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Abstract

The Golgi apparatus requires zinc for its normal function, but the role it plays in these
processes at the sub-cellular level is not well-understood due to the lack of appropriate tools
to image it. Herein, a small molecule Golgi apparatus targeted probe was developed to image
mobile Zn?*. A trityl group was used to protect a Golgi apparatus targeting cysteine residue to
increase membrane permeability, which was then removed in cellulo within 24 hours,
revealing the free cysteine targeting motif to anchor the probe to the Golgi apparatus. The
probe shows good photophysical properties, good selectivity and Zn?* response over a wide
range of pH as well as low cellular toxicity. The probe was shown to be capable of targeting
the Golgi apparatus and responding to Zn?* in a number of different cell lines and was also
applied to monitor the change of concentration of mobile Zn?* in the Golgi apparatus in
response to oxidative stress.

Introduction

Zinc, as the second most abundant d-block metal in the human body, is involved in a wide
range of biological processes. Whilst the majority of zinc is found in bound forms, there exists
a pool of ‘mobile’ or ‘free’ zinc whose homeostasis is affected as a result of many diseases,
including Alzheimer's disease (AD),! prostate cancer,? type 2 diabetes,> and immune
dysfunction and infection.* To understand better the mechanisms of these pathological
processes, it is desirable to be able to monitor Zn?* changes at the cellular, or preferably, sub-
cellular level. At the sub-cellular level, endoplasmic reticulum (ER),>® mitochondrial’”® and
lysosomal®*® mobile Zn?* have been widely studied using small molecule fluorescent probes,
however, reports of its role in the Golgi apparatus are very rare.!! The Golgi apparatus works
as a central station in cells, receiving secretory cargoes exported from the endoplasmic
reticulum (ER), packing proteins into membrane-bound vesicles and sending them to their
intra- and extra-cellular destinations. Zn?* is integral to these processes for a variety of
proteins, functioning in catalytic, regulatory, and structural roles. For example, it was found
that zinc takes part in the interaction between the two main Golgi proteins GRASP55 and
Golgin45, maintaining the normal morphology of the Golgi apparatus;*? Zn?* also coordinates
with insulin monomers in the trans-Golgi network to package it into secretory granules, which
are then released from pancreatic B-cells.*® Therefore, the breakdown of Zn?* homeostasis in
the Golgi apparatus is likely to be associated with a range of human disorders and the
development of effective methods for its monitoring are required.



Small molecule fluorescent probes are increasingly used in cellular analysis for a wide range
of analytes and have many advantages as chemical biology tools, including their high
sensitivity, stability and photophysical properties.'*® However, their application in
monitoring biological processes can be limited due to the failure to control their sub-cellular
localisation. In the last two decades, there have been great efforts to increase their
application through the development of a number of sub-cellular targeting probes.'®=%?
Among the many types of probe reported, the most effective and reliable strategy has been
to incorporate specific targeting vectors into small molecular probes. Ceramide has been
widely used for Golgi apparatus targeting and is employed in commercial stains for the Golgi
apparatus such as NBD-ceramide and Bodipy-ceramide. However, it requires multi-step
synthesis and also co-localises to the plasma membrane, which limits its application
somewhat. Recently cysteine has been reported as a Golgi apparatus targeting unit,?>?* since
galactosyltransferase and protein kinase D were found to anchor to the Golgi region via their
cysteine residues or cysteine rich domains.?>26 However, cysteine as a targeting vector has its
limitations in small molecule probes since it is rather hydrophilic,?” and consequently not
membrane permeable in some cases. Such poor membrane permeability has been classically
addressed through the use of an ethyl ester protected carboxylic acid in the commercial zinc
probe Zinquin, which was assumed to undergo esterase catalysed cleavage in cellulo,?® and
this strategy has also been utilized to load cells with some other small molecule zinc probes.?

In this work, we present our recent efforts to develop a Golgi apparatus targeting Zn?*
probe, which can be used to study changes to mobile Zn?* levels during oxidative stress. To
overcome the poor membrane permeability of cysteine previously noted,?’ a trityl protecting
group was used to increase the hydrophobicity of the probe. Following passive diffusion into
cells, the labile trityl group was removed intracellularly releasing the free cysteine, which then
anchors the probe to the Golgi apparatus (Fig. 1).
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Fig. 1 The structure of the trityl protected Zn?** probe, 1, and subsequent targeting of 2 to the Golgi
apparatus after deprotection



Results and Discussion
Synthesis and characterization

The synthetic route to both trityl protected probe 1 and its deprotected analogue 2 is shown
in Scheme S1 (see Electronic Supporting Information (ESI)). Firstly, the cysteine thiol group
was protected with a trityl group, as reported,? to give S2. Following protection of the
carboxylic acid as its methyl ester to give $3,3° a ‘click’ azide group was then introduced to
give amide S4. The trityl protected probe 1 was then readily obtained by stepwise double
‘click’ reactions following our originally reported procedures.3! Although the deprotected
probe 2 was ultimately ineffective in cellulo, as expected, it was also isolated for further
characterization and testing in vitro. All products were satisfactorily characterized by 'H, 13C
NMR and IR spectroscopies, as well as high-resolution mass spectrometry.

Photophysical studies

Fluorescence Zn?* titration of probe 1 (Fig. S2, ESI) shows it has a modest switch on response
to Zn?* with a dissociation constant of 3.28 + 0.12 nM (Fig. S3 and Table S1, ESI), which is
consistent with previous values we have observed in related probes with this zinc-binding
motif and fluorophore.®?2 A titration of probe 1 with different equivalents of Zn?* by *H NMR
spectroscopy (Fig. S4-S6, ESI) was performed to further demonstrate the Zn?* association. As
previously reported,?? the ligand N,N-di-(2-picolyl)ethylenediamine (DPEN) and the bottom
triazole (protons Hag) are clearly involved in Zn?* binding. In addition, a number of other
proton signals (protons Hn.i and Hm-t) display changes to their chemical shifts with increasing
equivalents of Zn?*, however this is comparable to behaviour seen previously by us in related
systems,?? which we attribute to global changes due to Zn?* binding to DPEN. The de-
protected probe 2 displays a similar switch on fluorescence response to Zn?* (Fig. 2a) and its
dissociation constant was similarly determined to be 3.30 £ 0.13 nM (Fig. S3 and Table S1,
ESI), however, we were unable to perform a titration by *H NMR spectroscopy in this case due
to poor solubility.

The fluorescence quantum yield of probe 1 was measured and was determined to be 0.0014,
while its complex with one equivalent of Zn?* only increased to 0.0073 (Fig. 2b), which is much
lower than that of the similar probes we have previously reported.®?2 This is likely to be due
to the large amplitude vibrations of the trityl group, which increase non-radiative decay
pathways. It is therefore unsurprising that when the trityl protecting group was removed, the
guantum vyield increased significantly and the quantum vyield of probe 2 reached 0.046 and
that of its complex with 1 equivalent of Zn?* became 0.092 (Fig. 2b). This explanation was
further supported by the fluorescence responses observed in solvent mixtures of increasing
viscosity (Fig. S9) and temperature (Fig. S10). With increasing viscosity the fluorescence
intensity of both probes increased significantly, however, the increase in intensity for probe
1 was exponential in nature, while it was more linear for probe 2. In contrast, when
temperature was increased, the fluorescence intensity decreased, as expected, for both
probes consistent with an increase in molecular vibrations although there were again
differences observed between 1 and 2. Given that the quantum yield ratio between 2 and 1
is 33 we were optimistic that if 1 proved to be cell membrane permeable and could be



converted to 2 in cellulo that this feature could prove to be experimentally useful since a
significant increase in fluorescence output after deprotection of 1 and consequent Golgi
apparatus localisation of 2 should result.

The fluorescence of probe 1 and 2 at different pH values was measured. Through non-linear
curve fitting (Fig. S11-S12, ESI) of the fluorescence emission integration against pH with
Equation S4, three pK; values of each probe were determined: for 1 pKa1 = 3.95 + 0.18, pKaz =
7.24 £ 0.17 and pKaz = 9.31 + 0.35 whilst for 2 they were pKa1 =4.24 £+ 0.17, pKa2 = 6.13 £ 0.18
and pKa3 = 8.39 * 0.34. After addition of Zn?*, the fluorescence intensity increased in the pH
range of 3.0-11.0 (Fig. S13, ESI), which more than covers the biologically relevant range and
suggests that the probe should perform well in the cellular environment.

To specifically study the fluorescent stability of 1, time-dependent fluorescence
measurements were undertaken at a range of cellularly relevant pH.3? The probe was stirred
in PBS buffer solution at a range of different pH values and its fluorescence response
measured after 1, 6, 12 and 24 hours (Fig. S14, ESI). The fluorescence at pH 6.0 (the pH of the
trans-Golgi) was higher than that at 7.2 (the pH of cytoplasm and endoplasmic reticulum)
presumably due to the more acidic nature of the solutions, but all of them remained at the
same level after 24 hours, indicating the probe to be stable at the relevant cellular pH values
for prolonged periods. Furthermore, as no obvious fluorescence increase was observed with
time under the acidic conditions it also suggests that there is no S-trityl deprotection in
solution at these pH values, indicating that any deprotection that may occur in cellulo is likely
to be metabolic, rather than protic, in nature.

The selectivity of the probe was investigated in the presence of a range of other cations. As
shown in Fig. S15, the addition of a variety of cations has little or no effect on the fluorescence
response of 1, even Cd?*, which is a common problem for this kind of binding motif.>’” After
subsequent addition of Zn?*, the probe 1 was still quenched in the presence of Co?*, Cu?* and
Ni%*, but this is not concerning as these cations are not abundant in free forms in biological
environments. Probe 2 (Fig. S16, ESI) shows broadly the similar selective properties to 1. For
the majority of cations tested, particularly the physiologically relevant cations (Na*, K*, Mg?*,
Ca?*), both probes displayed nearly complete recovery after addition of Zn?*, meaning it has
the potential to be applied in cellulo to image Zn?*.
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Fig. 2 a) The fluorescence spectra of 2 (1 uM) at different concentrations of free Zn** (nM, 50 mM
HEPES buffer, pH 7.2, 0.1 M KCl); b) Linear plots for 1, 2 and their Zn** complexes to obtain quantum
yield values (0.1 mM HEPES buffer, pH 7.4, Aex = 346 nm, Aem = 414 nm, slit width: 5/5 nm).



DFT calculations

DFT calculations were carried out to study the association between probe and Zn?* in silico
(Fig. S17-S18, ESI). The calculated optimised structures supported the bottom triazole groups
being involved in Zn?* binding in addition to the DPEN ligands, as also observed by *H NMR
titrations.

In order to establish the excitation and emission profiles of the probe, TDDFT simulations
were undertaken. The calculated absorption energy from ground state Sp to excited state Si,
and the emission energy from Si1 to So were in agreement with the experimental data (Table
S2-S3, ESl). The S1-Sp electron density transition map (Fig. S19-520, ESI) shows the electron
changes mainly occur at the naphthalimide moiety and the vicinal triazole. After binding with
Zn?*, there is only a slight decrease of electron density on the triazole, and the oscillator
strength is not significantly affected compared to the free probe. Therefore, the emission
increase of the complex is related to a reduced decay through nonradiative pathways after
binding with Zn?*. The stabilisation of the complex hinders large amplitude vibrations in the
vicinity of the fluorophore, which hampers the access to nonradiative mechanisms and
increases the quantum yield of fluorescence. The restriction of intramolecular rotations can
also hinder the access to low energy conical intersections associated with ultrafast decay to
the ground state. This theory was used to explain similar previous findings by us®??3!*and has
been discussed elsewhere 3334

Sub-cellular localisation

As the probes showed promising photophysical properties in solution, their application in cells
was also assessed. Firstly, the toxicity of 1 and 2 was measured through the alamarBlue cell
viability assay, and after 24 hours’ incubation with both probes, the viability of Hela cells (Fig.
S$21-S22, ESI) did not show any obvious decrease even with probe concentrations up to 50 uM,
indicating that they are not cytotoxic. However, initial fluorescence microscopy tests of the
probes in Hela cells (Fig. S23, ESI) showed that the cells incubated with 2 do not display any
intracellular fluorescence, indicating that 2, as expected due to its hydrophilic nature,?’ is not
membrane permeable. In contrast, cells incubated with 1 clearly showed evidence of probe
internalisation. Therefore, further cell experiments only focused on probe 1.

To test the Golgi apparatus targeting ability of 1, Hela cells were incubated in its presence
for 1 hour and were then co-incubated with different organelle tracker dyes for a certain time
period (normally 15-30 minutes). This revealed that the fluorescence response of 1 was
almost exclusively only observed in the endoplasmic reticulum (ER) rather than the Golgi
apparatus (Fig. 3) and was of relatively low intensity. We speculated that this was because
the trityl protecting group was not removed in this time in cellulo and that a longer incubation
time was required to facilitate this and subsequent localisation into the Golgi apparatus.
Indeed, this proved to be the case and when the incubation time was extended to 24 hours
the fluorescent response showed a significant increase in intensity (Fig. S24), with excellent
co-localisation with Bodipy TR ceramide observed, a commercial Golgi tracker red reagent,
with no evidence of ER fluorescence as had been the case for the shorter incubation periods.
Given the apparent metabolic nature of this process (vide infra), we speculated that S-



adenosyl-L-homocysteine (SAH) hydrolase3® or a similar enzyme in it the wider S-adenosyl-L-
methionine family3® was responsible for the removal of the S-trityl protecting group.
Therefore, a further control experiment in which cells were treated with probe 1 for 24 hours
in the presence of a well-known SAH hydrolase inhibitor, adenosine dialdehyde (Adox)3728
was undertaken. This clearly showed no evidence of Golgi apparatus accumulation and
fluorescence intensity increase (Fig. 3 and S24) and supports the integrity of the S-trityl
protecting group in the presence of the inhibitor. No change in the response of 1 in the
presence of the inhibitor was observed in control experiments in vitro (Fig. S25, ESI). The same
result was also observed in the MCF-7 cell line (Fig. S26, ESI), suggesting this behaviour to be
generic and consistent with the ‘protect to detect’ hypothesis.
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Fig. 3 Confocal microscopy images of Hela cells after treatment with 1 (10 uM, Aex = 488 nm, Aem =
509 nm) for 1 h or 24 h, and in presence of SAH hydrolase inhibitor adenosine dialdehyde (30 uM)
compared to ER marker or Golgi marker (Aex = 594 nm, Aern = 620 nm). (Scale bars = 20 um)



The Pearson’s correlation coefficient was measured by comparing probe 1 (GFP channel)
after 24 hours of incubation to different organelle trackers (RFP channel). In Hela cells (Fig.
4), the fluorescence of 1 showed excellent correlation with that of Bodipy TR ceramide, giving
a Pearson’s coefficient of 0.92. The values of negative control groups were much lower, with
values of 0.42, 0.38 and 0.59 when compared to commercial ER, Mito and Lyso tracker red
dyes respectively. Similar results were obtained in the breast cancer cell line MCF-7 (Fig. S27,
ESI) and a sweat gland tissue cell line EC23 (Fig. S28, ESI), revealing the probe’s general Golgi-
targeting capability
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Fig. 4 The colocalisation images of Hela cells incubated with probe 1 (10 uM, GFP filter: Aex
470/30 nm, Aem = 530/50 nm) and organelle tracker red dyes (RFP filter: Aex = 530/40 nm, Aem
605/55 nm). (Scale bars = 20 um)

Zn** response in cells

The response of probe 1 in cells was recorded to demonstrate its ability to respond to
variation in Zn?* levels in the Golgi apparatus. As shown in Fig. 5, the fluorescence of 1 in Hela
cells increased significantly after the addition of zinc pyrithione, a membrane permeable zinc
complex, indicating it has switch on fluorescence response to Zn?* in cellulo. When N,N,N’,N’-
tetrakis(2-pyridinylmethyl)-1,2-ethanediamine (TPEN), a well-known chelator of ‘free’ zinc,3!
was added, the fluorescence was almost completely quenched. Similar results were also
observed in MCF-7 (Fig. S29, ESI) and EC23 cell lines (Fig. S30, ESI), and the fluorescence
intensity read from the images is shown in Fig. S31 in the ESI.
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Fig. 5 Fluorescence microscopy images of Hela cells treated with 1 (10 uM), 1 (10 uM) with zinc
pyrithione (50 uM), and 1 (10 uM) with TPEN (50 puM). (Scale bars = 20 um, GFP filter: Aex = 470/30 nm,
Aem = 530/50 nm)

Zn?* level changes during oxidative stress

Given that 1 is able to image Zn?* in the Golgi apparatus in three cell lines and respond to
variations in its levels induced by the addition of zinc pyrithione or TPEN , we sought to
explore its application to monitor mobile Zn?* changes in the Golgi apparatus during changes
to redox status, as this has not been investigated widely due to the lack of an effective tool to
do so. MCF-7 cells, after 24 hours’ incubation with 1, were first treated with H,O- to induce
oxidative stress and the intensity of the fluorescence response in the cells monitored against
time (Fig. 6a). The fluorescence response was observed to be significantly reduced after the
addition of H,0, with levels stabilising after approximately 30 mins. Then glutamine was
added to reverse oxidative status, and the fluorescence intensity then remained stable. In
contrast, when glutamine was first introduced and H.0; subsequently added the fluorescence
remained largely stable with only a small decrease of its intensity (Fig. 6b). The reasons for
the reduced fluorescence response observed in Fig. 6a may, in part, be due to the known
antioxidant role zinc plays since it is a cofactor of the superoxide dismutase enzyme, which
regulates the detoxification of reactive oxygen species, protecting cells against the oxidative
stress.3 However, it has also been reported that the concentration of mobile Zn?* increases in
the mitochondria®® and lysosome*® under oxidative stress induced by H.0,. Metallothionein,
which is mainly localised to the membrane of the Golgi apparatus,*! is known to play an
important role in the regulation of Zn?* homeostasis, as well as providing protection against
oxidative stress in cells.?> We therefore assume that under oxidative stress, metallothionein
transports Zn?* from the Golgi apparatus to the mitochondria and lysosome to function. In
contrast, if glutamine was first added, the addition of H,0; should not cause high levels of
oxidative stress, therefore zinc levels would not be reduced and therefore no significant



fluorescence decrease would be expected, as observed. Similar results were also observed in
Hela cells, (Fig. S32, ESI), indicating this process is likely to be general among different cell
lines. Finally, an in vitro control experiment was undertaken to exclude the effect of H,0, and
glutamine themselves on the fluorescence response of the both 1 and 2, which showed there
was no difference in response when the two reagents were added separately in the presence
of zinc (Fig. S33 and Fig. S34, ESI). Therefore, it appears reasonable to propose that there is a
lowering of the concentration of mobile Zn?* in the Golgi apparatus in response to oxidative

stress.
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Fig. 6 Fluorescence response in MCF-7 cells treated with 1 (10 uM) for 24 hours and then with a) H,0,
(200 uM) and then glutamine (200 uM) or b) glutamine (200 uM) and then H,0, (200 uM) with images
taken at different times. (Scale bars = 20 um, GFP filter: Aex = 470/30 nm, Aem = 530/50 nm)

Conclusion

In summary, a Golgi apparatus targeted Zn?* probe 1 was successfully synthesized that is able
to undergo passive membrane diffusion as a result of the lipophilic nature of the S-trityl
protecting group. It is apparent that initial probe localisation in cellulo occurs in the ER,
however, after 24 hours the fluorescence response increases significantly, presumably due to
S-trityl group deprotection forming 2, which displays a quantum vyield that is 33-fold higher
than 1, and the probe consequently becomes anchored to the Golgi apparatus. The probe
shows excellent specificity for targeting of the Golgi apparatus and the ability to image mobile
Zn?* in different cell lines. This allowed it to be applied in the monitoring of changes to mobile
Zn?* levels in the Golgi apparatus in response to oxidative stress induced by H,0,, which
indicated that the concentration of mobile Zn?* decreases. This suggests that the probe may
provide an effective tool to probe changes to mobile Zn?* that occur in the Golgi apparatus in
response to cellular stress in a number of diseases states.
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