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Solid-phase synthesis provides a modular, lysine-
based platform for fluorescent discrimination of
nitroxyl and biological thiolsT

Andrei Loas, Robert J. Radford, Alexandria Deliz Liang and Stephen J. Lippard*

We describe a modular, synthetically facile solid-phase approach aimed at separating the fluorescent
reporter and binding unit of small-molecule metal-based sensors. The first representatives contain a
lysine backbone functionalized with a tetramethylrhodamine fluorophore, and they operate by
modulating the oxidation state of a copper ion ligated to an [N4] (cyclam) or an [N,O] (quinoline-
phenolate) moiety. We demonstrate the selectivity of their Cu(i) complexes for sensing nitroxyl (HNO)
and thiols (RSH), respectively, and investigate the mechanism responsible for the observed reactivity in
each case. The two lysine conjugates are cell permeable in the active, Cu(i)-bound forms and retain
their analyte selectivity intracellularly, even in the presence of interfering species such as nitric oxide,

R 4 10th March 2015 nitrosothiols, and hydrogen sulfide. Moreover, we apply the new probes to discriminate between distinct
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Accepted 5th May 2015 levels of intracellular HNO and RSH generated upon stimulation of live Hela cells with ascorbate and
hydrogen sulfide, respectively. The successful implementation of the lysine-based sensors to gain insight
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Introduction

The discovery of nitric oxide (NO) as the endothelium-derived
relaxing factor' sparked great scientific interest in this small
gaseous biological regulator. A diatomic radical, NO functions
as a signaling agent for a variety of processes related to the
cardiovascular and immune systems,” neuroprotection,?
protein regulation* and chemotherapeutic resistance.” In
contrast, nitroxyl (HNO), the protonated, one-electron reduced
form of nitric oxide, has attracted considerably less attention.®’
Even though enzymatic production of HNO remains an unan-
swered question, several biosynthetic pathways leading to its
endogenous generation have been investigated.*** HNO was
recently detected intracellularly in the reaction between HSNO
and H,S," in the heme-catalyzed reduction of nitrite,** and in
the decomposition of O-nitrosoascorbate.'* Exogenously
applied HNO displays a significantly different biochemistry
from that of NO, leading to, among others, vasoprotective
effects,'® heart muscle contractility,'® and neurotoxicity.'” As NO
and HNO display contrasting biological roles, molecular
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reporters able to discriminate between the two species are
highly desirable. At the same time, the probes should maintain
selectivity for NO or HNO in the presence of other reactive
nitrogen and oxygen species (RNOS) and biological reductants
such as ascorbate, hydrogen sulfide, and thiols. The reactivity of
NO and HNO presents a challenge in the design of sensors
suitable for investigating their generation and biological func-
tions.” In this respect, fluorescence microscopy with small-
molecule probes has emerged as the preferred biologically non-
intrusive method."

Within the broad field of fluorescent sensors, transition
metal-based complexes offer a practical solution for direct and
selective detection of the desired analyte. In the past decade,
our group has developed several families of sensors for nitric
oxide,**® employing a Cu(u) ion coordinated to the tridentate
[N,O] motif of a quinoline-phenolate binding site, as in the
parent, fluorescein-based CuFL1 (Fig. 1).*!

In its resting state, emission of the fluorescein fluorophore
in CuFL1 is quenched by the paramagnetic Cu(u) ion. Upon
reaction with NO, deprotonation and nitrosation of the amine
occurs with concomitant dissociation of the metal ion from the
complex as a reduced Cu(1) species, and fluorescence emission
is restored in the resulting nitrosamine product.”***** On the
other hand, fluorescent Cu(n)-based probes for nitroxyl operate
solely through a copper reduction mechanism.** To ensure
selectivity in biological milieu, sensors for nitroxyl should
ideally have a Cu(u/1) reduction potential tuned between that of
NO (—0.68 Vvs. NHE at pH 7)** and cysteine (—0.36 V vs. NHE at
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Fig. 1 Structures of Cu(i)-based small-molecule fluorescent probes
selective for NO (CuFL1),2* HNO (CuDHX1),#” and cysteine (Cu-1),®
highlighting in red the ligating atoms at the metal-binding sites.

pH 7).** In this regard, cyclam is an excellent choice for the
metal-binding group in HNO sensors, owing to its tight binding
of Cu(un) (pKg = 25)* and the slow reaction of Cu-cyclam
complexes with H,S and thiols.** These criteria are validated in
CuDHX1, the first near-infrared-emitting probe for HNO
(Fig. 1).>” Metal-free fluorescent probes for HNO have also been
developed based on its reaction with triphenylphosphines.***¢
In contrast to HNO probes, recently reported Cu-based fluo-
rescent sensors for H,S and thiols rely on the affinity of Cu(u) for
the sulfide or thiolate anions, respectively.>*° For example,
addition of cysteine to the Cu(u)-iminofluorescein complex Cu-
1 (Fig. 1) leads to decomplexation of the metal and hydrolysis of
the imine to form the brightly fluorescent fluorescein alde-
hyde.*® Achieving selectivity for thiols over H,S in metal-based
probes remains a rare event, however.*>* The different fore-
going mechanisms highlight the importance of the proton- and
metal-binding properties of the fluorescent ligand in imparting
selectivity for a particular analyte.

Small-molecule fluorescent probes are typically obtained
through cumbersome procedures involving several purification
steps. New methods to facilitate sensor production and deriv-
atization while circumventing complex syntheses are therefore
highly desirable. In addressing this objective, we departed from
traditional preparative routes. Making use of the unmatched
ease and versatility offered by solid-phase synthesis, we intro-
duce in this study a modular approach directed at separating
the fluorophore and metal-chelating units of amino acid-based
sensing constructs. We apply this method to generate the first
analogues containing a single lysine (Lys) linker and further
investigate the mechanism by which their Cu(u) complexes
acquire selectivity for a particular bioanalyte. Finally, we
demonstrate the utility and biological compatibility of the new
probes through their ability to detect changes in intracellular
nitroxyl and thiol concentrations in vitro.

Results and discussion
Design, synthesis, and photophysical properties

We prepared the new lysine-based fluorescent probes according
to the synthetic strategy depicted in Scheme 1.

Starting from a Rink amide resin, an orthogonally and
doubly protected PG2-Lys(PG1)-OH linker was introduced on
the solid-phase support. Deprotection of the PG1 group at the
Lys e-position afforded a free amine, which was then coupled
under standard conditions (see ESIf) with a carboxy-
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Scheme 1 General solid-phase strategy for production of fluorescent
lysine-based sensing constructs. Abbreviations: Fmoc = fluo-
renylmethyloxycarbonyl; PG1, PG2 = orthogonal amine-protecting
groups.
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functionalized fluorophore. After a second deprotection of the
N-terminal PG2 group, the metal-binding site could be added
directly on the resin. The final construct was cleaved with tri-
fluoroacetic acid (TFA) (Route A, Scheme 1). Alternatively, for
binding sites labile to the strongly acidic conditions of the TFA
treatment, the construct containing the free N-terminal amine
was first cleaved from the resin, and the final coupling reaction
was performed in solution (Route B, Scheme 1). Notably, in
order to obtain metal-free ligands, a single purification step is
needed for Route A, whereas two purifications are required for
Route B. Even though the final constructs obtained in this work
contain C-terminal amide groups on the Lys backbone, the
approach described herein is applicable to a wide range of
commercially available resins, including those affording C-
terminal free acid residues, or for which milder cleavage
conditions can be used to address the chemical stability of the
intermediates.

Building on knowledge gained from designing CuDHX1,*”
we sought to achieve HNO selectivity for the first lysine conju-
gate, produced by employing Fmoc-Lys(Mtt)-OH as the linker,
the yellow-emitting (A, = 580 nm) rhodamine scaffold as the
fluorescent moiety, and cyclam as the metal-binding site. Iso-
merically pure 5-carboxytetramethylrhodamine (5-CO,H-
TAMRA, Scheme S371)*" was first coupled to the Lys e-position.
Following reaction with iodoacetic acid N-hydroxysuccinimide
ester (S9, Scheme S37),*> the binding site was appended by
stirring the resin with excess cyclam overnight in a dichloro-
methane-methanol solution. Cleavage and purification of the
construct by semi-preparative HPLC afforded the cyclam-Lys—
TAMRA conjugate (CLT, Fig. 2) in 21% yield based on the resin
loading.

The Cu(u) complexes of NO**** and HNO*** metal-based
sensors are typically generated in situ immediately before use by
adding equimolar amounts of CuCl, to concentrated stock
solutions of the fluorescent ligands. Coordination of Cu(u) by
the cyclam site of CLT in a 1 : 1 ratio was achieved over several
hours (data not shown). We wanted to avoid the long waiting
time required to prepare the complex in situ, and anticipated
that the high affinity of cyclam for Cu(u)** might allow for pre-

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 Structures of the three fluorescent lysine conjugates obtained
through the solid-phase approach of Scheme 1, highlighting in red the
ligating atoms of the metal-binding sites. See ESI and Schemes S2-S5}
for synthetic intermediates and experimental procedures.

formed CuCLT to withstand chromatographic separations and
subsequent storage either in the solid state or as stock solu-
tions. Indeed, mixing pure CLT overnight with excess CuCl, in
water afforded CuCLT (Scheme S3t), which was purified by
HPLC and isolated as its TFA salt in 61% yield.

Taking note of the [N,O] metal-binding motif of NO-selective
CuFL sensors (Fig. 1), we next directed our synthetic efforts
toward producing a second lysine construct in which the cyclam
of CLT was replaced with a quinoline-phenolate moiety,
retaining the TAMRA fluorescent unit. To achieve this goal, a
benzoic acid precursor containing the binding motif (S8,
Scheme S271) was prepared in a sequence involving reductive
amination of 8-aminoquinaldine with methyl 4-formyl-3-
hydroxybenzoate, followed by hydrolysis of the methyl benzoate
intermediate (S7, Scheme S27). Initial attempts at coupling S8
directly on the resin (Route A, Scheme 1) resulted in de-benzy-
lation of the desired product during cleavage with TFA (data not
shown). We avoided acid-induced labilization of the quinoline-
phenolate moiety by performing the reaction of S8 with the free
N-terminal amine of Lys-TAMRA in solution (Route B, Scheme
1). In a simplified procedure using Boc-Lys(Fmoc)-OH instead
of Fmoc-Lys(Mtt)-OH, H-Lys-TAMRA (S10, Scheme S4, ESI{) was
obtained in 24% isolated yield. The final quin-Lys-TAMRA
conjugate (QLT, Fig. 2) was produced through amide coupling
of H-Lys-TAMRA with S8 (Scheme S4, ESIt), and was isolated in
17% yield.

In order to test the generality while retaining modularity of
the solid-phase approach described in Scheme 1, we replaced
the TAMRA fluorophore of QLT with a green-emitting dichlor-
ofluorescein scaffold. Using Boc-Lys(Fmoc)-OH and 3',6'-diace-
tyl-2’,7'-dichloro-5-carboxyfluorescein ~ (5-CO,H-FL, Scheme
S57),* H-Lys—fluorescein (S11, Scheme S51) was synthesized in a
similar manner to H-Lys-TAMRA, albeit in a low, 6% isolated
yield. Following the coupling of H-Lys-fluorescein with S8
under standard conditions in solution, the quin-Lys-fluores-
cein conjugate (QLF, Fig. 2) was obtained in 17% yield.

The identity and purity of CLT, CuCLT, QLT, and QLF were
confirmed by spectroscopic and chromatographic techniques
(see ESI and Fig. S1-S151). The photophysical parameters of the
three lysine conjugates were determined in aqueous buffer, pH
7.0 (Table S1, ESI}). In the metal-free form, CLT and QLT
display absorption bands with maxima at 552 and 556 nm,
respectively. QLF, on the other hand, absorbs at 511 nm. No
spectral shifts were observed in the visible spectrum upon
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View Article Online

Chemical Science

binding of Cu(u) to any of the three constructs, and only minor
changes occurred in their molar absorptivities. Both the metal-
free and Cu(n)-bound forms of CLT and QLT emit in the yellow
spectral region at ~580 nm (Table S1t). The analogous species
of QLF exhibit green fluorescence maxima centered at ~530 nm.
The average brightness (¢ x @) values of the CLT, QLT, and QLF
constructs were determined to be 3.71 x 10%, 5.41 x 10°, and
2.33 x 10> M~ ' em ™!, respectively.

Analyte selectivity

With CuCLT in hand, its reactivity toward HNO was first
investigated. Addition of excess HNO donor Angeli's salt**** to
buffered aqueous solutions of CuCLT under anaerobic condi-
tions resulted in an immediate ~4-fold increase in fluorescence
emission (Fig. 3A), thus confirming that the separation of the
cyclam binding site from the fluorophore in the CLT ligand
retains the HNO-sensing ability of the construct. A time-
resolved fluorescence spectroscopy study revealed that the
maximum emission turn-on of CuCLT upon reaction with HNO
occurs ~5 min after addition of Angeli's salt (Fig. S18At). The
dynamic range of the probe is in line with values previously
reported for other Cu(u)-based HNO sensors,”**”*° but remains
significantly lower by comparison with reaction-based
analogs.**®

We also determined ~0.4 equiv. to be the lowest amount of
Angeli's salt required to induce a =10% increase in the inte-
grated emission of 5 uM CuCLT at pH 7 (Fig. 3B). Remarkably,
the sensitivity of CuCLT toward HNO was more than 100-fold
greater than the CuDHX1 sensor containing a similar cyclam
metal-binding site (i.e., 50 equiv. Angeli's salt).>” The detection
limit (see ESIt) of CuCLT for Angeli's salt calculated under these
conditions is 360 nM. Because of the difficulties in estimating
the exact concentration of HNO in an aqueous solution of
Angeli's salt and the marked reactivity of nitroxyl,* we refrain
from reporting a detection limit of CuCLT for HNO.

The NO reactivity of CuQLT and CuQLF was investigated
next. Addition of excess NO gas or the NO donors S-nitroso-N-
acetyl-p-penicillamine (SNAP) and S-nitrosoglutathione
(GSNO) to air-free aqueous solutions of the probes did not elicit
a fluorescence response at pH 7. Instead, CuQLT and CuQLF
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Fig. 3 Normalized (A) fluorescence emission spectra and (B) inte-
grated fluorescence response of 3.3 uM CuCLT vs. added Angeli's salt
(AS) in aqueous buffer under anaerobic conditions (25 °C, 100 mM KCl,
50 mM PIPES, pH 7.0, Aex = 540 nm). The inset shows the response of
5 pM CuCLT in the sub-stoichiometric range, recorded separately
under similar conditions.
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displayed 5.5- and 10-fold increases in their integrated fluo-
rescence emission following treatment with excess r-cysteine
(Cys) (Fig. 4, 5, and S207), suggesting that the two complexes
might be useful as sensors for biological thiols.

Time-dependent fluorescence spectroscopy indicated that
the reaction of CuQLT with Cys was complete after ~25 min
(Fig. S18Bf). Furthermore, the lowest amount of Cys required to
induce a =10% increase in the integrated emission of 1 pM
CuQLT at pH 7 was determined to be ~4 equiv. (Fig. 4B), cor-
responding to a detection limit of 1.2 pM. The inertness of
CuQLT and CuQLF toward NO demonstrates how separation of
the binding motif from the fluorophore can lead to unexpected
chemistry in the final sensing construct.

We evaluated the ability of CuCLT, CuQLT, and CuQLF to
selectively detect nitroxyl and thiols, respectively. A thorough
study of the fluorescence response of the three probes was
conducted against a broad range of RNOS and other species
present in live cells (Fig. 5 and S207). In pH 7 buffered aqueous
solutions, CuCLT remained selective for nitroxyl over any other
analyte that we investigated, including reducing agents such as
H,S, ascorbate, and thiols. On the other hand, CuQLT was
selective for cysteine and glutathione over all other species
studied except nitroxyl, which generated a minor ~2-fold fluo-
rescence increase (Fig. 5). A strong fluorescence increase
occurred when CuQLT was treated with SNAP and GSNO in air
(Fig. 5), consistent with the accelerated aerobic decomposition
of the NO donors in the presence of copper ions* and
concomitant formation of the corresponding thiols. Notably,
the selectivity for thiols was retained when the tetrame-
thylrhodamine fluorophore of CuQLT was replaced with
dichlorofluorescein in CuQLF (Fig. S201). Addition of Cys to
aqueous solutions of the metal-free QLT and QLF ligands did
not produce a change in fluorescence emission (Fig. S177),
confirming that binding of Cu(u) is required in order to impart
reactivity toward thiols. Given that Cu(u)-based sensors are
typically susceptible to HS />~ attacks,** the selectivity of the
three sensors for nitroxyl and thiols over hydrogen sulfide is of
particular importance in view of their potential applications in a
biological system. To further test their inertness toward sulfide,
aqueous solutions of the sensors were saturated by H,S gas,
revealing no increase in fluorescence emission in either case
(Fig. S16T). The results of the selectivity study recommend
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Fig. 4 Normalized (A) fluorescence emission spectra and (B) inte-
grated fluorescence response of 1 uM CuQLT vs. added L-cysteine
(Cys) in aqueous buffer (25°C, 100 mM KCL, 50 mM PIPES, pH 7.0, Aex =
540 nm).
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Fig. 5 Selectivity of 2 uM CuCLT and CuQLT toward RNOS and other
biological analytes in aqueous buffer (37 °C, 100 mM KCl, 50 mM
PIPES, pH 7.0). For each sample, the fluorescence emission was
recorded in triplicate before and 20 min after addition of excess
analyte (1500 equiv. NO, 500 equiv. all other). The measurements for
OH™ were conducted in 10 mM aqg. NaOH. The integrated fluores-
cence response was normalized in each case to the initial fluores-
cence of the metal-bound complexes. In all cases, excitation was
provided at 540 nm and the emission intensity was integrated between
550 and 700 nm.

CuCLT, CuQLT, and CuQLF as suitable sensors for use in bio-
logical samples without interference from H,S and NO-gener-
ating species.

Mechanistic investigations

Having established the reactivity of the three lysine-based
probes in the cuvette, we next attempted to elucidate the
mechanisms responsible for the observed chemistry.

Cu(n) dissociation constants. The Cu(u)-binding properties
of QLT and QLF were first investigated. When CuCl, was titrated
into 5 uM aqueous solutions of the ligands at pH 7, small
spectral changes occurred in the UV-vis absorption spectra of
the tetramethylrhodamine and dichlorofluorescein fluo-
rophores, respectively. By fitting the absorbance changes to a
one-step binding equation,” we obtained Cu(u) dissociation
constants (Kqcy,) of 3.3 £ 0.8 and 15.0 + 2.8 uM for QLT and
QLF, respectively (Fig. S19A and Bt). The value for CuQLT is
comparable to that of CuFL1 (Kq,cy = 1.5 & 0.3 pM).>* The ~5-
fold decrease in the affinity of QLF for Cu(i) with respect to QLT
may be explained by steric and electronic interference of the
phenolate group of the dichlorofluorescein chromophore in the
binding process. The methyl benzoate ester precursor of QLT
and QLF (S7, Scheme S21) had a K4 ¢, an order of magnitude
higher (0.13 + 0.03 pM, Fig. S19Ct).

Cyclic voltammetry. The Cu(u)/Cu(i) reduction potentials of
CuCLT and CuQLT were measured with a three electrode setup
in quiescent, nitrogen sparged acetonitrile solutions. In order to
facilitate the assignment of the Cu-centered events for each
sensor, cyclic voltammograms of the CLT and QLT ligands were
also recorded. Both metal-free ligands exhibited characteristic
rhodamine-centered*” one-electron reductions at —1.27 and
—1.15 V vs. Fc/Fc', respectively (Fig. S217). In acetonitrile,
CuCLT displayed an irreversible Cu(u)/Cu(i) reduction at —1.06

This journal is © The Royal Society of Chemistry 2015
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V vs. the Fe/Fe' internal standard (Fig. S22A7). The reduction of
NO to NO™ in acetonitrile occurs at —1.42 V vs. Fc/Fc',** and
therefore nitroxyl should be able to reduce Cu(u) in CuCLT. We
also measured the reduction potential of CuCLT in phosphate-
buffered saline (PBS, pH 7.4). Using a Ag/AgCl reference elec-
trode, we observed a quasireversible Cu(u)/Cu(i) reduction
centered at —0.8 V vs. NHE (Fig. S23t). The irreversible reduc-
tion and protonation of NO to form HNO at pH 7 is estimated to
occur at potentials ranging from —0.8 to —0.5 V wvs.
NHE,” 4314849 [yt the thermodynamic potential of the NO, H'/
HNO couple is not known. The reduction potentials of cysteine,
glutathione and H,S are significantly more positive at pH 7
(—0.36, —0.29, and —0.24 V vs. NHE, respectively),** and there-
fore neither should be able to thermodynamically reduce
CuCLT. These observations are consistent with the fluorescence
turn-on of CuCLT only in the presence of HNO. In the case of
CuQLT prepared in situ, a quasireversible Cu(u)/Cu(r) reduction
was observed at 0.19 V vs. Fc/Fc' (Fig. S22B1). Even though the
positive E;, value supports the reduction of the metal center in
CuQLT by thiols, it does not account for the lack of fluorescence
response observed upon addition of HNO or H,S. Consequently,
the selectivity for thiols displayed by CuQLT cannot be
explained on thermodynamic grounds alone.

EPR and NMR spectroscopy. X-band electron paramagnetic
resonance (EPR) spectra of CuCLT and CuQLT were measured
at 77 K in methanol, in the absence and after addition of 100
equiv. of Angeli's salt and cysteine, respectively. The initial
spectrum obtained for CuCLT (Fig. 6A) showed a rhombic Cu(u)
signal with g, = 2.195, 2.055, and 2.027. A similar signal (g, =
2.195, 2.048, and 2.027) was observed 5 min after anaerobic
treatment with excess Angeli's salt. Simulation of both EPR

—— CuCLT

—— CuCLT + AS

r T T T T T 1
2400 2600 2800 3000 3200 3400 3600

Magnetic Field, G
W
CuQLT

—— CuQLT + Cys

——CuQLT + Cys + air
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Magnetic Field, G

Fig. 6 X-band EPR spectra of anaerobic 400 puM solutions of (A)
CuCLT and (B) CuQLT in methanol, recorded in the absence (black
lines) and after the addition (red lines) of 100 equiv. of (A) Angeli's salt
and (B) L-cysteine, respectively. The solutions were removed from the
glove box and frozen 5 and 15 min after the addition of the analytes,
respectively. Collection parameters: temperature, 77 K; modulation
amplitude, 20 G; microwave power, 0.02 mW at 9.16 GHz.
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spectra was performed in order to obtain the principal g values
(Fig. S24A and Bf).

The small change observed only for the g, component upon
addition of Angeli's salt (Ag, = 0.007) calls into question a
conclusion based on EPR data regarding changes in the metal
coordination environment. The inability to trap the reduced
Cu(1) form upon reaction with nitroxyl was previously reported
for cyclam-based HNO sensors.” This result suggests that
reduction of Cu(u) to Cu(1) by HNO is followed by a fast re-
oxidation of the Cu(1) species by residual oxygen admitted to the
EPR tube, by NO produced in the reaction of HNO with CuCLT,
or by one of the degradation products of HNO in solution.”
Cu(1)-mediated disproportionation of NO is a well-documented
transformation leading to Cu(u)-NO,” and N,0.*® Proton-
assisted reduction of NO with Cu(i) complexes was previously
reported.” Furthermore, the reduction potential of —0.8 V vs.
NHE determined for CuCLT in PBS shows that it can be oxidized
by NO. The fluorescence turn-on observed upon addition of
Angeli's salt to CuCLT in methanol confirmed that a reaction
with HNO took place (Fig. S26At). An ESI-MS analysis of the EPR
solutions of CuCLT with and without added Angeli's salt
(Fig. S257) revealed for the former a species with m/z = 906.5,
consistent with an [M + NO,]" formula in which the tri-
fluoroacetate counterions are replaced with nitrite anions,
which can accumulate in solution as a result of decomposition
of Angeli's salt*® or disproportionation of NO.*>** Treatment of
CuCLT with 100 equiv. of NaNO, in methanol did not produce a
fluorescence turn-on (Fig. S26BY), confirming that HNO is the
species responsible for the observed reactivity. Furthermore,
the CuCLT + NaNO, solution displayed an EPR signal identical
to the initial spectrum of CuCLT recorded in the absence of
Angeli's salt (Fig. S24DT).

Taken together, the foregoing data support reduction of
Cu(n) in CuCLT by HNO followed by a fast reoxidation with
retention of copper in the cyclam binding site. This hypothesis
is further confirmed by the broad resonances and small (<0.1
ppm) differences in chemical shifts observed in the "H NMR
spectra of CuCLT acquired before and after anaerobic addition
of Angeli's salt (Fig. S277).

In the case of CuQLT, the EPR spectrum recorded in the
absence of cysteine showed an axial signal with g = 2.415 and
g, = 2.079 (Fig. 6B); the simulated trace is provided in
Fig. S24C.T The signal may be assigned to a distorted tetrahe-
dral Cu(u) complex, consistent with coordination of the [N,O]
binding site and an additional ligand, possibly Cl™ originating
from the CuCl, stock solution used to prepare the complex in
situ. Upon anaerobic addition of 100 equiv. of cysteine, the
solution became EPR-silent, indicating reduction to Cu(i). ESI-
MS of this solution revealed the peak of the protonated QLT
ligand at m/z = 848.5 as the only detectable species (Fig. S25D%).
The silent EPR signal was preserved upon exposure of the
CuQLT + Cys solution to air for 15 min (Fig. 6B). We note that
stable Cu(1)-Cys complexes were previously isolated under
anaerobic conditions.®> In a 'H NMR spectroscopic study,
broadening of the QLT resonances was observed after addition
of CuCl, to the NMR tube, confirming that binding of Cu(u) had
occurred (Fig. S287). Subsequent addition of excess Cys to the
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same sample sharpened the 'H resonances, in support of the
EPR results indicating Cu(u) reduction. Even though metal
decomplexation has been documented as the mechanism
responsible for thiol sensing in previously reported Cu(u)-based
fluorescent probes,”®**** EPR studies, to the best of our
knowledge, have not yet been performed to address the oxida-
tion state and stability of the derived Cu species. In conclusion,
the spectroscopic observations for CuQLT favor metal reduction
by thiolates and removal of the Cu(r) ion from the quinoline-
phenolate binding site together with enhancement of fluores-
cence emission.

Live cell imaging studies

The ability of the new probes to detect their specific analytes in
vitro was investigated in live HeLa cells. Both TAMRA-based
lysine conjugates CuCLT and CuQLT readily enter cells
following incubation at concentrations of 3 to 5 uM. Because of
its chemical inertness to thiols, CuCLT was incubated in either
PBS or dye- and serum-free DMEM growth medium. Incubation
of cells with CuQLT was performed exclusively in PBS to avoid
interference of thiols. The fluorescein-based construct CuQLF
displayed insufficient cellular permeability for detection of a
fluorescent signal, therefore preventing its application as an
intracellular probe for biological thiols (Fig. S307).
Cytotoxicity of CuCLT. Cytotoxic sensors cannot be used for
biological imaging. We therefore assessed the cytotoxicity of
CuCLT by the MTT assay in HeLa cells. Data recorded 24 h after
treatment with concentrations of CuCLT up to 5 uM (Fig. S297)
indicated that CuCLT is essentially nontoxic and can be applied
in biological studies requiring lengthy incubation times. The
cytotoxicity of the thiol-selective probe CuQLT precluded its
evaluation by the MTT assay, for reasons mentioned above.
Intracellular detection of HNO with CuCLT. Addition of
exogenous Angeli's salt to HeLa cells incubated with CuCLT
displayed an immediate ~1.5-fold turn-on in the integrated
intracellular fluorescence of the sensor (Fig. 7A-C). On the other
hand, exogenous Na,S did not increase the fluorescence signal
(Fig. 7D-F), demonstrating that CuCLT can be successfully used
to selectively detect HNO over H,S in biological milieu. The
relatively rapid (within 5 min) intracellular turn-on of CuCLT
with HNO closely matches the kinetics observed in the cuvette
(Fig. S18At), although with a substantially lower dynamic range.
Co-localization analysis of CuCLT with various organelle
markers revealed a moderate® correlation in overlap with
LysoTracker Green (Pearson's correlation coefficient,* r = 0.5 +
0.1, N = 34, Fig. 8), suggesting preferential, but not exclusive
accumulation of the sensor in acidic vesicles. To confirm that
the partially punctate pattern observed is not due to attachment
of CuCLT to the outer cellular membrane, we assembled 3D
representations of the cells from images collected along the Z-
axis. The spatial distribution of CuCLT, determined from the
reconstructed 3D overlays of CuCLT and the nuclear stain
Hoechst 33258 (Fig. S3271), clearly indicates internalization of
the sensor inside the cells.
Co-incubation of HeLa cells with CuCLT and the NO-selec-
tive probe Cu,FL2E,” and the subsequent addition of excess NO
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Fig. 7 Fluorescence microscopy images of live Hela cells incubated
with 4 uM CuCLT at 37 °C for 15 min in phosphate buffer saline (PBS).
Top: cells treated with Angeli's salt (AS). (A) Differential interference
contrast (DIC) image. CuCLT signal (B) before and (C) 10 min after
treatment with 1.5 mM AS on the microscope stage. Bottom: cells
treated with NayS. (D) DIC image. CuCLT signal (E) before and (F) 10
min after treatment with 1.25 mM Na,S on the microscope stage. (G)
Quantification of the intracellular fluorescence response of CuCLT
(mean £ SD, N = 51 for NaS, N = 44 for AS). Scale bar = 15 um. For
full-field images and associated nuclear staining, see Fig. S31.1

donor GSNO, generated a strong, ~3.6-fold increase only in the
intracellular green fluorescence emission of Cu,FL2E, demon-
strating that CuCLT retains selectivity for HNO over NO and S-
nitrosothiols in cells (Fig. 9).

In order to probe whether CuCLT can detect HNO formed
endogenously in a biological process, we applied the sensor in a
multicolor imaging experiment to study the reduction of
intracellular S-nitrosothiols (RSNO) by ascorbate. In the
absence of Cu() ions, ascorbate reacts with RSNO to generate
the corresponding thiol (RSH) and O-nitrosoascorbate, which
may then further decay following several pathways, one of them
yielding HNO and dehydroascorbic acid (Scheme S6, ESIt).°”*®
The HNO thus produced may further react with additional
RSNO moieties to liberate NO and RSH.*® Intracellular genera-
tion of HNO following treatment of endothelial cells with
ascorbate was recently demonstrated by a combination of
amperometric and fluorescence microscopy methods.** On the
other hand, S-nitrosothiols are converted to the corresponding
disulfides in the presence of Cu(1), liberating one equiv. of NO
per RSNO unit.*® Thus, the interplay between HNO and NO

Overlay ’

Overlay

Fig. 8 Co-localization analysis of CuCLT with organelle-specific
markers in live Hela cells incubated with 4 uM CuCLT, 15 uM Hoechst
33258, and 100 nM LysoTracker Green at 37 °C for 15 min in dye- and
serum-free DMEM. (A) DIC image. (B) Signal from Hoechst 33258. (C)
Signal from LysoTracker Green. (D) Signal from CuCLT. (E) Overlay of
Hoechst 33258 and CuCLT. (F) Overlay of LysoTracker Green and
CuCLT. Scale bar = 15 um.
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Fig. 9 Multicolor fluorescence microscopy of Hela cells incubated
with 4 uM CuCLT, 15 pM Hoechst 33258, and 2 pM Cu,FL2E at 37 °C
for 15 min in PBS. (A) DIC image. Signal from Cu,FL2E (B) before and (E)
20 min after treatment with 1.5 mM GSNO on the microscope stage.
Signal from CuCLT (C) before and (F) 20 min after treatment with 1.5
mM GSNO. (D) Signal from Hoechst 33258. (G) Quantification of the
intracellular fluorescence response of Cu,FL2E and CuCLT (mean +
SD, N = 32). Scale bar = 15 um.

generated upon cellular stimulation with ascorbate becomes an
event that can be visualized with an adequate pair of fluorescent
sensors selective for the two analytes. We therefore employed
CuCLT and Cu,FL2E to detect HNO and NO, respectively, in live
cells under normal (control) and RSNO-enriched conditions
(Fig. 10). The intracellular RSNO content was increased by
treatment of the cells with the NO donor DETA NONOate.
Addition of 1.5 mM sodium ascorbate to control cells
increased only the intracellular green fluorescence of the NO-
selective Cu,FL2E probe by ~2.1-fold (Fig. 10A-G), whereas
addition of the same amount of ascorbate to cells in which
intracellular RSNO levels were increased with DETA NONOate
enhanced the fluorescence of both Cu,FL2E and CuCLT by
~3.8-fold and ~1.4-fold, respectively (Fig. 10H-N). Notably, the
average value of the intracellular turn-on achieved for CuCLT in
DETA NONOate-treated cells upon stimulation with ascorbate
matched the positive control for HNO in cells treated with
Angeli's salt (Fig. 7G). At the same time, the increase in intra-
cellular RSNO levels and subsequent generation of NO was
reflected in the doubling of the average fluorescence turn-on of
Cu,FL2E, consistent with the positive control in cells following
exogenous addition of GSNO (Fig. 9G). The lack of a fluores-
cence response from CuCLT in ascorbate-stimulated control
cells suggests that the amount of HNO formed under normal
RSNO conditions is too low to allow for intracellular detection
by the sensor. In a cuvette, excess addition of an equimolar
ascorbate-GSNO mixture to CuCLT in aqueous buffer did not
produce an increase in fluorescence (Fig. S37A7), consistent
with HNO generated by O-nitrosoascorbate at pH 7 being
instantly consumed by excess GSNO and glutathione (GSH), in
accord with previously reported studies.*® Formation of gluta-
thione in the reaction of ascorbate with GSNO was demon-
strated by the large fluorescence turn-on displayed by the thiol-
selective probe CuQLT under similar conditions (Fig. S37B¥), an
increase much greater than when CuQLT was treated with
GSNO alone. Excess ascorbate added to aqueous Cu,FL2E did
not elicit a fluorescence response (Fig. S37Ct), confirming that
its intracellular fluorescence increase arises from reaction with
endogenously produced NO. These results demonstrate the
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Fig. 10 Multicolor fluorescence microscopy of live Hela cells incu-
bated with 3 uM CuCLT, 15 pM Hoechst 33258, and 2 uM Cu,FL2E at
37 °C for 15 min in PBS (A-F) or dye- and serum-free DMEM (H-M).
(A—G) Control cells. (A) DIC image. Signal from Cu,FL2E (B) before and
(E) 10 min after treatment with 1.5 mM of sodium ascorbate (NaAsc) on
the microscope stage. Signal from CuCLT (C) before and (F) 10 min
after treatment with 1.5 mM NaAsc. (D) Signal from Hoechst 33258. (G)
Quantification of the intracellular fluorescence response of Cu,FL2E
and CuCLT (mean £ SD, N = 40). (H-N) Cells pre-treated with 200 uM
DETA NONOate for 20 h at 37 °C in DMEM. (H) DIC image. Signal from
CusFL2E (I) before and (L) 10 min after treatment with 1.5 mM of NaAsc.
Signal from CuCLT (J) before and (M) 10 min after treatment with
1.5 mM NaAsc. (K) Signal from Hoechst 33258. (N) Quantification of the
intracellular fluorescence response of Cu,FL2E and CuCLT (mean +
SD, N = 36). Scale bar = 15 pm.

utility of CuCLT for intracellular detection of nitroxyl and
strongly suggest that HNO can be produced endogenously in
the reaction of ascorbate with S-nitrosothiols. A definitive proof
of this hypothesis would benefit from in vivo studies confirming
endogenous HNO production by an orthogonal method.
Intracellular detection of thiols with CuQLT. We also eval-
uated the ability of RSH-selective CuQLT to detect changes in
the concentration of intracellular thiols. A strong intracellular
fluorescence signal was observed in the red imaging channel
following incubation of HeLa cells with 4 uM CuQLT in PBS,
consistent with the probe being turned on by endogenous free
thiols (Fig. 11B). CuQLT did not appear to preferentially accu-
mulate within a specific organelle. Upon pre-incubating the
cells with N-methylmaleimide (NMM), a thiol blocker,> we
observed a ~3-fold reduction in the integrated fluorescence of
CuQLT using identical image acquisition parameters (Fig. 11E),
consistent with a decrease in the intracellular free thiol content
induced by NMM. Addition of exogenous GSNO to any of the
two sets of cells did not produce a fluorescence increase of
CuQLT, confirming that the probe can selectively detect bio-
logical thiols in live cells over RSNO and NO (Fig. 11C and F).
To reverse the intracellular fluorescence of CuQLT, L-cysteine
was first added alone to NMM-treated cells, inducing a strong
increase in the signal (Fig. S347). Addition of 1.5 mM Angeli's
salt to NMM-treated cells incubated with CuQLT did not
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Fig. 11 Fluorescence microscopy images of live Hela cells incubated
with 4 uM CuQLT at 37 °C for 15 min in PBS. Top: control cells. (A) DIC
image. CuQLT signal (B) before and (C) 15 min after treatment with
1.5 mM GSNO on the microscope stage. Bottom: cells pre-incubated
with 1 mM N-methylmaleimide (NMM) in PBS for 30 min at 37 °C. (D)
DIC image. CuQLT signal (E) before and (F) 15 min after treatment with
1.5 mM GSNO on the microscope stage. (G) Quantification of the
intracellular fluorescence response of CuUQLT (mean + SD, N = 21 for
control cells, N = 20 for NMM-treated cells). Scale bar = 15 um. For
full-field images and associated nuclear staining, see Fig. S33.t

produce a fluorescence increase, but subsequent addition of
3 mM Cys to the same imaging dish elicited a rapid 2-fold
enhancement of the signal in the red channel (Fig. S351). These
observations are consistent with the reactivity profile of CuQLT
determined in the cuvette (Fig. 5), establishing the selectivity of
the probe for thiols in a live environment in the presence of
HNO.

Finally, the ability of CuQLT to detect thiols selectively over
H,S in cells was investigated. In contrast to results obtained in
the cuvette, adding exogenous Na,S to NMM-treated cells
incubated with CuQLT generated a surprising ~2.4-fold
increase in intracellular fluorescence (Fig. 12A-C).

Previous reports proposed exogenous H,S as a source of
endogenous RSH and HSNO, based on its reaction with intra-
cellular RSNO." To further verify this biological pathway, we
increased the endogenous RSNO content of the cells by treat-
ment with DETA NONOate and depleted the free thiols with

Relative Integrated
Fluorescence

12
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4
2
0

Control DETA

NONOate

Fig. 12 Fluorescence microscopy images of live Hela cells incubated
with 4 uM CuQLT at 37 °C for 15 min in PBS. Top: control cells. (A) DIC
image. CuQLT signal (B) before and (C) 15 min after treatment with
1.25 mM NasS on the microscope stage. Bottom: cells pre-treated with
200 pM DETA NONOate for 20 h at 37 °C in DMEM. (D) DIC image.
CuQLT signal (E) before and (F) 15 min after treatment with 1.25 mM
Na,S on the microscope stage. Both sets of cells were pre-incubated
with 1 mM NMM in PBS for 30 min at 37 °C. (G) Quantification of the
intracellular fluorescence response of CuQLT (mean + SD, N = 52 for
control cells, N = 34 for DETA NONOate-treated cells). Scale bar =
15 um. For full-field images and associated nuclear staining, see Fig. S36.1
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NMM. Addition of Na,S to these cells brought about a dramatic
~12-fold increase in the integrated CuQLT fluorescence
(Fig. 12D-F), an outcome consistent with the intracellular
release of a significantly higher amount of thiols. Control
experiments in the cuvette confirmed the production of gluta-
thione through the strong increase in the fluorescence of
CuQLT upon treatment with an equimolar mixture of Na,S and
GSNO (Fig. S37B7). CuQLT is therefore able to selectively detect
RSH in cells and distinguish distinct concentrations of thiols
endogenously produced in a biological process.

Conclusions

We established a biocompatible solid-phase approach to sepa-
rate the fluorescent reporter and binding unit of small-molecule
metal-based sensors and tested its modularity by producing
three conjugates with a lysine backbone. The first two, func-
tionalized with a yellow-emitting tetramethyl-rhodamine fluo-
rophore, contain an [N,] (cyclam) and an [N,O] (quinoline-
phenolate) metal-binding site, respectively, while the third
retains the [N,O] motif along with a green-emitting dichloro-
fluorescein moiety. The active, metal-bound forms of the
probes, termed CuCLT, CuQLT, and CuQLF, operate by modu-
lating the oxidation state of a ligated Cu(u) ion. We demon-
strated the selectivity of (i) CuCLT for sensing HNO and (ii)
CuQLT and CuQLF for sensing biological thiols. The mecha-
nism responsible for the observed reactivity in each case was
investigated by spectroscopic (fluorescence, EPR, and NMR)
and voltammetric methods. The experimental evidence
collected supports a mechanism involving reduction of Cu(u) in
CuCLT by HNO followed by a fast reoxidation with retention of
the metal in the cyclam binding site, whereas cysteine reduces
Cu(u) in CuQLT with attendant expulsion of the Cu(1) species.
CuCLT and CuQLT are readily cell permeable and retain their
analyte selectivity intracellularly, even in the presence of
potentially interfering species such as nitric oxide, nitro-
sothiols, and hydrogen sulfide. We further employed CuCLT
and CuQLT to distinguish between different levels of intracel-
lular HNO and thiols generated upon stimulation of live HeLa
cells with ascorbate and sulfide anions, respectively. The
successful application of the lysine-based sensors to gain
insight into proposed biosynthetic pathways validates the utility
of our method and envisions an extension of it from a simple
lysine to a peptide backbone. Solid-phase techniques, offering
the possibility of altering the light-emitting and metal-binding
moieties, provide a tool for expedient production of a library of
analogues with minimal synthetic and purification work. Future
probes, enacting both predicted and new chemistry, should
allow simultaneous and selective multicolor visualization of a
variety of species present in live cells, advancing our under-
standing of their biology.
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