[norganic

Chemistry

: Communication

Inorg. Chem. 2010, 49, 3071-3073 3071
DOI: 10.1021/ic902370a

A Water-Soluble Bis(thiosemicarbazone) Ligand. A Sensitive Probe and Metal

Buffer for Zinc

Gojko Buncic, Paul S. Donnelly,* Brett M. Paterson, Jonathan M. White, Matthias Zimmermann, Zhiguang Xiao,*

and Anthony G. Wedd

School of Chemistry and Bio2l Molecular Science and Biotechnology Institute, University of Melbourne,

Parkville, Victoria 3010, Australia

Received November 30, 2009

The first member of a water-soluble family of bis(thiosemi-
carbazone) ligands is reported. It forms a 1:1 complex with Zn"
that absorbs intensely in the visible region (Ayax = 414 nm; € =
1.8(4) x 10*M~"cm ™", pH 7.3). Its affinity for Zn" (Kp = 5.9(3) x
107° M at pH 7.3) was determined by competition with ligand
ethylene glycol O,0'-bis(2-aminoethyl)-N,N,N', N -tetraacetic acid.
Its potential application as a chromophoric probe was demon-
strated by estimation of the Zn'" binding affinities of the soluble
metal-binding domains of two plant metal-transporting proteins.

Historically, quantitative detection of zinc at low concen-
trations is problematic because the d'° configuration of Zn"
normally precludes sensitive magnetic and spectroscopic
properties. This has restricted in vivo study of zinc meta-
bolism, but significant progress has now been achieved via
the design of chromophoric ligand probes and, in particular,
of fluorescent probes.' ¢ In comparison, sensitive and reli-
able zinc probes based on absorption in the visible region are
less available.”® Such probes have advantages in the quanti-
fication of binding stoichiometries and affinities in isolated
biomolecules. The two probes, mag-fura-2 (Mf2) and 4-(2-
pyridylazo)resorcinol (Par), are used widely in such applica-
tions but have limitations.” In addition, it is important to
develop a range of probes with varying affinities to meet the
requirements of different biomolecules.

Tetradentate bis(thiosemicarbazone) ligands form com-
plexes with Cu" and Zn" that are excellent chromophores
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with high extinction coefficients in the visible region. A
number of copper and zinc complexes of these ligands have
attracted interest as promising metallodrugs and radio-
pharmaceuticals.'®"'> A significant advantage is that tetra-
dentate ligands have a lower probability of forming ternary
complexes with proteins, a potential complication for biden-
tate ligand probes.'® This reduces uncertainties of interpreta-
tion, although equilibria can be slower to establish. A major
hindrance in the application of bis(thiosemicarbazone)
probes is their limited solubility in aqueous solutions.!” The
synthesis and characterization of the first member of a new
class of water-soluble bis(thiosemicarbazone) ligands,
[H,L]™ (Figure 1a), are reported here. The promise of this
new ligand as a quantitative probe for Zn" is demonstrated
by its use in estimation of the affinities for Zn" of the N-
terminal metal-binding domains of two plant transporter
proteins.

A four-step synthesis of the dimethylammonium salt
[Me>H,N][H,L]is presented in Scheme S1 in the Supporting
Information (SI). The reaction involves introduction of an
aromatic sulfonate functional group to the bis(thiosemi-
carbazone) framework via a selective transamination reac-
tion of diacetyl-4,4-dimethyl-4'-methylbis(thiosemicarbazone)
with sulfanilic acid."® The product countercation [Me,H,N] "
may be exchanged with other cations via ion-exchange
chromatography. The new ligand is colorless and water-
soluble. Reaction with aqueous zinc acetate immediately
produced a bright-yellow-orange solution. The same reaction
in N,N'-dimethylformamide, followed by precipitation with
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Figure 1. (a and b) Schematic presentations of [H,L]™ and [Zn"L]™
structures. (c) ORTEP representatlon (elhpsmds at the 40% level) of the
X-ray structure of binuclear anion [Zn"L],>” in crystals of [Me,H,N],-
[Zn"'L],-2DMSO. Bond length (A): Zn—N3 2.102(7), Zn—N4 2.100(7),
Zn—S12.443(3), Zn—S2 2.345(3), Zn'—S1 2.445(3). See Table S2 in the SI
for other selected bond lengths and angles. The solvent was omitted for
clarity.

diethyl ether, provided a yellow-orange solid as either the
sodium or dimethylammonium salt. The anion was formu-
lated as [ZnL]~ featuring ligand L*~ (Figure 1b). Analysis
of [Me,H,N][ZnL] by single-crystal X-ray crystallography
(Table S1 in the SI) revealed the presence of a dimer formed
via sulfur atom S1 from an adjacent molecule acting as
the donor in the apical position of an essentially square-
pyramidal N>S; coordination environment (Figure 1¢). The
internal ligand bond lengths indicate that, although there is
extensive delocalization, the resonance form depicted in
Figure 1b dominates with the C—S bonds, being more
thiolate-like than thione-like [C5—S1 = 1.764(9) A]. The
formation of dimers in the solid state has been observed
previously in zinc complexes of bis(thiosemicarbazonato)
ligands, but it is likely that monomeric forms exist in solu-
tions where coordinating solvents compete for the axial
position.'”?? In fact, electrospray ionization mass spectro-
metry (ESI-MS) analysis detected ion pairs assignable to
both mononuclear and binuclear species but with mono-
nuclear species dominating (Figure S1 in the SI).

Titration of Na[H,L] with Zn*" in a 3-(N-morpho-
lino)propanesulfonic acid (Mops) buffer (20 mM; pH 7.3)
induced an intense absorbance in the visible range (Apax =
414 nm; e = 1.8(4) x 10* M~ cm™") with a tight 1sosbest1c
point at 361 nm (Figure 2). A plot of 44 versus [Zn*']/
[H,L ] ratio produced a straight line with a sharp turning
point at 1.0 (inset, Figure 2). A Job plot with varying ligand
and zinc concentrations also confirmed a binding stoichio-
metry of 1:1 (Figure S2 in the SI).*! These experiments
demonstrated a clean conversion of the ligand into zinc
complex(es) with identical absorption properties under the
conditions. The X-ray crystal structure revealed a dimer
anion, while ESI-MS detected both monomeric and dimeric
forms, with the former being dominant. It is likely that both
are present in an aqueous solution and that the position of the
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Figure 2. Change in the spectrum of a solution containing ligand [LHzl_
(60 uM) in a Mops buffer (20 mM; pH 7.3) upon titration with Zn**
(1.0 mM). Inset: plot of e44 vs [Zn*"]/[H,L] .

equilibrium depends on the solvent or the presence of other
possible ligands such as buffers. However, a tight isosbestic
point was observed in an aqueous Mops buffer (50 mM, pH
7.3; Figure 2), and the spectrum of the complex in this
medium was stable and insensitive to the addition of anions
Cl™, HPO,>", and SO,> .22 Ligand H,L~ does not form
colored complexes with Na™, K™, Mg”", or Ca®", and these
ions do not interfere with the present application of in vitro
determination of the affinities of pure isolated apoproteins
for Zn'. It does form colored complexes with Fe*", Co*",
Ni**, and Cu?". Its application as a probe for these latter ions
is being investigated.

In addition to its high molar absorptivity in the visible
region, [ZnL]™ fluoresces weakly in the visible, a character-
istic that has been attributed to intraligand excitation (Figure
S3 in the SI).*® This intrinsic fluorescence has been used to
track the intracellular distribution of certain bis(thiosemi-
carbazonato)zinc(IT) complexes in human cancer cell lines.*
The present new water-soluble zinc complex is fluorescent
in an aqueous Mops buffer with an emission centered at
Aem = 540 nm following excitation at ., = 420 nm. Impor-
tantly, the “free” ligand [H,L] is not fluorescent and the
addition of Mg*", Ca®", Fe**, Co’", or Cu*" does not
induce fluorescence but, as would be expected, the cd"
complex emits similarly.

The binding affinity of the ligand for Zn*" was estimated
by competition with ligand [H,Egta]*~ [Egta = ethylene
glycol 0,0'-bis(2-aminoethyl)-N,N,N'.N'- tetraacetlc acid]
of known affinity at pH 7.3 (Kp = 1.0 x 107" M):**

[ZnL]~ + [HyEgta]’~ = [H,L]~ + [ZnEgta]*~ (1)

 (HaL /2L ) 1
([HzEgtaz _}total/[angta2 _]) -1

Kp(zaL)

(2)

KD(ZnEgtaz’)

Under conditions of effective competition, as reported by the
A4 probe for [ZnL] ™, the same equilibrium position foreq 1
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could be approached from either side of the competition in
~40 min (Figure S4 in the SI). Although an equilibrium
between mononuclear and binuclear forms may exist in
solution, the experimental data from a series of experiments
with varying Zn" occupancies on both ligands were fitted to
eq 2 satisfactorily (correlation coefficient R > 0.99), gene-
rating a consistent apparent binding affinity of ligand H,L™
for Zn>* at pH 7.3: Kp = 5.9(3) x 10~° M (Table S3 and
Figure S5 in the SI). This demonstrates that effective ex-
change of Zn"' between the two ligands occurs in solution
according to eqs 1 and 2 and that any binuclear forms have
little impact on the exchange and the position of equilibrium.
This was further confirmed by the equivalent competition
with two Zn'" binding protein domains (see below).

It is apparent that ligand [H,L]™ has potential as a
chromophoric reagent for the determination of the affi-
nity of proteins for Zn>". That potential was tested with
the soluble N-terminal domains HMA4n and HMAT7n
(HMA = heavy-metal ATPase) from the membrane-bound
Pig-type ATPase HMA4 and HMA?7 from the simple plant
Arabidopsis thaliana. HMA4 is a zinc transporter essential for
root-to-shoot translocation of zinc, while HMA7 is a copper
transporter essential in ethylene signaling.25 26 Both HMA4n
and HMA7n bind 1 equiv of Zn" with affinities around the
nanomolar range, but their affinities differ by a factor of
~30.? Conditions of effective competition were surveyed for
HMA4n and HMA7n (10—30 uM) at pH 7.3 (Figure 3).%*
The results demonstrate that, while ligand H,L™ competes
weakly with HMA4n for Zn>* at comparable concentrations
(30 uM), it competes effectively at a higher ligand concentra-
tion (180 uM) (Figure 3a and Table S4 in the SI). On the other
hand, the affinity of HMA7n for Zn>" is weaker and falls
within the sensitive buffering range of H,L~ for Zn>". Thus,
ligand H,L~ competes for Zn" with HMA7n effectively at
comparable concentrations (20—30 4M) and is a sensitive
quantitative probe for the HMA7n protein (Figure 3b and
Table S5 in the SI). Analysis of the experimental data in
Tables S4 and S5 in the SI with an equation equivalent to eq 2
generated consistent affinity data for each protein domain at
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Figure 3. Determination of Zn' dissociation constants (Kp) of HMA4n
and HMA7n proteins in a Mops buffer (50 mM; pH 7.3; 100 mM NacCl)
with probe [H,L] ™. Decrease in A4;4 of solutions containing (a) [Zn" ],
= ~16 uM and [HoL Jior1 = 30 uM (i) or 180 uM (ii) with increasing
relative concentration of HMA4n and (b) [Zn"]ow = ~15.5 uM and
[HoL Jiotal = 20 uM (i) or 30 uM (ii) with increasing relative concentra-
tion of HMA7n. The experimental data were fitted directly to eq 2
satisfactorily (R > 0.99), generating the traces shown and the average
Kp, for each protein domain.

pH 7.3: Kp(Zn-HMA4n) = 1.6(1) x 107" M and Kp(Zn-
HMAT7n)=5.7(1) x 10~? M. These data are indistinguishable
within experimental error from those values (2.1 x 107" M
and 5.8 x 10~° M) obtained previously.’

At pH 7.3, the affinity of ligand [H,L]™ for Zn" (Kp =
5.9 x 10~ M) is slightly higher than that of a popular Zn""
chromophore, Mf2 (2.0 x 10~% M).?” However, the Mf2
probe detects Zn" binding via the absorbance of the free Mf2
ligand rather than that of the metal complex. Experimentally,
this restricts variation of the ligand concentration and im-
poses an upper limit of ~35 uM on the total Mf2 concentra-
tion (cf. Figure S2 of ref 9). Consequently, for those proteins
whose affinities for Zn" are outside the sensitive Zn*" buffering
range of Mf2, it is difficult to establish an effective competition
for Zn" between this probe and the proteins, as was the case for
HMA4n.’ The present probe detects Zn'" binding via the
absorbance of the metal complex rather than that of the free
ligand. Consequently, variation of the ligand concentration
over a much wider range is possible, extending the detection
limit for the “free” Zn>" concentration (cf. Figure 3a).

Manipulation of the functional groups of the ligand back-
bone will permit assembly of a family of ligands of varying
affinity. This task is presently underway.

Acknowledgment. We acknowledge the support of the
Australian Research Council.

Supporting Information Available: Crystallographic data in
CIF format and experimental details. This material is available
free of charge via the Internet at http://pubs.acs.org.



