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of Chemistry The selective removal of Zn?* from proteins by using a synthetic chelator is a promising therapeutic
approach for the treatment of various diseases including cancer. Although the chelation of Zn?* is well
known, its removal from a protein in the presence of potential competing biologically relevant ions such
as Cu?* is hardly explored. Herein we present a peptoid — N-substituted glycine trimer — incorporating
a picolyl group at the N-terminus, a non-coordinating but structurally directing benzyl group at the C-

terminus and a 2,2":6',2"-terpyridine group in the second position, that selectively binds Zn®* ions in the
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Zn?* from a pool of excess biologically relevant and competitive ions (Cu?*, Fe3*, Ca®*, Mg®*, Na*, and
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Introduction

The metal ion Zn>" plays an important role in several enzymes
and transcription factors within the human body, where it acts
as a structural co-factor by allowing the protein to fold into
a stable conformation, thus enabling a specific function." Zinc
finger proteins (ZFPs), 3% in abundance among the entire
human genome, are a common DNA binding motif in tran-
scription factors.” Recent reports indicate extensive participa-
tion of ZFPs in several diseases, such as parasitic diseases,?
cancer,* viral contamination® or even neurological problems.®
Therefore ZFPs are increasingly recognized as therapeutic
targets.” The approach for treating diseases by targeting ZFPs is
mainly associated with the replacement and/or removal of Zn>*
from the protein scaffold; proteins lacking Zn** would become
apo-proteins (Scheme 1), will not be able to bind the nucleotide,
and eventually would become inactive.” One approach to obtain
an apo-protein is by replacing Zn** with other metal ions.?
Although this strategy is well explored, it can lead to possible
side effects from the substituting metal ions. Thus, removal of
Zn** from ZFPs (unstructured protein, shown in blue in Scheme
1) by using an unbound chelator specific to zinc (shown in cyan
in Scheme 1) to form an un-structured apo-protein (shown in
grey, Scheme 1) would be advantageous. The major challenge
related to Zn*>* extraction is the development of water-soluble
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small molecular probe-based chelators that could bind zZn**
in competition with a strong opponent such as Cu®"; even
molecules that are routinely used to chelate zinc, e.g. ethyl-
enediaminetetraacetic acid (EDTA) and N,N,N',N'-tetrakis(2-
pyridylmethyl)ethylenediamine (TPEN) are not selective to Zn,
and this limits their utilization.®

Only a handful of examples of peptidomimetics are known
for Zn®* chelation.®”¢ Most of these examples, however, do not
consider the binding of Zn>" in the presence of other biologi-
cally relevant ions including Ca**, Mg>*, Na*, K" and especially
Cu**, which is the binding competitor of Zn*". It was previously
reported that a cytochrome-based assembly can bind Zn*" in the
presence of Ni**, Co®>" or Cu®*; however, this assembly was not
selective to Zn*", as it was also binding the other metal ions.*
Moreover, selective binding to Zn>* was tested neither in
a mixture of different metal ion competitors nor in an envi-
ronment similar to body fluids such as blood plasma (i.e.; in the
presence of other ions such as CI~, HCO;~, HPO,>~ etc.).® In
such a fluid, the Cu®'/Zn®" concentration ratio can range
between 1.06 (ref. 9¢) to 1.39.(ref. 9d) Therefore, only the
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Zinc Finger Protein Unstructured Apo-Protein Zn Chelator complex

Scheme 1 A schematic representation of Zn?* chelation from
a structured ZFP domain (shown in blue) by using a suitable chelator
resulting in an unstructured apo-protein (shown in grey).
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exclusive selectivity to Zn** over Cu®" chelation within such
ratios would be adequate for therapeutic applications.

Peptoids, N-substituted glycine oligomers, are peptidomi-
metics akin to peptides that are composed of primary amines
instead of amino acids. Due to their ease of synthesis on a solid
support,'® sequence versatility and high stability, they exhibit
great potential for application in catalysis," self-assembly,"
metal binding® and recognition,™ and medicine."”® Compared
to small molecule chelators, peptoid chelators are advantageous
because various metal-binding ligands and structural elements
of choice can be incorporated within their scaffold with high
sequence specificity, leading to control over a desired coordi-
nation geometry and complex stability. They include different
N-donor ligands, many of which are the basis for systems used
for Zn>" chelation and/or sensing.’® Indeed, peptoids bearing
the N-donor ligands 8-hydroxyquinoline (HQ) and imidazole,
can bind Zn*" (among other metal ions).?*** Moreover, pep-
toids having imidazole groups were shown to bind Zn>* more
efficiently than peptoids having thiols as ligands.* The N-donor
ligand 2,2":6',2"-terpyridine (terpy) was incorporated together
with HQ within a helical peptoid hexamer in a sequence-specific
manner, resulting in selective intermolecular binding of Zn>** by
two terpy ligands.**? Other N-donor ligands that were success-
fully incorporated within peptoids are 2,2’-bipyridine,** and
1,10-phenanthroline,*** but they were not used as Zn** chela-
tors. Based on our achievements in the area of metallopeptoids,
we prepared a series of water-soluble peptoid trimers, and
found that one of these trimers can bind Zn** selectively from
a mixture containing metal ion competitors including Cu®>* in
a Cu”'/Zn*" concentration ratio that exists in human body
fluids. Significantly, we demonstrated successful chelation and
extraction from a zinc finger protein.

Results and discussion
Design and synthesis of a Zn>*-peptoid chelator

In general, quinolone-based Zn>* probes suffer from poor
solubility and/or low cell permeability.’” Thus, although HQ-
based peptoids were shown to bind Zn>*, HQ might not be
a good choice for our current peptoid design. On the other
hand, fluorescence studies with terpy-based ligands, which
were carried out in a solution containing either Zn>" or Cu®",
demonstrated the ability of terpy to bind Zn®*" but not Cu*".
Significantly, it was shown that in an aqueous solution, the
association constant of terpy for Zn** is much higher than that
for Cu®", suggesting that terpy has a higher affinity for Zn** in
comparison with Cu>".*® Additionally, the role that terpy plays in
various metallo-intercalating drugs (where terpy helps to
increase the DNA-binding ability)," stands for its utility as a bio-
compatible compound, making it the preferred choice as
a chelating unit in the design of biomimetic chelators. As terpy
is a tridentate ligand, and Zn can be stabilized via a tetra, penta
or hexa-coordination, it is indeed required to incorporate a co-
ligand that will stabilize an intramolecular 1:1 Zn : peptoid
complex. This is because intramolecular metallopeptoid
complexes were shown to have greater stability than their

equivalent intermolecular metallopeptoid complexes, as
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evident from their higher association constants.*® As the most
common coordination number of Zn>" complexes is four,* we
chose to incorporate as the co-ligand a picolyl group (Npam),
another N-donor metal-binding moiety?> preferable for Zn>*
chelation.®* We previously showed that a non-coordinating
bulky side chain incorporated next to an active site within the
peptoid scaffold has an important role as a structure-directing
group, and facilitates the peptoid's activity."* As the terpy and
picolyl groups are anticipated to form a distinct coordination
site, we sought to incorporate a non-coordinating group next to
it and explore its effect on Zn>" binding. To this aim, we
incorporated one additional aromatic*® or aliphatic* non-
coordinating side chain at the C-terminus of the peptoid.
Thus, peptoids PT-1 to PT-7 bearing a benzyl, naphthyl, cyclo-
hexyl, (R)-(—)-3,3-dimethyl-2-butyl, pentyl, allyl and 2-methox-
yethyl group, respectively (Fig. 1 and S2+), were synthesized and
characterized. In addition, the peptoid dimer PD-1, which lacks
the non-coordinating group, was synthesized as a control
(Fig. 1). All the peptoids were synthesized by the sub-monomer
approach on resin,' cleaved, purified by HPLC and lyophilized
to obtain the pure peptoid products (>95% purity). The mass of
the peptoids as determined by ESI-MS was consistent with their
sequences (Fig. S3-S12+ for HPLC and Fig. S13-S22 for ESI-MS,
ESIY).

Binding of Zn>* and Cu®* to the peptoids PT1-PT7 and PD-1 in
water

The peptoids PT1-PT7 and PD-1 are soluble in water and thus
UV-Vis characterization has been carried out in a non-buffered
water solution. Metal free PT-1 exhibits absorbance maxima at
235 and 275 (with a small hump at 262) nm in a water medium
arising from the ligands terpy and picolyl, respectively. Upon
addition of zinc acetate, the bands near 235 and 275 nm shifted
to 244 and 274 nm respectively, and new absorption bands near
A =310 and 322 nm were produced (Fig. 2a). A metal-to-peptoid
ratio plot constructed from these UV-Vis titrations was consis-
tent with the 1:1 peptoid : Zn** ratio, demonstrating the
formation of the intramolecular complex ZnPT-1 (Fig. 2a, inset).
Addition of 1 equiv. of copper(u) acetate to PT-1 produced new
bands near A = 315 and 328 nm (Fig. 2b and S23bt). The
difference between the UV spectra of the two complexes ZnPT-1
and CuPT-1 enables the detection of the coordination of one of
these ions over the other in competition experiments followed
by UV-Vis analysis. Indeed, the UV-Vis spectrum of PT-1 with
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Fig. 1 Chemical structures of peptoids PT-1 and PD-1.

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0sc03391j

Open Access Article. Published on 28 August 2020. Downloaded on 4/1/2026 2:15:39 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article
] ®) o3, \
0.25
[ 8 0.2 1
2 3 % ’
Metal to peptoid ratio £20.15 4
S
§ 0.1 4
i 0.05 -
0 + T | 0 +
200 300 400 200 300 400
(c) Wavelength (nm) (d) Wavelength (nm)
0.3 03
0.25
@ @
S 02 g
© ©
20.15 4
<] <]
2 01 2
< <
0.05
0
200 300 400 200 300 400

Wavelength (nm)

Wavelength (nm)

Fig. 2 UV-Vis spectra of (a) PT-1 titration with Zn?*. PT-1 (17 uM) in
water was titrated with 2 pl aliquots of metal ions (2 mM in H,O) in
multiple steps (black = free peptoid PT-1 and blue = metal complex).
Inset: metal-to-peptoid ratio plot for Zn®* binding to PT-1. (b) Zn®*
added to PT-1 (red line) and Cu?* added to PT-1 (blue line), (c)
competition experiment between Zn?* and Cu?* with PT-1ina1:3
Zn?* . Cu?* ratio (black: PT-1; red: PT-1 with Zn®*; blue: PT-1 with
Cu?*; green: PT-1 with 1: 3 Zn?* : Cu?*) and (d) competition experi-
ment between Zn?* and Cu?* with PT-1in a 1:2 Zn®* : Cu?* ratio
(black: PT-1; red: PT-1with Zn?*; green: PT-1with 1 : 2 Zn?* : Cu?*), (8
uM in b-d, solvent: water).

a mixture of Zn®>* and Cu®' in a 1:4 ratio was obtained,
revealing an expected selective chelation of Cu** over Zn>" (see
Fig. S24at for UV-Vis and Fig. S26bt for ESI-MS).

This selectivity decreases in a 1 : 3 Zn>" : Cu®" ratio (Fig. 2d
and S26at for ESI-MS) and is, remarkably, completely lost and
actually turns to selectivity towards Zn*" in a 1:2 zZn*": Cu*'
ratio (Fig. 2c and S25at for ESI-MS). A sample taken from this
UV-Vis solution was subjected to ESI-MS analysis and the results
supported chelation of zinc only, as evident from the well-
matched ESI-MS pattern of simulated and experimental data
(Fig. S257). In Fig. 2a, which shows the titration of PT-1 with
Zn**, we could identify five isosbestic points, i.e.; 218, 236, 278,
300 and 329 nm. The points near 218 and 329 nm do not show
much change in the absorbance value before and after metal
binding, and the isosbestic point near 278 nm is common for
both metal ions. Therefore, we considered the points near 236
and 300 nm for explaining the metal binding. In a 1:4
(zn®" : Cu®) ratio, the UV signal is similar to that of Cu®>" and
there is no similarity in isosbestic points to those of the Zn**
signal. Ina1: 3 (Zn>* : Cu®") ratio, the UV signal passes through
the 300 nm isosbestic point only and other points are not
similar to those of both Zn®*" and Cu?', which explains the
binding of both Zn** and Cu® to PT-1. However in a 1:2
(Zn®" : Cu®") ratio, the UV signal passes through 235 and
300 nm isosbestic points which explains the binding of Zn**
only with PT-1 (supported by mass spectrometric analysis).

The role of the non-coordinating group that was incorpo-
rated at the C-terminus was examined by conducting competi-
tion experiments similar to the experiment that was carried out
with PT-1. Thus, each of the peptoids PT-2 to PT-7 and PD-1 was

This journal is © The Royal Society of Chemistry 2020
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mixed with a 1:2 Zn*": Cu®* solution in water, and the solu-
tions were analyzed by UV-Vis spectroscopy. Interestingly, the
spectra of these solutions indicated that all these peptoids do
not bind Zn** but rather bind Cu** (Fig. $27 and $33, ESI{). To
understand this result, the dissociation constants of peptoids
PT-1 to PT-3 with Zn>* were measured by a competition exper-
iment with EDTA at pH 7. The dissociation constant of PT-1 was
found to be 1.85 x 10~ "> M (Fig. S317), 1.4-2.4 times lower than
that of PT-2 (2.65 x 10~ "* M, Fig. $311) and PT-3 (4.5 x 10" * M,
Fig. S31%), and about 10 times lower than its dissociation
constant with Cu®" (2.2 x 10~ "> M, Fig. S317). The results from
all the above experiments suggest that a non-coordinating
structure-directing group is required to achieve selective
binding of Zn>" to the terpy/picolyl coordination site, but that
such a group should not be too bulky to hinder the binding.
Among the seven non-coordinating groups studied here, the
benzyl side chain is the best one to function as a non-hindering
structure-directing group and assists the coordinating ligands
to selectively bind Zn>" over Cu®". Hence, this non-coordinating
group provides the advantages of a second coordination sphere
around the binding site, similar to the one afforded by the folds
within the active site of functional proteins.

We have previously showed that the N terminal -NH group of
metal-binding peptoids can coordinate Cu®*.'>*3 We therefore
anticipated that acetylating the N-terminal of PT-1 will enable
the minimization of the possibility of Cu®>" binding, and
increase the selectivity towards Zn>" even with Zn>* : Cu®" ratios
higher than 1:3. Thus, PT-1 was re-synthesized and its N-
terminus has been acetylated to obtain PT-1Ac (Fig. 3). This
peptoid was mixed with a 1:2 Zn*': Cu®>" solution in water,
followed by UV-Vis spectroscopy. Despite our expectations, the
resulting spectrum indicated that acetylation at the N-terminal
cannot improve the selectivity, as PT-1Ac failed to bind Zn*" in
the presence of two equivalents of Cu”*. These results also
suggest that the N-terminal secondary amine has a role in the
selectivity of PT-1 for Zn”".

To establish the role of the picolyl group in the selective
binding to Zn>*, we have also synthesized PT-8, which incorpo-
rates a benzyl group instead of the picolyl side chain (Fig. 3). A
similar competition experiment performed with a 1:2
Zn**: Cu®* solution followed by UV-Vis spectroscopy revealed
that PT-8 binds Cu®" rather than Zn**, indicating that the picolyl
side chain is also required for selectivity to Zn>" in the presence of
excess Cu>" in solution (Fig. 4). A similar competition experiment
performed with a 1:1 mixture of terpy and picolyl amine in
acetonitrile solution also demonstrated selectivity to Cu®* only.
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Fig. 3 Additional peptoid oligomers designed and synthesized for this
study.
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Fig. 4 UV-Vis spectra describing the competition between Zn** and
Cu?* in peptoid binding. The spectra were recorded upon addition of
al:2Zn?": Cu?* mixture (8 uM in water) to (a) PT-1Ac and (b) PT-8
(black: Peptoid, red: Zn?* complex, blue: Cu?* complex and cyan:
mixture).

Overall, the competition experiments with peptoids PT-2 to PT-8,
PD-1 and PT-1Ac, as well as with a mixture of the two ligands,
with 1 : 2 Zn*" : Cu®" (Fig. $38, ESIY), collectively established PT-1
as a unique chelator for Zn**, which can bind it selectively from
a solution containing an excess of up to 3 equiv. of Cu”".

Exploring the selectivity of PT-1 towards Zn>* in solutions
containing various other metal ions

To explore the ability of PT-1 to bind Zn** selectively from a pool
of other biologically relevant metal ions, PT-1 was titrated with 1
equiv. of Ca**, K*, Mg>*, Na* or Fe** in a non-buffered water
solution followed by UV-Vis measurements. The results sug-
gested no interaction between the examined metal ions and PT-
1, as no shift in the absorbance bands was recorded and the UV-
Vis spectra were mostly identical before and after the titration
(Fig. S57, ESIt). The chelation of biologically relevant metal
ions, however, does not take place in water or buffered solutions
but rather in a human body fluid. Thus, we have prepared
a simulated body fluid (SBF) according to a previously reported
method? and tested the chelation of Zn** and Cu** by PT-1 in
this SBF solution. The complexation of both Zn** and Cu** was
successful in the SBF (Fig. S587), indicating that PT-1 is a good
chelator of these ions in the SBF also. The stability of ZnPT-1
was monitored by a 24 hour UV-Vis measurement in the SBF at
37 °C and the obtained spectrum matched the one measured in
water, suggesting that ZnPT-1 maintains its stability in a SBF.
To further explore the selectivity of PT-1 towards Zn>" in the
SBF, competition experiments between Zn**, Cu*", Fe**, Ca*",
Mg>*, Na*, and K' in varying ratios were performed. Initially,
two mixture solutions were prepared, in which the ratio
between Zn*" and Cu®" was varied between 1 : 2 and 1 : 3, while
keeping the other metal ions in excess owing to their abundance
in the human body with respect to Zn>*.>® Both PT-1 and the two
mixtures (A with the Zn®":Cu®":Fe* :Ca” : Mg> :Na": K*
ratio 1:2:5:10:10:10:10 and B with the ratio
1:3:5:10:10:10:10) were prepared in the SBF. Each
mixture was added to PT-1 in two different UV-Vis experiments
and the spectra were recorded. Absolute selectivity towards Zn**
was observed upon addition of mixture A (Fig. S59, ESIt),
consistent with the results obtained in the competition experi-
ment between Zn>" and Cu*" in binding to PT-1 (Fig. 2d).
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View Article Online

Edge Article

Characterization of the ZnPT-1 and CuPT-1 complexes

To understand the ability of PT-1 to selectively bind Zn>" over
Cu®" we have characterized both complexes ZnPT-1 and CuPT-1
and analyzed the structural differences between them, specifi-
cally the coordination geometries about their metal center. To
this aim, ZnPT-1 and CuPT-1 complexes were prepared under
different reaction conditions and characterized by UV-Vis
spectroscopy, ESI-MS, IR spectroscopy, EPR (CuPT-1) and 'H
NMR (ZnPT-1), and their possible coordination geometries were
computed by density-functional theory (DFT) calculations.
Initially, the two complexes were prepared by mixing PT-1 in
water with the acetate salt of either Zn>" or Cu®" in an exact 1 : 1
peptoid : metal ratio, for 4 hours in a non-buffered water solu-
tion at room temperature. After 4 hours, the solutions were
analyzed by UV-Vis spectroscopy and ESI-MS. The UV-Vis
spectra were identical to those obtained from the titration
experiments and the MS analysis confirmed the formation of
the ZnPT-1 and CuPT-1 complexes, suggesting coordination to
the acetate counter ion (Fig. S43 and 44,1 ESIt). The solutions
were than lyophilized to obtain the solid complexes ZnPT-1 and
CuPT-1 (92% and 88% yield, respectively). To test the stability of
these complexes with time, the same reactions were performed
but the reaction mixtures were allowed to stir for 24 hours at
room temperature. The samples from these solutions were
analyzed by UV-Vis spectroscopy every several hours and the
spectra in all the cases were almost identical to the ones
recorded after 4 hours, indicating high complex stability over
time. Additionally, the same reactions were also performed in
water at 35 °C and 50 °C for 24 hours. The samples taken from
these mixtures after 24 hours were analyzed by UV-Vis spec-
troscopy. These spectra also showed a similar absorbance signal
with almost no change in the UV-Vis signal intensity compared
to that of the spectra obtained from the solutions that were
mixed at room temperature (Fig. S45-46, ESIT). These results
imply that the formed complexes are both kinetic and ther-
modynamic products. Finally, the absorbance signal of the
complexes was measured when the reactions were performed at
room temperature for four hours in methanol or acetonitrile as
the solvent, showing UV-Vis spectra nearly similar to those ob-
tained when the reactions were performed in water. These
findings suggest that Zn>* and Cu** complex formation does not
depend on one coordinating solvent or another.

For further insight, '"H-NMR of the PT-1 and its Zn>" complex
was carried out in solution. We note here, that assigning the 'H-
NMR chemical shift of the peptoids is not straightforward
because peptoids adopt multiple conformations in solution
caused by cis-trans interconversions at the backbone amides,
and because there are no intramolecular CO-HN hydrogen
bonds, which collectively result in highly flexible scaffolds.>”
Indeed, the NMR spectra of PT-1 and ZnPT-1 in water were too
broad to analyze, and possible interaction of the N-terminal
-NH group with the metal center could not be detected due to
proton exchange with the solvent. Thus, in order to be able to
assign the "H-NMR chemical shift of PT-1 and its zinc complex,
we synthesized the complex by mixing 1 equiv. of PT-1 with one
equiv. of zinc acetate dihydrate in deuterated acetonitrile and

This journal is © The Royal Society of Chemistry 2020
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performed both measurements of PT-1 and ZnPT-1 in this
solvent. In addition, we have designed the peptoid trimer PT-9
(Fig. 3), having three methyl side chains, as a simple model that
can represent the scaffold of PT-1 in "H-NMR analysis. PT-9 was
synthesized on a solid support via the submonomer method,
cleaved and purified by HPLC (>95% purity), and its identity was
confirmed by ESI-MS. The '"H-NMR spectrum of PT-9 in aceto-
nitrile exhibits four groups of signals; among them a small
broad signal at 9 ppm that can be assigned to the proton of the
N-terminal -NH group, a multiplet in the 5.8-7 ppm region
assigned to the two protons of the -NH, group at the C-
terminal, and a multiplet in the region between 3.7 and
4.4 ppm corresponding to the prochiral geminal protons in the
glycine-like backbone are observed (Fig. S497). In addition, the
'"H-NMR spectra of benzylamine, 2,2:6',2"-terpyridine and 2-
picolyl amine were measured in acetonitrile and the signals
were fully assigned (Fig. S50-52, ESIY).

With these spectra in hand, we performed 'H-NMR
measurements on PT-1 and its corresponding 1:1 Zn*'
complex in acetonitrile and analyzed the obtained spectra based
on the "H-NMR data of PT-9 and the three side chains (Fig. 5). In
general, the NMR signals of both the peptoid and its zinc
complex appear as groups of multiplets between 7.75 ppm and
9 ppm, between 7.2 and 7.6 ppm, in the range of 5.8-6.7 ppm,
between 4.3 and 4.6 ppm and about 3.8-4.2 ppm (Fig. 5a and b).
The NMR spectrum of PT-1 exhibits: (1) a broad signal at
9.2 ppm that we assigned to the N-terminal -NH proton,
together with a multiplet near 9.18 ppm that is assigned to three
a-protons adjacent to pyridine nitrogen, (2) multiplets about
7.75-9 ppm ascribed to the protons of terpy and picolyl groups,
(3) signals in the 7.2-7.6 ppm range assigned to the five protons
of the benzyl group together with other less acidic aromatic
protons from the pyridine-based ligands, (4) a multiplet in the
5.8-6.7 ppm region assigned to the two protons of the C-
terminal -NH, group, and (5) signals in the 4.3-4.6 ppm and
3.8-4.2 ppm range that we ascribed to the protons of the skel-
etal methylene groups, and to the protons of the side-chain
methylene linkers, respectively, a total of fourteen protons
(Fig. S53, ESIt for a more detailed assignment). The NMR
spectrum of ZnPT-1 exhibits a downfield shift of the aromatic
protons from the pyridine-based ligands (e.g.; proton signal
near 7.9 ppm shifted to 8 ppm, 8 to 8.1 ppm, 8.25 ppm to
8.3 ppm, 9.18 to 9.20 ppm etc., Fig. 5c), indicating the partici-
pation of terpy and picolyl in the zinc binding.*® The lack of the
terminal -NH signal could be attributed to either its coordina-
tion to Zn>" or to some interactions with either water molecules
or acetate ions from the zinc acetate dihydrate salt used for the
complex formation.

To prove this point we have performed an FT-IR measure-
ment on the zinc complex, which we have isolated from the
acetonitrile solution, as well as on PT-1, in the solid state. The
FT-IR data revealed that the bands corresponding to the -NH
stretching in the range between 2700 and 3400 cm ™" are present
in both spectra, indicating that the terminal -NH group is not
coordinated to zinc (Fig. S547)."***** Interestingly, the FT-IR
spectrum of ZnPT-1 exhibits bands near 1535 ¢m™ ' and
1440 cm™*, both assigned to COO™ stretching, with a Av(COO ™)
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Fig. 5 H-NMR (in 400 MHz) spectra of (a) PT-1 and (b) ZnPT-1. (c)
Expanded aromatic region of PT-1 (top) and ZnPT-1 (down) in CDzCN;
the changes are marked with blue arrows.

=95 cm™ ', suggesting a bidentate coordination of the acetate
ligand to Zn”* (Fig. S541).>*" This FI-IR spectrum was almost
identical to the FT-IR spectrum of ZnPT-1 formed in water.

Based on our structural experimental data, we could suggest
that within ZnPT-1, Zn>" binds to the three nitrogen atoms of
terpy, the nitrogen atom of picolyl, and the two oxygen atoms
from one acetate molecule in a bidentate mode, forming a hexa-
coordination geometry. To support this assumption, we
computed this structure using DFT-D4.*° Unrestricted DFT
calculations resulted in a geometry-optimized conformation
with a hexa-coordinated zinc center, including a bidentate
coordination to the acetate ion in a distorted octahedral
geometry (Fig. 6a and the ESI} for the coordinates).

To understand the selectivity of PT-1 to Zn>" in the presence
of Cu®", we first characterized CuPT-1 via FT-IR and EPR spec-
troscopies. The FT-IR spectrum obtained from measuring
a solid sample of CuPT-1 suggested that similar to ZnPT-1, there
is no coordination of the terminal -NH group to copper. On the
other hand, the FT-IR spectrum of CuPT-1 showed bands

Chem. Sci., 2020, 1, 10127-10134 | 10131
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Fig. 6 Chemical structure representation and DFT-D4 energy opti-
mized configurations of (a) ZnPT-1 and (b) CuPT-1 (color code: grey:
carbon, white: hydrogen, red: oxygen, blue: nitrogen, purple: zinc, and
green: copper).

corresponding to Vaem(COO™) and vgym(COO ™) at 1593 ecm™!

and 1420 cm™’, respectively, leading to a Auv(COO~) of
173 cm™ ', which stands for a pseudo bridged uni-dentate
arrangement of Cu®" (Fig. S54bt).>* The X-band EPR measure-
ments were performed in a frozen solution, and the resulting
experimental spectrum was simulated to obtain the Hamilto-
nian parameter as g_p = 2.22; g, =2.06 and A_;; = 165 G. These
parameters suggest that CuPT-1 adopts a square pyramidal
geometry®> about the copper center (Fig. S551). Overall, these
data suggest that within CuPT-1, Cu®" binds to the three
nitrogen atoms of terpy, the nitrogen atom of picolyl, and one
oxygen atom from one acetate molecule, forming a penta-
coordination geometry. DFT-D4 calculations resulted in
a geometry-optimized conformation with a square pyramidal
copper center, including a mono-dentate linkage from the
acetate ion (Fig. 6b and the ESIf for the coordinates). The
calculated structures of ZnPT-1 and CuPT-1 were utilized to
investigate their relative stability based on the HOMO-LUMO
gap, as the larger the energy difference between the HOMO and
LUMO, the more stable is the complex.** Indeed, the HOMO-
LUMO gap in ZnPT-1 (4.313 eV) is higher than that in CuPT-1
(3.671 eV) suggesting the higher kinetic stability of ZnPT-1 over
CuPT-1, which can explain the selectivity to Zn>* (see the ESIY).

Utility of the peptoid chelator

Following our results showing high selectivity in the binding of
Zn”>" by PT-1, we wished to explore the ability of PT-1 to bind and
remove Zn>" from a Zn finger protein. To this aim, we chose the
apo-zinc finger protein domain PYKC-
PECGKSFSQKSDLVKHQRTHTG (ZF), because it has canonical
two cysteines and two histidines, which form a CCHH type
metal coordination site (Fig. 7a).** Initially the circular
dichroism spectrum of the apo-ZF was measured in acetate
buffer (pH 6.5) in order to compare it to a previously reported
spectrum (Fig. S621).>* The CD spectrum of the unstructured
apo protein has a minimum near 200 nm, demonstrating its
random coil conformation. The CD spectrum of the zinc
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Fig. 7 (a) A 3D model graphic representation of a zinc finger protein
(PDB accession code 1ZNF);*¢ (b) CD spectra (at 100 uM SBF) of the
apo-ZF (red line), Zn-ZF (blue line) and Zn?* removed ZF (green line).

complex of this protein exhibits a maximum at 190 nm and
double minima near 205 and 218 nm, suggesting the formation
of a structured a-helical conformation. Upon addition of PT-1 in
acetate buffer at pH 6.5, the minima shift back to 200 nm,
suggesting the successful chelation of Zn>" from the domain of
the ZF. ESI-MS measurements of the zinc-bound protein before
and after the addition of PT-1 support the extraction of Zn**
from the protein by PT-1 (see the ESI}). This chelation experi-
ment was repeated in a SBF followed by CD measurements. The
spectrum corresponding to the apo-ZF exhibits a minimum
near 200 nm, which changes after the addition of Zn**, showing
a maximum at 190 nm and double minima near 205 and
218 nm. This spectrum changes again after the addition of PT-1,
exhibiting only one minimum near 200 nm (Fig. 7b). These
results establish the ability of the peptoid chelator PT-1 to bind
Zn>" from the zinc finger protein in a biological-like medium
that contains ions such as Cl~, HCO,; ™, SO,>~, HPO,*>~, Na“,
Ca®*, K" and Mg®" at a concentration similar to that of our body
fluid.>

Conclusions

Controlling chelation processes for the development of thera-
peutics that target specific metal ion(s) remains a great chal-
lenge in chemistry and chemical biology. Although small
molecular probes incorporating bidentate and/or tridentate
ligands, as well as peptidomimetic oligomers with tunable
sequences were developed for Zn>' chelation, competitive
binding in the presence of other biologically relevant ions such
as Cu®" in an aqueous medium is scarce. Herein we combined
the advantages from both systems, and by capitalizing on the
water solubility of short peptoids, we rationally designed for the
first time a water-soluble peptoid trimer chelator, PT-1, bearing
the ligands terpy and picolyl, that can selectively bind Zn** in
the presence of other biologically relevant and competitive ions
in water, as well as in a simulated body fluid (SBF). The chela-
tion of Zn>" ions and their main metal ion competitor Cu>* by
PT-1 was investigated using several spectroscopic studies and
the coordination geometry of both complexes ZnPT-1 and CuPT-
1 was further studied by DFT-D4 calculations. The selectivity of
PT-1 towards Zn>* was rationalized based on the theoretical
analysis. Finally we could show that PT-1 can extract Zn** from
a Zn-finger protein domain in a SBF. These results open up

This journal is © The Royal Society of Chemistry 2020
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a new avenue for the design of zinc chelators as a therapeutic
approach targeting zinc finger proteins, towards multidirec-
tional research in chemistry, biology and medicine.
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