development, germi-
nation, senescence and response to environmental stresses
(Mok and Mok 2001). They are adenine derivatives with
a distinct N® side-chain. Nowadays, use of plant growth
regulators with cytokinin-like activity is a common prac-
tice in agriculture and horticulture, and thus much effort has
been devoted to the development of new compounds with
improved cytokinin-like properties. Thidiazuron (TDZ) is
one of the most widely used synthetic compounds in agri-
culture, showing a strong cytokinin effect based on a com-
bination of two activities: TDZ possesses strong cytokinin
activity (Mok et al. 1982; Yamada et al. 2001; Spichal et al.
2004) and also inhibits the enzyme cytokinin oxidase/dehy-
drogenase (abbreviated as CKO or CKX, EC 1.5.99.12,
Chatfield and Armstrong 1986; Hare and Van Staden 1994).
CKX catalyzes the irreversible oxidative breakdown of
cytokinins to form adenine/adenosine and the correspond-
ing aldehyde (Whitty and Hall 1974; Brownlee et al. 1975;
Chatfield and Armstrong 1986). Therefore, in addition to
a direct effect at the receptor level, TDZ increases endog-
enous cytokinin concentrations in plants.

CKXs are encoded by small multigene families. The
model plant Arabidopsis thaliana contains seven CKX iso-
forms, which are involved in the regulation of endogenous
cytokinin levels (Werner et al. 2003), of which AtCKX2
is the most active and well-studied isoform (Galuszka et
al. 2007). In contrast, the model plant Zea mays contains
13 CKX isoforms, which differ in substrate specificity,
spatial and temporal expression patterns and subcellular
localization (Massonneau et al. 2004; Vyroubalova et al.
2009; Smehilova et al. 2009; Zalabak et al. 2014). Among
these, ZmCKX1 1is the best studied isoform, which has
been shown to play a crucial role in cytokinin degradation
in maize (Houba-Hérin et al. 1999; Morris et al. 1999).
ZmCKX1 preferentially oxidizes cytokinin bases and ribo-
sides (R), with N®-(A%-isopentenyl)adenine (iP) being the
best substrate (Bilyeu et al. 2001; Kopecny et al. 2005). In
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contrast, other cytokinins, including cytokinin glucosides
(G) and monophosphates (MP), have been reported to be
poor substrates (Zalabak et al. 2014; Kopec¢ny et al. 2015).
ZmCKX2, 3, 4a, 4b and 5, expressed mainly in reproductive
organs, have been shown to preferentially oxidize iPRMP
and iP9G as substrates, followed by iP. Such a change in
substrate specificity is caused by substitution of the Glu381
residue in ZmCKX1 by a serine, alanine or glycine residue
in the other isoforms. Moreover, the crystal structures of
ZmCKX2 and ZmCKX4a display a mobile domain, which
is well defined in the ZmCKX1 structure (Kopeény et al.
2015). The domain includes two helices and a loop belong-
ing to the substrate binding domain and likely contributes
to binding of the N’ substituted cytokinins. ZmCKXI,
ZmCKX4a and AtCKX2 have been expressed in Yarrowia
lipolytica, Escherichia coli and Saccharomyces cerevisiae
(Kopecny et al. 2005; Zalabék et al. 2014; Frébortova et al.
2007), allowing production of large amounts of recombi-
nant CKX.

To date, several groups of compounds are known to
inhibit CKX. One such group includes urea compounds,
such as diphenyl urea, TDZ and 1-phenyl-3-(2-chloro-
pyridin-4-yl)urea (CPPU) (Chatfield and Armstrong 1986;
Laloue and Fox 1989; Burch and Horgan 1989; Hare and
van; Staden 1994). TDZ and CPPU are important promot-
ers of growth of various horticultural crops, such as kiwi,
melons, watermelons and grapes (Arima et al. 1995). TDZ
has also been extensively used as a cotton defoliant in the
USA (Arndt et al. 1976). A new series of CPPU derivatives
were described recently and tested on ZmCKX1 (Kopecny
et al. 2010). The two best compounds were found to dis-
play /Cs, values 25 times lower than that for TDZ. How-
ever, the synthesis of these compounds was complicated.
Another group of compounds known to inhibit CKX is
the suicide substrates N°®-(buta-2,3-dienyl)adenine and
NS-(penta-2,3-dienyl)adenine, which are strong CKX inhib-
itors with significant cytokinin activity (Suttle and Mornet
2005; Kopeény et al. 2008). Yet another group includes
anilinopurine derivatives (Zatloukal et al. 2008). How-
ever, their synthesis includes the use of hydrogen fluoride,
which is highly corrosive and toxic. The strongest inhibitor
from anilinopurine group was successfully used to support
in vitro organogenesis (Aremu et al. 2015) and to enhance
plant stress tolerance toward salinity (Aremu et al. 2014)
and cadmium (Gemrotova et al. 2013). Therefore, the devel-
opment of new urea derivatives that are easy to synthesize
and inhibit various CKX isoforms is desired for potential
applications in horticulture, agriculture and biotechnology.

In the present study, we employed in silico drug design to
identify new TDZ derivatives with improved CKX inhibi-
tory properties. The designed inhibitors were synthesized
in a two-step reaction by fusing 1,2,3-thiadiazol-5-isocy-
anate with phenylamine or benzylamine derivatives and
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the products were characterized. The binding properties
of the TDZ derivatives obtained in silico were compared
to /Cs, values (concentration at which the enzyme activity
is inhibited by 50%) determined in vitro using AtCKX2.
A subset of these derivatives was further screened using
ZmCKX1 and ZmCKX4a and binding modes were ana-
lyzed by X-ray crystallography using ZmCKX4a. TDZ is
also known to strongly activate all three cytokinin recep-
tors in 4. thaliana: ARABIDOPSIS HISTIDINE KINASE2
(AHK?2), AHK3, and CYTOKININ RESPONSE1/AHK4
as well as primary cytokinin-sensitive genes including the
Arabidopsis Response Regulator 5 (ARRS; Spichal et al.
2004; Stolz et al. 2011; Lomin et al. 2015). AHK genes are
expressed in almost all cells of different organs although
with different strength (Nishimura et al. 2004). While
AHK2 shows a lower sensitivity in planta, apparent affinity
constant (Kp) values for major natural cytokinins and syn-
thetic TDZ for all three receptors are in the low nanomolar
range (Yamada et al. 2001; Romanov et al. 2006; Stolz et al.
2011). We were able to screen TDZ derivatives for binding
to AHK3 and CRE1/AHK4 receptors and for their cytoki-
nin activity in Arabidopsis using transgenic plants harbor-
ing the ARRS5::GUS reporter gene (GUS =f-glucuronidase;
D’Agostino et al. 2000). Finally, the cytokinin activity of
the compounds was also assessed in three classical cyto-
kinin bioassays, i.e., wheat leaf senescence, tobacco callus
and Amaranthus bioassays.

Results and discussion
Active sites in ZmCKX1, ZmCKX4a and AtCKX2

The active site of ZmCKX1 is composed of two pockets
connected by a narrow tunnel bordered by Aspl69. The
crystal structure in complex with CPPU (PDB ID: 2QKN,
Kopecny et al. 2010) shows that Asp169 forms hydrogen
bonds to both urea nitrogen atoms of CPPU. The smaller
of the two pockets is occupied by the isoalloxazine ring of
FAD, whereas the larger pocket is exposed to solvent and is
guarded by Glu381. CPPU can adopt two possible orienta-
tions, i.e., with either the phenyl ring or 2-chloropyridin-4-yl1
ring in direct m-stacking interaction with the isoalloxazine
ring of FAD. The crystal structure of ZmCKX4a shows that
CPPU is bound only in the orientation with the 2-chloro-
pyridin-4-yl ring pointing towards the entrance of the active
site and phenyl ring in direct m-stacking interaction with
the isoalloxazine ring (PDB ID: 4095 and 40AL, Kopecny
et al. 2015). ZmCKX4a has an alanine in place of Glu381
found in ZmCKX1 and this residue apparently affects the
binding of urea-derived cytokinins.

A homology model of AtCKX2, prepared based on the
ZmCKX1 structure, revealed that it shares a similar shape

of active site. Amino acids in the active site of AtCKX2 and
ZmCKX1 are almost identical and include Asp150/Asp169,
Val345/Val378, Trp358/Trp391, Asn366/Asn399, Tyrd60/
Tyrd91, Leud61/Leud92 and especially Glu348/Glu381. A
small difference is replacement of Leu397 by I1e429. To con-
firm the ligand binding, CPPU and TDZ were docked into
the active site of ZmCKX1 and AtCKX2 using AutoDock
Vina. The results were nearly identical and agreed with
positions observed for CPPU in known crystal structures.
CPPU was found in two orientations with binding energies
of —6.6 and —8.2 kcal mol !, The latter corresponded to pre-
ferred binding with the phenyl ring in n-stacking interaction
with the isoalloxazine ring. In contrast, when docking TDZ,
the thiadiazolyl ring was located over the isoalloxazine ring.

Design and chemistry of TDZ derivatives

Molecular docking to the active site of AtCKX2 was per-
formed in parallel to preparation of new N,N'-bis substi-
tuted urea derivatives possessing the 1,2,3-thiadiazolyl ring
of TDZ. Twenty of the most promising compounds, based
on the obtained ligand conformations, binding energies
(Table 1) and availability of phenyl- and benzyl-amines
for the synthesis, were selected and synthesized (Table 1;
Fig. 1). Commercially available 1,2,3-thiadiazol-5-ylamine
was a starting compound for the synthesis of the interme-
diate 5-isocyanato-1,2,3-thiadiazole, which was prepared
using diphosgene (Kurita et al. 1976). Although, many TDZ
derivatives have been synthesized before (Mok et al. 1982;
Abad et al. 2004), use of 5-isocyanato-1,2,3-thiadiazole has
not yet been reported. Final compounds were prepared by
mild heating of this isocyanate and the corresponding amine
in the presence of a catalytic amount of triethylamine in tet-
rahydrofuran (THF) (Goldschmidt and Bardach 1892). The
compounds were characterized by LC-PDA-MS and 'H
NMR (Supplementary material and Figure S3 and S4). Two
compounds HETDZ and 3FMTDZ were also characterized
in MS/MS experiments (Figure S5).

Inhibition of AtCKX2 and correlation with molecular
docking

TDZ derivatives all docked into the active site of the
AtCKX2 model with apparent preferred orientation of
the 1,2,3-thiadiazolyl ring towards the isoalloxazine ring
of FAD. Both urea nitrogen atoms bound to Asp150. The
polar functional groups attached to the phenyl ring inter-
acted with Glu348 at the entrance, whereas those attached
to the benzyl ring were too large to be accommodated eas-
ily. This finding is in line with the calculated binding ener-
gies, which were more favorable for phenyl derivatives
(AG from —8.1 to —9.3 kcal mol ™) than those for benzyl
derivatives (AG from —6.3 to —8.2 kcal mol '). However,
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Table 1 Structures and abbreviations of prepared compounds and overview of their binding energies and comparison to /Cs, values measured

with AtCKX2, ZmCreKX1 and ZmCKX4a

R1 R2 R3 R4 AG (kcal/mol) ICs, (M)
AtCKX2 AtCKX2 ZmCKX1 ZmCKX4a
Compounds of series I
TDZ H H H H -8.8 62+6 40+7 27318
1 OCH; H H H -8.4 36+£3% 35+£5 >200
2 OH H H H -8.3 5145 37+4 >200
3 H OCH;,4 H H -8.8 22+4% 9+3% >200
4 H OH H H -8.8 66+5 4314 >200
5 OCH;, H H OCH; -89 T7.6+1%  2414% >200
6 OH H H OH -8.9 - - -
7 H OH CH, H -9.2 33+2% 26+3% 117+12%
8 CH,OH H H H -83 18+2% 144+2% 91+10*
9 HETDZ CH,CH,0OH H H H -8.5 3.9+0.6% 2.8+0.5* 120+15%
10 3FMTDZ H OCF; H H -93 55+0.6% 4.8+03* 35+4*
11 H CF, H H -8.1 45+7 48+5 >200
12 Cl H Cl H -93 >200 >200 >200
Compounds of series 11
13 OH H H H - >200 - -
14 CH; H H H —6.9 n.a. - -
15 H OH H H -7.2 106+17* — -
16 H Cl H H -6.3 >200 - -
17 H F H H -7.3 n.a. - -
18 H OCH,4 H H - n.a. - -
19 OH CH,4 H H -6.3 n.a. - -
20 OCH; H H OCH; -82 n.a. - -

Binding energies (AG) were obtained by docking TDZ derivatives into the active site of AtCKX2. CKX activity was measured using the PMS/
MTT method. n.a. Compound not active as inhibitor; — data not determined. Errors show SD of two parallel assays, each consisting from three
replicates. An asterisk means statistically significant difference from TDZ in an ANOVA analysis (¢ test) at p<0.05

AG differences among phenyl derivative series are too
small to predict their real in vivo binding and thus data
correlate rather roughly with /Cs, values measured with
AtCKX2 (Table 1). No correlation was found for com-
pound 12 despite it displayed together with FMTDZ the
best binding energy (AG value of —9.3 kcal mol ') found
by docking. As the compound 12 is more hydrophobic due
to the presence of chlorine atoms, it is likely that lower
solubility or non-specific binding may have negatively
affected its properties.

The ability of the prepared derivatives to inhibit the activ-
ity of AtCKX2 was compared with that of TDZ (Fig. 2).
ICs, values were determined using a saturating concen-
tration of the substrate, i.e., 45 uM iP (Table 1). An ICj,
value of 62 uM was determined for TDZ. Similar /C;, val-
ues were determined for compounds 2 and 4, which were
ortho- and meta-hydroxylated TDZ derivatives, respec-
tively. No significant change was observed for compounds
1 (ortho-methoxy TDZ), 7 (ortho-methyl, meta-hydroxy
TDZ) and 11 (meta-trifluoromethyl TDZ). Lower ICs, val-
ues were observed for compounds 8 (/C5y=18 pM) and 3
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(UCs9=22 pM) bearing ortho-methylhydroxy and meta-
methoxy substituents, respectively. Compounds with /Cj,
values below 10 uM were compounds 5 (/Csy=7.6 uM), 10
(BFMTDZ, IC5y=5.5 pM) and 9 (HETDZ, IC5,=3.9 uM)
bearing 2,5-dimethoxy-, meta-trifluoro-methoxy- and
ortho-ethylhydroxy groups. Compounds bearing a dichloro-
phenyl ring or substituted benzyl ring were less active
or even inactive. 3FMTDZ was one of the top two com-
pounds with the best binding energy found by docking
(AG=-9.3 kcal mol!), whereas the other compound, 12,
was not effective at all. As the latter compound is more
hydrophobic due to the presence of chlorine atoms, it is
likely that lower solubility or non-specific binding may have
negatively affected its properties. Zatloukal et al. (2008)
reported an /Cs;, value for TDZ of 29 uM toward AtCKX2.
This is about half that of our result (62 puM). This difference
can be explained by the use of lower substrate concentration
in the previous study (30 uM iP). Zatloukal’s best inhibitors
reached an /Cs, of about 1-2 uM, which is very close to the
inhibitory strength of HETDZ (I/Cs5,=3.9 uM). In contrast,
our /Cs, was obtained with 45 pM iP as a substrate.
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NH,

NH,
Diphosgene H,N
/ THF, RT / THF, RT

Fig. 1 Reaction scheme of the synthesis of new TZD derivatives. In
the first step, a 1,2,3-thiadiazol-5-ylamine was dissolved in THF and
added dropwise into a solution of diphosgene to form an intermediate
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S-isocyanato-1,2,3-thiadiazole. The isocyanate was further reacted
with a phenyl- or benzyl-amine derivative in the presence of a catalytic
amount of triethylamine to form the final product
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Fig.2 Inhibitor strength of selected TDZ derivatives against AtCKX2,
ZmCKX1 and ZmCKX4a. CKX activity was measured by PMS/MTT
kinetic assay (Frébort et al. 2002). The standard deviation of three

Inhibition of ZmCKX1 and ZmCKX4a

Based on the results obtained with AtCKX2, selected
TDZ derivatives were further tested using ZmCKX1 and
ZmCKX4a. Compounds 1-12 displayed similar proper-
ties toward ZmCKX1, probably because it has a similar
active site composition to that of AtCKX2. HETDZ and
3FMTDZ were the strongest inhibitors of ZmCKX1, with
1Cs, values of 2.8 and 4.8 pM, respectively. Only com-
pounds 7, 8, HETDZ and 3FMTDZ inhibited ZmCKX4a
better than TDZ itself: the ICy, value for TDZ was slightly
higher than 200 uM, whereas it was 117, 91 and 120 pM
for compounds 7, 8 and HETDZ, respectively. The best
inhibitor was 3FMTDZ, with ICs, of 35 uM (Table 1;
Fig. 2). Previously, the two strongest CPPU derivatives
toward the ZmCKX1 isoform were reported to have ICj,
values of 1.8 and 2 uM (Kopecny et al. 2010). However,

replicates did not exceed 10%. The whole assays were performed
twice and presented graphs are representative examples

as mentioned above, the synthesis of these compounds
is much more complicated than that of HETDZ and
3FMTDZ.

Although earlier work suggested that TDZ was a non-
competitive inhibitor (Hare and Van Staden 1994), more
recent studies have shown that it is a competitive inhibitor
of CKX when 2,6-dichlorophenol indophenol (DCPIP) is
used as an electron acceptor (Bilyeu et al. 2001; Kope¢ny
et al. 2010). Using a method based on the coupled redox
reaction of PMS and MTT (Frébort et al. 2002), we
showed that TDZ and the two strongest inhibitors HETDZ
and 3FMTDZ inhibit AtCKX2 as well as ZmCKX4a in a
competitive manner (Fig. 3). With AtCKX2, K; values for
HETDZ and 3FMTDZ were 1.25 and 1.8 uM, respectively,
whereas that for TDZ was one order of magnitude higher
(K;=21 pM). With ZmCKX4a, K; values for TDZ and
3FMTDZ were 7.2 and 3.6 uM, respectively.

@ Springer



240

Plant Mol Biol (2016) 92:235-248

(A) HO

N=N N=N
HETDZ
(B) g 1.75 1
- 15 |
S 1.25 -
s ¢
g = 1.0
>
E £ 0.75
Nog 05
<
H 0.25 -
|
01 085~ 0
C) w5 97 —
€ 154 g. . A
e S
s | 24 k=36
§ g Lo 720 3 46 8 /A O
X < Concentration (uM) / o
S 2 -
E £
N 2
i3]
<
i
01 005 0 0.0 0.1 0.15 02
1/S (uM™)

Fig. 3 Inhibition of ZmCKX4a and AtCKX2 with selected TDZ
derivatives. a Structures of the two best inhibitors HETDZ and
3FMTDZ. b, ¢ Double-reciprocal plots of competitive inhibition of
ZmCKX4a by TDZ and 3FMTDZ. Lineweaver—Burk plots were con-
structed using iP as a substrate with concentration range 5-15 pM.
The respective inhibitor concentrations were 0 UM (open diamond),
15 uM (filled square) and 30 uM (filled triangle) for TDZ and 0 uM
(open diamond), 4 y\M (filled square) and 8 uM (filled triangle) for

Crystal structures of ZmCKX4a in complex with
3FMTDZ and HETDZ

Two crystal structures of ZmCKX4a in complex with two
urea inhibitors 3FMTDZ and HETDZ were solved at 2.0 A
resolution (PDB IDs SHMR and SHQX). A summary of the
refinement results together with model statistics is given
in Table 2. The crystal structure complexes revealed that
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3FMTDZ. d—f Double-reciprocal plots showing competitive inhibition
of AtCKX2 by TDZ, HETDZ and 3FMTDZ. The respective inhibitor
concentrations were 0 UM (open diamond), 7.5 uM (filled square) and
15 uM (filled triangle) for TDZ and 0 uM (open diamond), 1.5 yM
(filled square) and 3 puM (filled triangle) for HETDZ and 3FMTDZ.
The insets show secondary plots of slope against inhibitor concentra-
tion, which were used for K; determination

HETDZ and 3FMTDZ occupy the same place in the active
site as cytokinin substrates. Surprisingly, HETDZ and
3FMTDZ bind in opposite orientations (Fig. 4). Their urea
nitrogen atoms are at a distance of 2.7-3.1 A from the side
chain oxygen atom of catalytic aspartate D170, allowing
hydrogen bond interactions. The urea’s carbonyl oxygen is
3.3 A distant from the N5 atom of the isoalloxazine plane of
FAD. The thiadiazolyl ring of 3FMTDZ is positioned over
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Table 2 Data collection and refinement statistics

ZmCKO4a+3FMTDZ ZmCKO4a+HETDZ

PDB ID SHMR SHQX
Space group P4;2,2 P4;2,2
Asymmetric unit Monomer Monomer
Unit cell (A)

a 79.7 74.5

b 79.7 74.5

c 203.7 208.1

a=B=y(°) 90.0 90.0
Resolution (A) 49.3-2.00 47.0-2.05
Observed reflections 325,424 (52,088)* 542,798 (83,013)
Unique reflections 45,506 (7123) 38,064 (5908)
Completeness (%) 99.7 (98.6) 99.6 (97.5)
1o (I) 14.7 (1.4) 23.0(2.3)
cc, 99.9 (59.8) 100.0 (88.6)
Ry (%0) 8.6 (152.2) 8.0 (109.9)
Reryst (%) 18.2 19.2
Rpee (%) 20.6 224
RMSD bond lengths  0.010 0.010

A)
RMSD bond angles  0.96 0.99

®)
B average value (A%)

Protein 48.8 52.6

Ligand 45.0 534

Solvent 50.1 54.1

“Numbers in parentheses represent values in the highest resolution
shell 2.00-2.12 A

bPercentage of correlation between intensities from random half-
dataset (Karplus and Diederichs 2012)

the flavin ring and one of its two nitrogen atoms can estab-
lish a hydrogen bond to Asn391 directly (3.3 A distance)
or via a water molecule. One of the urea nitrogens forms
an H-bond to a water molecule, which is further bound
to the side-chain oxygen atom of D170, O4 atom of iso-
alloxazine, hydroxyl group of Tyr425 and the main-chain
oxygen of Ile185. The 3-trifluoromethoxy group is oriented
toward the hydrophobic pocket composed of side chains of
Trp389, Trp383, Phe57, Leu377 and His387. In contrast,
in the case of HETDZ, the 2-(2-hydroxyethyl)phenyl ring
is positioned over the flavin ring, whereas the thiadiazolyl
ring points toward the entrance of the active site. The oxy-
gen atom of the hydroxyethyl side chain replaces a water
molecule present in the ZmCKX4a-3FMTDZ structure and
makes a H-bond to the side-chain oxygen atom of Asp170
and hydroxyl group of Tyr425. This water molecule is pres-
ent in most of the CKX structures, including substrate and
inhibitor complexes, and is H-bonded to a catalytic aspar-
tate residue. Orientation and position of 3FMTDZ found

in the crystal structure was very similar to that predicted
by molecular docking for AtCKX2. Interestingly, orienta-
tion of the docked HETDZ was similar to that of 3FMTDZ
with thiadiazolyl ring positioned over the flavin ring and
hydroxyethyl side chain pointing towards and interacting
with Arg344 (Arg369 in ZmCKX4a). However, this interac-
tion does not appear in the crystal structure of ZmCKX4a
and further crystallization experiments are needed to verify
whether HETDZ binding may differ among CKX isoforms.

Activity in classical cytokinin bioassays

Three classical cytokinin bioassays, i.e., wheat leaf senes-
cence, Amaranth and tobacco callus assay, were used to
investigate the cytokinin activity of the selected com-
pounds using N®-benzyladenine (BA) and TDZ as controls
(Table 3). TDZ is a very potent cytokinin and none of the
tested derivatives possessed higher activity than TDZ itself
in any bioassay. In the senescence assay, where the degrada-
tion of chlorophyll is assessed, eight compounds were com-
pletely inactive and only three had an /Cs, (concentration
at which the chlorophyll degradation is inhibited by 50 %)
lower than 100 uM, although the /Cs, of TDZ in this assay
was about 10 pM. The most active compounds were those
bearing benzyl substituted in the meta-position by fluorine
or hydroxyl group (compounds 17 and 15). In the amaranth
assay, which is based on the dark induction of betacyanin
synthesis in amaranth cotyledons by cytokinins, ECj, val-
ues (concentration at which the activation response reaches
50%) were determined. Compound 8 was the most active
in this assay, slightly exceeding the activity of BA. This
compound had an ortho-methylhydroxy phenyl ring. Mod-
erately less active were compounds 1, 2 and 3, which had
an ortho-methoxy, ortho-hydroxy and meta-methoxy sub-
stituted phenyl ring, respectively, and compound 17, which
had a meta-fluorobenzyl group. In the tobacco callus assay,
where the growth of callus is cytokinin dependent, none of
the compounds reached the TDZ activity. The most active
compounds (8, 15 and 17) showed similar activity to that
of BA. In contrast, substances 3, 11, 14, 16 and 3FMTDZ
showed maximum activity for a concentration one order of
magnitude higher.

Activation of cytokinin primary response gene ARR5

We employed transgenic Arabidopsis plants (4. thaliana)
harboring the ARRS::GUS reporter gene (D’ Agostino et al.
2000) to monitor complex in vivo cytokinin activity of each
compound. ARRS is the primary response gene with a cyto-
kinin-dependent promoter, and its activation integrates the
responses of several putative cytokinin signaling pathways
as well as the contribution of individual cytokinin receptors.
Compounds were tested at 0.5, 1.0 and 10 uM concentrations
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Fig. 4 Binding of the two urea inhibitors 3FMTDZ and HETDZ in the
active site of ZmCKX4a. a Binding of 3FMTDZ (PDB ID: SHMR).
The inhibitor is colored green and shown in a Fo—Fc omit map con-
toured at 4.0 6. b Binding of HETDZ (PDB ID: SHQX). The inhibitor
is colored blue and shown in a Fo—Fc omit map contoured at 3.0 o. ¢
Superposition of bound 3FMTDZ and HETDZ. Both ligands form a
hydrogen bond to the oxygen atom of D170 via two nitrogen atoms of
the urea backbone. The oxygen atom of the hydroxyethyl side chain
of HETDZ replaces a water molecule observed in the ZmCKX4a-
3FMTDZ structure. The FAD cofactor is colored ye/low and neighbor-
ing residues are labeled
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(Table 3) and their ability to activate the ARRS5.:GUS expres-
sion is presented for their optimal concentration. TDZ had
highest activity in the nanomolar range, whereas BA reached
its maximum activity at 1 uM. The most active TDZ deriva-
tives, namely compounds 1, 8 and HETDZ (9), possessed a
similar activity to that of BA. For these compounds, there
was a clear structure—activity relationship, with the activity
decreasing in the order ortho-methoxy group (1)>ortho-
methylhydroxy group (8)>ortho-ethylhydroxy group
(HETDZ). Slightly lower activities were exhibited by com-
pounds 3, 4 and 10 (3FMTDZ) bearing methoxy, hydroxy
and trifluoromethoxy groups, respectively, in the meta posi-
tion of the phenyl ring. Compounds 2, 5, 11, 12 and 15
caused maximal activation only at 10 pM concentration.
Other compounds, which did not activate the ARRS5::GUS
expression even at 10 uM concentration, were categorized as
very poor cytokinins. These included TDZ derivatives with a
substituted benzyl ring rather than phenyl ring.

Interaction with Arabidopsis cytokinin receptors AHK3
and CRE1/AHK4

Transformed E. coli cells expressing the genes of cytokinin
receptor AHK3 or CRE1/AHK4 and the cytokinin-activated
reporter gene cps.:lacZ (Suzuki et al. 2001; Yamada et al.
2001) were employed to examine the ability of the synthe-
sized compounds to activate the receptor (in case of CRE1/
AHK4 receptor only) or bind to the cytokinin binding site.
In the CRE1/AHK4 receptor activation assay, £ECs, values
(half maximal effective concentration for receptor activa-
tion) of the compounds were determined and compared
with those for trans-zeatin (¢Z) and TDZ (see Figure S1).
The ECs, values for tZ and TDZ were 0.25 and 0.72 puM,
respectively. This is in line with previous results report-
ing an ECjs, value for ¢Z of 0.2 pM (Nisler et al. 2010).
The receptor was activated by several compounds at the
two highest concentrations tested (10 and 50 uM). All of
the derivatives showed decreased cytokinin activity when
compared to TDZ. The most active was compound 2 bear-
ing an ortho-hydroxyphenyl ring (EC5,=5.6 uM), followed
by compounds 15 (EC5,=17 pM)>4 (EC5,=22 pM)=17
(EC5,=25 pM)>8 (ECs,=32 uM)>3 (EC5y>50 uM)
bearing a meta-hydroxybenzyl, meta-hydroxyphenyl,
meta-fluorobenzyl, ortho-hydroxymethylphenyl and meta-
methoxyphenyl ring, respectively. Interestingly, except for
the fluorinated derivative (17), only compounds possessing
hydroxyl group or methoxy group were capable of the acti-
vation. None of the other compounds, including HETDZ
and 3FMTDZ, activated the CRE1/AHK4 receptor (Figure
S1).

The same E. coli cells were also used to determine
whether 3FMTDZ or HETDZ possessed affinity toward the
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Table 3 Cytokinin activity of synthetized TDZ derivatives in classical cytokinin bioassays

Compound Senescence bioassay Amaranthus bioassay Tobacco callus bioassay Arabidopsis ARRS::GUS
assay
1Csy (LM) ECy, (uM) Optimal conc. Relative activ-  Optimal conc. Relative
(mol 1Y ity (%) (mol I'h) activity
(%)
BA 155422 0.55+0.13 1076 100 10°° 100
TDZ 13+4% 0.004+0.002* 1077 102+5 107 100+10
1 127+13 1.5+0.4 107 103+2 5x1077 74+6
2 113+14 3.5+£1.0% 107 94+3 107 105+8
3 82+ 7* 33+1.6 107 93+3 10°° 110£9
4 152+12 29+5.2% 107 108+2 10°¢ 106+5
5 na >100 107 75+8 10°¢ 4716
6 n.a >100 107 15+7 n.a n.a
7 na na 107 48+6 107 4143
8 115+£12 0.42+0.2 10°¢ 105+5 5x1077 71+4
9-HETDZ 127+14 10.5+2.1% 1073 95+5 5x1077 62+6
10-3FMTDZ n.a >100 107 96+4 10°° 102+1
11 na 254+8% 107 104+6 107 105+5
12 105+10 >100 107 77+4 107 112£13
13 n.a >100 1074 90+4 107 77+5
14 15711 65+7* 1073 9143 107 5345
15 65+6* 9.0+1.2% 10°° 100+4 107 104+9
16 n.a 83+7 1073 102+2 107 84+8
17 324+5% 2.5+0.8 10°¢ 95+7 107 64+7
18 n.a n.a n.a n.a n.a n.a
19 na >100 107 3245 107 14£2
20 160+12 >100 - - 107 62+4

In the tobacco callus bioassay and Arabidopsis ARRS5::GUS assay, the effect at optimal concentration is compared with the activity of BA: 100 %
corresponds to 107® M BA. n.a. Compound not active; — data not determined. Errors show SD of at least two parallel assays, each consisting
from at least three replicates. An asterisk means statistically significant difference from BA in an ANOVA analysis (¢ test) at p<0.05 (for

Senescence and Amaranthus assays)

CRE1/AHK4 receptor. Their affinities were compared with
those of tZ, TDZ and adenine (Figure S1). While ¢Z at 10 nM
concentration (used as a positive control) displaced 66 % of
[2->H]¢Z from the receptor, TDZ was inactive at this concen-
tration. TDZ displaced 85 % of tritiated ¢Z from the receptor
at much higher 1 uM concentration whereas both 3FMTDZ
and HETDZ were inactive at this concentration. They both
displaced only about 15% of tritiated ¢Z from the receptor
at 10 uM concentration. The same result was achieved with
the negative control, adenine. This confirms the results of the
receptor activation assay and demonstrates limited interac-
tion of 3FMTDZ and HETDZ with this receptor.

The AHK3 receptor is known to display better affinity
(lower K values) and lower selectivity towards natural
and synthetic cytokinins than the AHK4 receptor (Spichal
et al. 2004; Romanov et al. 2006). The K, values for TDZ
were reported as 13 nM (AHK3) and 40 nM (AHK4). In
our measurements (Figure S1), 10 nM TDZ displaced
about 80% of tritiated ¢Z from the AHK3 receptor while

all phenyl derivatives (series I) and compound 15 (series
1) displaced tritiated #Z at 20 uM concentration. Remaining
compounds of the series II did not bind at the concentration
tested. Compounds 2, 3, 4, 6, 8, HETDZ and 15 displayed
stronger binding as they displaced more than 70 % of triti-
ated tZ. Compounds 5, 7, 3FMTDZ, 11 and 12 displaced
less than 50% of tritiated ¢Z from the AHK3 receptor. In
summary, both compounds HETDZ and 3FMTDZ bind to
AHK3 receptor at much higher concentrations (and much
lower affinity) compared with TDZ.

Conclusion—cytokinin activity versus CKX
inhibitory activity

Previously described CKX inhibitors, including TDZ,
CPPU and its derivatives, suicide substrates or anilino-
purines, have been shown to activate Arabidopsis cyto-
kinin receptors AHK3 and/or AHK4 (Spichal et al. 2004;
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Kopecny et al. 2010, 2008; Zatloukal et al. 2008). These
compounds therefore possess intrinsic cytokinin activity
including TDZ, the urea-derived compound with the high-
est cytokinin activity. In contrast, the new TDZ inhibitors
3FMTDZ or HETDZ described in this work do not interact
with the CREI/AHK4 receptor. They both possess lower
intrinsic cytokinin activity than the cytokinins TDZ and ¢Z
and display wide and increased inhibitory properties to vari-
ous CKX isoforms. Their lower affinity to cytokinin recep-
tors AHK3 and AHK4 (AHK2 receptors were not tested in
this work) makes both attractive candidates for manipula-
tions with endogenous cytokinins in planta and for further
development of new derivatives. It has been proposed that
enhancing the content of endogenous cytokinins in plants
via inhibiting CKX is more beneficial to plant growth and
development than using the high intrinsic cytokinin activ-
ity of exogenously applied compounds (Gemrotova et al.
2013). This indicates that plants favor very gentle regulation
of cytokinin biosynthesis, metabolism and signaling. There-
fore, CKX inhibitors might affect different cytokinin func-
tions in plants, thereby having possible positive effects on
seed filling, delayed senescence and stress tolerance toward
biotic and abiotic stresses, thus improving crop yields.

Materials and methods
Molecular modeling and docking

A model of AtCKX2 was built in Modeller 9.8 (Eswar et al.
2006) within UCSF Chimera 1.9 (Pettersen et al. 2004) by
aligning the sequence (UNIPROT ID: Q9FUJ3) to a tem-
plate structure of ZmCKX1 (PDB ID: 2QKN, Kopecny et
al. 2010). Sequence alignment between both proteins can
be found in the supplement (Figure S2). Modeller was
instructed to build 5 models of AtCKX2 without explicit
hydrogens with non-protein residues treated as rigid bodies.
We have selected the best performing model in the zZDOPE
value with rotamer of Asp150 in the same interaction posi-
tion as Asp169 in ZmCKX1. Model also did not suffer from
sterical clashes and RMSD for all Ca atoms between final
model and template was just 0.176 A. Ligands for molecu-
lar docking were constructed using Marvin 14.9.8 software
(ChemAxon). Polar hydrogens were added to all ligands and
proteins using AutoDock Tools (ADT) software (Morris et
al. 2009) prior to docking using Autodock Vina 1.05 (Trott
and Olson 2010). A grid box with size of 16 A was cen-
tered on the active site around Asp150. The exhaustiveness
parameter was set to 20 (default 8). After docking, the best
docked ligand was selected and the best crystal-like poses of
each ligand were analyzed with Pymol 1.7.4 (The PyMOL
Molecular Graphics System, Version 1.7.4 Schrodinger,
LLC.) and Maestro 2014-3 (Schrodinger Release 2014-3:
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Maestro, version 9.9, Schrodinger, LLC, New York, NY,
2014). RMSD cutoff for crystal-like pose is default defined
below 2 A.

Chemicals

1,2,3-Thiadiazol-5-ylamine was supplied by TCI Europe
(Zwijndrecht, Belgium). TDZ, ¢Z and BA were supplied
by Olchemim (Olomouc, Czech Republic). Other com-
pounds, including 2-methoxy-phenylamine, 2-amino-
phenol, 3-methoxy-phenylamine, 3-amino-phenol,
2,5-dimethoxy-phenylamine,  2-hydroxy-3-methyl-phenyl-
amine, (2-amino-phenyl)-methanol, (2-amino-phenyl)-ethanol,
3-trifluoromethoxy-phenylamine,  3-trifluormethyl-phenyl-
amine, 2,4-dichloro-phenylamine, 2-hydroxy-benzylamine,
2-methyl-benzylamine, 3-hydroxy-benzylamine, 3-methoxy-
benzylamine, 3-fluoro-benzylamine, 3-chloro-benzylamine,
2,5-dimethoxy-benzylamine and tert-butyl-dimethyl-sillyl
chloride, were purchased from Sigma Aldrich (Germany). All
solvents and chemicals used were of standard p.a. quality.

Synthesis of 5-isocyanato-1,2,3-thiadiazole and final
products

The synthesis of isocyanates from amines has been
described elsewhere (Kurita et al. 1976). Briefly, 1,2,3-thi-
adiazol-5-ylamine (1.01 g, 10 mmol) was dissolved in THF
(40 mL) and added dropwise into a solution of diphosgene
(2.6 g, 13 mmol) in THF (100 mL). The reaction mixture
was stirred for 40 min at 0 °C and then heated to 30 °C. After
another 30 min, the solvent and excess of diphosgene were
evaporated. The yellow solid residue of 5-isocyanato-1,2,3-
thiadiazole was re-suspended in diethyl ether and filtered.
Yield: 95, 'TH NMR (3, ppm, DMSO-dy): 7.75(1H, s, CH).
All the prepared compounds were synthesized according
to common protocols for the synthesis of disubstituted urea
derivatives, using amine and isocyanate as starting materials
in the presence of a catalytic amount of triethylamine (Gold-
schmidt and Bardach 1892). Firstly, 5-isocyanato-1,2,3-thia-
diazole was mixed with THF (1:100) in a high pressure tube.
Then, a catalytic amount of triethylamine was added and the
suspension was allowed to dissolve. The starting amine was
added in an equimolar amount into the solution and the reac-
tion mixture was stirred for 5-12 h at 60 °C. The conversion
was monitored by TLC (CHCl;:MeOH, 9:1). After reaction,
the solvent was evaporated to a solid/semi-solid residue,
which was purified by flash silica column chromatogra-
phy (mobile phase CHCl;:MeOH, 9:1). Compounds were
usually prepared in milligram quantities and yields varied
between 30 and 80 %. If the starting amine contained a free
hydroxyl group, it was protected by fert-butyl-dimethylsilyl
chloride prior to the condensation with 5-isocyanato-1,2,3-
thiadiazole and then de-protected in 2-propanolic HCl (Wuts
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and Greene 1991). All products (Table 1) were character-
ized by 'H NMR and LC-PDA-MS (Supplementary mate-
rial). The MS/MS spectra of HETDZ and 3FMTDZ were
also recorded using tandem mass analyser Quatro Micro API
with MassLynx data system software (Waters, Manchester,
UK see Supplementary material for details).

General experimental procedures

The purity and mass spectra of the synthesized compounds
were recorded using method LC-PDA-MS. Compounds
(1 mg) were dissolved in 1 ml of 10% methanol and
injected (10 puL) onto a reverse-phased column (Symme-
try C18, 5 um, 150 mmx 2.1 mm; Waters, Milford, MA,
USA) incubated at 25 °C. Solvent (A) consisted of 15 mM
ammonium formate adjusted to pH 4.0. Solvent (B) con-
sisted of methanol. At flow-rate of 200 pL/min, follow-
ing binary gradient was used: 0 min, 10% B; 0-24 min;
linear gradient to 90 % B; 25-34 min; isocratic elution of
90 % B; 35—45 min; linear gradient to 10 % B. The effluent
was introduced then to PDA detector (scanning range 210—
700 nm with 1.2 nm resolution) and a tandem mass analy-
ser Quatro Micro API (Waters, Manchester, UK) with an
electrospray source (source temperature 120 °C, desolva-
tion temperature 300 °C, capillary voltage 3 kV). Nitrogen
was used as well as cone gas (50 L/h) and desolvation gas
(500 L/h). Data acquisition was performed in the full scan
mode (50-1000 Da), scan time of 0.5 s and cone voltage
20 V. Analyses were performed in positive mode (ESI+)
therefore data were collected as protonated ions [M+H]".
Analytical thin-layer chromatography (TLC) was carried
out using silica gel 60 WF254 plates (Merck). If neces-
sary, compounds were separated on a flash chromatogra-
phy column using 63 pm chromatographic silica (Davisil)
and eluted with a mobile phase containing CHCl;/MeOH
(9:1, v/v). "H NMR spectra were measured on a Jeol 500
SS spectrometer operating at a temperature of 300 K and
a frequency of 500.13 MHz ('H). Samples were prepared
by dissolving the compounds in DMSO-d, or CDCl;. Tet-
ramethylsilane (TMS) was used as an internal standard.

CKX inhibition measurements

The ability of the prepared compounds to inhibit AtCKX2,
ZmCKX1 and ZmCKX4a was evaluated by deter-
mining their /Cs, values in the PMS/MTT (phenazine
methosulfate/3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide) activity assay previously adapted for
screening in ELISA microtitre plates (Table 1, Frébort et
al. 2002). Each well contained 100 pL of a reaction mix-
ture consisting of 0.1 M KH,PO, (pH adjusted to 7.4 with
KOH), 1.5 mM PMS, 0.3 mM MTT, the tested compound

(at various concentrations) and substrate iP at saturating
concentration (45 uM for AtCKX2 and ZmCKX4a and
10 uM for ZmCKX1). Cell-free growth medium of S. cere-
visiae strain 23344c ura- harbouring the plasmid pYES2-
AtCKX2 (50 pL) was used directly as a source of AtCKX2
(Frébortova et al. 2007). Pure enzymes were used in the
case of ZmCKX1 and ZmCKX4a. ZmCKX1 was expressed
in yeast Y. lipolytica and purified according to a published
protocol (Kopecny et al. 2005). E. coli BL21 STAR (DE3)
cells carrying pTYB12-ZmCKX4a plasmid were grown for
16 h at 18 °C to produce ZmCKX4a, which was further puri-
fied by affinity chromatography on a column filled with a
chitin resin, followed by ion-exchange chromatography
(Zalabék et al. 2014). Plates were incubated in the dark for
20 min at 37°C and the enzymatic reaction was monitored
every 2 min by measuring the absorbance of the mixture
in each well at 578 nm (spectrophotometer Synergy H4
Hybrid Reader). The absorbance of samples without sub-
strate was subtracted as a baseline. Compounds were tested
with two replicates and the entire test was repeated at least
twice. Gene 5 software was used to calculate the residual
CKX activity for each compound and concentration. /Cy,
values for each compound were determined in Origin Pro
software. Lineweaver—Burk plots for K; determination were
constructed using iP as a substrate with concentration range
from 5 to 15 uM.

Crystallization and structure determination of
3FMTDZ and HETDZ complexes with ZmCKX4a

Preliminary crystallization conditions were identified in
sitting drops using Crystal Screen and Crystal Screen 2
(Hampton Research). ZmCKX4a was co-crystallized with
3FMTDZ in drops containing 100 mM HEPES pH 7.5,
80% MPD, 0.16 mM ZmCKX4a and 10 mM 3FMTDZ in
DMSO. For HETDZ, crystals of ZmCKX4a were grown in
22 % ethylene—glycol and then infiltrated by 5 mM HETDZ
in DMSO for 1 h. Crystals were directly flash frozen in lig-
uid nitrogen. Diffraction data were collected at 100 K on
the Proxima 1 beamline at the SOLEIL synchrotron (Saint-
Aubin, France) at 2.0 A resolution. Intensities were inte-
grated using the XDS program (Kabsch 2010) and data
quality was assessed using the correlation coefficient CC, ),
(Karplus and Diederichs 2012). Crystal structures were
determined by performing molecular replacement with
Phaser (Storoni et al. 2004) using a monomer of ZmCKX1
(PDB 2QKN) as search model. Model refinement was
achieved with BUSTER-TNT (Bricogne et al. 2011). Elec-
tron density maps were evaluated using COOT (Emsley
and Cowtan 2004). Refinement statistics are presented in
Table 2. Molecular graphics images were generated using
PYMOL (www.pymol.org).

@ Springer


http://www.pymol.org

246

Plant Mol Biol (2016) 92:235-248

Cytokinin bioassays and Arabidopsis ARR5::GUS
reporter gene assay

Classical cytokinin bioassays, i.e., tobacco callus assay,
Amaranthus assay and wheat senescence assay with excised
wheat leaves in the dark, were performed as described in
Holub et al. (1998). The tobacco callus bioassay was per-
formed in 6-well microtiter plates (3 mL of MS medium
in each well, into which 0.1 g of callus was placed). In the
wheat leaf senescence and Amaranthus assays, I1Cs, values
(concentration at which chlorophyll degradation is inhibited
by 50%) and ECj, values (half maximal effective concen-
tration) for each compound were determined (Table 3). In
the tobacco callus bioassay, the effect at optimal concentra-
tion was compared with BA activity (100% corresponded
to 107 M BA). Quantitative determination of GUS activ-
ity was performed by measuring fluorescence on a Synergy
H4 hybrid reader (Biotek, USA) at excitation and emission
wavelengths of 365 and 445 nm, respectively. The assay was
carried out as described previously (Romanov et al. 2002).
GUS specific activity was expressed in relative % and was
calculated as RFU (relative fluorescence units) divided by
protein content. Determination of protein content was done
using the bicinchoninic acid assay (Smith et al. 1985).

Live-cell cytokinin-binding assays and CRE1/AHK4
receptor activation assay

Escherichia coli strain KMI001, harboring either the plas-
mid pIN-IITAHK4 or pSTV28-AHK3, which express the
Arabidopsis histidine kinases CRE1/AHK4 or AHK3
(Suzuki et al. 2001; Yamada et al. 2001) was used in the
experiments. Bacterial strains were kindly provided by T.
Mizuno (Nagoya, Japan). The CRE1/AHK4 receptor acti-
vation assay was performed as previously described in
Spichal et al. (2004). The live-cell cytokinin-binding assay
was performed essentially as described in Romanov et al.
(2005). The competition reaction was allowed to proceed
with 3 nM [2-*H]¢Z and various concentrations of the tested
compounds for 30 min at 4 °C. When a binding equilibrium
was reached, the suspension was centrifuged (6000g), the
supernatant was removed and the bacterial pellet was re-
suspended in scintillation cocktail (Beckman, Ramsey, MN,
USA). Radioactivity was measured by scintillation count-
ing on a Beckman LS 6500 scintillation counter (Beckman,
Ramsey, MN, USA).

Accession numbers
The atomic coordinates and structure factors have been

deposited in the Protein Data Bank (www.rcsb.org) under
the accession codes SHMR for ZmCKO4a in complex

@ Springer

with 3FMTDZ and SHQX for ZmCKO4a in complex with
HETDZ.
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