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Abstract: Mass cytometry (MC) offers unparalleled potential
for the development of highly parameterized assays for
characterization of single cells within heterogeneous popula-
tions. Current reagents compatible with MC analysis employ
antibody-metal-chelating polymer conjugates to report on the
presence of biomarkers. Here, we expand the utility of MC by
developing the first activity-based probe designed specifically
for use with the technology. A compact MC-detectable
telluroether is linked to a bioreductively sensitive 2-nitro-
imidazole scaffold, thereby generating a probe sensitive to
cellular hypoxia. The probe exhibits low toxicity and is able to
selectively label O,-deprived cells. A proof-of-concept experi-
ment employing metal-bound DNA intercalators demonstrates
that a heterogeneous mixture of cells with differential exposure
to O, can be effectively discriminated by the quantity of
tellurium-labeling. The organotellurium reagents described
herein provide a general approach to the development of
a large toolkit of MC-compatible probes for activity-based
profiling of single cells.

M ultiparameter analysis of single cells has traditionally
been performed using fluorescence-based flow cytometry
(FBFC); a technique that has transformed understanding of
cellular heterogeneity. As scientists begin to ask increasingly
complex questions about relationships between large num-
bers of biological parameters, the limitations inherent to
FBFC have become apparent. Specifically, the number of
fluorophore tags that may be employed simultaneously in any
given FBFC experiment is limited by spectral overlap,
thereby prohibiting a highly parameterized analysis.'! The
introduction of mass cytometry (MC) has provided a means
for overcoming this limitation. In place of fluorophores, MC
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uses stable isotopes with high atomic mass as tags and
harnesses the sensitivity, dynamic range, and single mass unit
resolution of inductively coupled plasma mass spectrometry
to allow for highly parameterized experiments (theoretically
over 100 parameters).”! This technology has been success-
fully used to monitor differential responses across the human
hematopoietic continuum based on 34 unique parameters.
Recent work has adapted MC-compatible reagents for 32-
parameter imaging of breast cancer tissue, revealing spatial
variations in tumor heterogeneity with an unprecedented
level of detail.”!

To fully realize the parameterization of MC requires many
reagents bearing unique heavy isotopes (= 100 amu) with
a low biological background that report on meaningful
biological parameters. To date, the most successful reagents
developed have been bifunctional polymers that chelate
lanthanide ions and allow for antibody conjugation (MaxPar
Reagents, Figure 1a).”! Additionally, metal chelates that bind
or may be incorporated into DNA have been exploited
(Figure 1b).”" The success that researchers have had with
these reagents cannot be understated; however, the potential
of MC should not be limited to reagents that measure static
biomarkers. Probes for specific enzyme activities would
unlock new dimensions to MC analysis (Figure 1c). Here,
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Figure 1. a) Generalized structure of commercially available bifunc-
tional lanthanide-chelating polymer—antibody conjugates (MaxPar
reagents). b) Structures of the heavy-isotope-containing nucleic acid
intercalators employed in this study and the unnatural nucleoside
analogue 5-iododeoxyuridine (IdU). c) Requirements and generalized
design of a MC-compatible probe for studying dynamic/active bio-
chemical processes.
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we introduce a new approach for the development of activity-
based probes compatible with MC technology using a compact
telluroether scaffold.

Tellurium provides favorable characteristics for the devel-
opment of small MC probes. The element forms telluroether
and tellurophene functionalities which are small and lipo-
philic; properties which we hypothesize will minimize pertur-
bation of attached biologically sensitive functionalities (i.e.
activity-based groups), thus preserving their biological activ-
ity. This is in direct contrast to the lanthanide-chelating
polymers used as mass tags in MaxPar reagents, because these
groups are large and polar (Figure 1a). Additionally, five
stable tellurium isotopes are available commercially, thereby
allowing for multiple MC-distinguishable probes to be
generated using identical chemistry. As a proof of concept
of such a probe, we have targeted cellular hypoxia due to its
importance in tumor biology and the well-defined chemical
methods for interrogation.

The development of hypoxic regions is a common char-
acteristic of most solid tumors and is associated with radiation
and chemotherapy resistance, as well as increased metasta-
sis.®l Levels of hypoxia also vary widely amongst patients, and
are strongly associated with poor clinical outcome in several
tumor types. Within individual tumors, hypoxia is spatially
heterogeneous and often characterized by gradients of oxy-
genation extending from normal levels near the vasculature to
near anoxia at the borders with necrosis.”) Importantly,
oxygen levels in some tumor regions also fluctuate over
time due to transient changes in vessel perfusion. Areas of
fluctuating hypoxia may be particularly important in driving
poor prognosis, but at present are difficult to quantitate in
patients." Current understanding of tumor hypoxia has been
greatly facilitated by the availability of chemical probes
constructed around a 2-nitroimidazole (2-NI) functionality
such as pimonidazole (Pimo) and EF-5.'Y These probes are
reduced by one electron reductases, such as PORs (p450
oxidoreductase), which act on a variety of nitroaryl com-
pounds (Scheme 1b).l"! Studies suggest that upon reduction
of the 2-NI to a 2-(hydroxy amino)imidazole (5), hydroxide is
liberated and an electrophilic 2-(nitrenium)imidazole ion (6)
is generated, which reacts irreversibly with free thiols in the

hypoxic environment. This produces protein-2-(amino)imi-
dazole adducts (7) effectively “tagging” the cell. Generation
of the initial nitro radical (4) is a rapidly reversible process in
the presence of molecular oxygen and thus generation of the
active nitrenium labeling agent is slow under normoxic
conditions. In the case of Pimo and EF-5, the detection is
mediated by immunostaining, although similar 2-NI com-
pounds have been developed which incorporate '*F to allow
for detection through positron emission tomography.'?
Recently, hypoxia probes based on 2-NIs have been devel-
oped that implement alternative imaging modalities such as
single-photon emission computed tomography, magnetic
resonance imaging, or near-infrared fluorescence.!"”!

To adapt the 2-NI functionality for MC detection we
identified an organotellurium scaffold that was compact,
amenable to high yielding synthesis, stable under physiolog-
ical conditions, and relatively nontoxic. Reports of organo-
tellurium toxicity have focused mainly on aryltelluroethers;
however, the limited reports available suggest the more
compact dialkyl telluroethers are less toxic.!'>"”! Focusing on
telluroethers, we opted to use a compact unsymmetric methyl
alkyl telluride functionality (1, Scheme 1a) with a reactive
hydroxy handle for further chemical manipulation. This group
was accessed through treatment of elemental tellurium with
methyllithium, followed by alkylation of the resultant nucle-
ophilic methyltelluride salt by 3-chloropropan-1-ol (Sche-
me 1a).%! The resultant telluroether alcohol (1) was then
treated with p-nitrophenyl chloroformate to afford the
carbamylating reagent 2. The primary amine-bearing 2-NI
scaffold (3) was then easily carbamylated to afford the final
hypoxia probe, designated “Telox” (Scheme 1a). This com-
pound is stable for months if stored in the dark as a solid and
under an inert atmosphere at —20°C. At ambient light and
oxygen levels the probe has a f,, >48 h in solution (see the
Supporting Information). Due to a downfield shift of the Te-
CH, resonance in the "H NMR spectrum of the probe after
prolonged exposure to ambient atmosphere, we hypothesize
that the major degradation product upon exposure to
atmospheric oxygen is the telluroxide species or a hydrate
thereof.

The proliferative toxicity of Telox was measured in

HCT 116 cells by confluency analy-
sis (Figure S1). This experiment
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Scheme 1. a) a: MelLi (=1 equiv), THF, 22°C, 10 min; b: 3-chloro-1-propanol (1.0 equiv), THF,
—192°C, 2 h, 72%; c: p-nitrophenyl chloroformate (1.05 equiv), pyridine (2.1 equiv), THF, 22°C, 2 h,
75%; d: methylbromoacetate (1.0 equiv), K,CO; (1.5 equiv), tetrabutylammonium iodide

this experiment indicated a meta-
bolic ICs, of 200+£20 um (Fig-
ure S2).

As a surrogate for a POR

(0.022 equiv), MeCN, reflux, 3 h, 60%; e: ethylenediamine (4.0 equiv), MeOH, 22°C, 18 h, quant.; f:
pyridine (3.0 equiv), MeOH, 22°C, 2 h, 70%. b) Enzyme-catalyzed reduction of the 2-nitroimidazole
functionality to produce the electrophilic protein-labeling nitrenium ion 6.
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enzyme, the sensitivity of Telox to
enzyme-mediated reduction was

Angew. Chem. Int. Ed. 2014, 53, 1147311477


http://www.angewandte.org

a) R 9" R
OZN\|/N HNYN (0.5 equiv)
Amax = 325 nm |j !

o)
N N FAD FADH2 HN)in
D o]
éj\ | N> Xanthine >:

o ” H Oxidase

O
~

5.0
4.0
3.0
2.0
1.0
0.0
-1.0
-2.0
-3.0
-4.0
-5.0
-6.0
0 50 100 150 200 250 300
t/s

Change in Absorbance /AU x 102

Figure 2. a) Xanthine oxidase catalyzed reduction of a generalized 2-
nitroimidazole using xanthine as a source of electrons and FAD as

a cofactor. b) Change in UV absorption over time at 325 nm for the
anaerobic enzymatic reduction of the 2-nitroimidazole component of
Pimonidazole (black circles) or Telox (grey circles). [2-N1]=100 pm,
[xanthine] =500 pm, 0.2 units XO.

evaluated using bovine xanthine oxidase (XO; Figure 2a).["")
Following the loss of the 2-nitroimidazole absorption at
325 nm during XO-mediated oxidation of xanthine to uric
acid demonstrated that under normoxia no reduction of Telox
was observed (data not shown); however, under hypoxic
conditions a clear loss of the 2-nitroimidazole occurred
(Figure 2b). Interestingly the rate of reduction was higher
for Telox than that for Pimo, one of the most commonly used
hypoxia probes. These experiments suggest that the reduction
potential and structure of Telox are compatible with enzyme-
mediated reduction. Additionally, the telluroether function-
ality does not appear to have an inhibitory effect on the
metal-containing active site of XO under these conditions.

Having confirmed that Telox could be enzymatically
reduced in vitro, we evaluated the ability of the probe to label
HCT 116 cells under normoxic and hypoxic conditions
(Figure 3). In an atmosphere that contained <0.02% O,,
robust labeling (& 3.4-fold) was detected by ICP-MS analysis
of whole cell pellets when cells were incubated for 3 h in
media containing Telox (100 um). A substantially lower
tellurium concentration was detected under all other concen-
trations of O,, indicating that the labeling ability of Telox is
indeed oxygen-dependent. This level of oxygen sensitivity is
similar to that observed with EFS, which displays dramatic
increases in labeling only below 0.1 % O,.”! Given the similar
oxygen sensitivity, Telox should be useful as a MC-compatible
surrogate for the widely used probes EFS5 or Pimo.

Next, we investigated the ability of Telox to identify
hypoxic cells in a mixture using MC. HCT 116 cells were
incubated under normoxic or anoxic conditions in the
presence of Telox as detailed above. Following exposure to
Telox the cells were washed and fixed. To correlate the
cellular tellurium content with oxygen exposure, we used
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Figure 3. Traditional ICP-MS analysis of the tellurium content of whole
HCT 116 cell pellets as a function of cellular oxygen exposure.
[Telox] =100 pm, incubation time=3 h.

metal-containing nucleic acid intercalators as internal stand-
ards for oxygen exposure. Cells incubated under normoxic
conditions were treated with a rhodium-containing nucleic
acid intercalator (Figure 1b), whereas cells incubated under
anoxic conditions were treated with an iridium-containing
nucleic acid intercalator (Figure 1b).”) Both samples were
washed separately, combined, and injected onto a second-
generation CyTOF instrument for MC analysis (Figure 4 a).
Generation of a density plot of event length versus '**Te signal
clearly indicated the presence of two distinct populations of
cells (Figure 4b). Gating each population [high '*Te (median
~ 120 cts) or low *Te (median ~ 30 cts)] and outputting *Ir
versus '®Rh density plots from these gates indicated that cells
which contained a high relative amount of **Te possessed
a very high '’Ir content and a low '®Rh content (Figure 4c).
Conversely, cells that produced a lower *°Te signal contained
far less ""Ir and a comparatively large amount of '“Rh
(Figure 4 d). These results are consistent with expectations, as
MC analysis was able to deconvolute the two cell populations
to a high degree of resolution using tellurium content as
a metric for the oxygen concentration to which cells were
exposed. The non-zero "Ir signal observed in cells incubated
under normoxic conditions was likely due to leeching of less
tightly bound Ir intercalator between cell populations after
mixing. This is supported by the observation that cells
exposed only to the Rh intercalator and not mixed with Ir-
stained cells exhibit a near-zero "Ir signal (Figure S3).

Finally, in an attempt to further confirm the mode of
action, we evaluated the ability of Telox to compete for the
same bioreductive pathway as the known hypoxia probe
Pimo. Incubation of HCT 116 cells in media that contained
both probes at equal concentrations (100 pm) reduced the
tellurium labeling by 1.7-fold when compared to the signal in
the absence of Pimo as indicated by CyTOF analysis (Fig-
ure 4¢). This result suggests that these probes compete for at
least some of the same reductase enzymes and that Telox
should be a reliable surrogate for Pimo when studying cellular
hypoxia.
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Figure 4. a) Schematic representation of Telox cell labeling for analysis by mass cytometry on a second-generation CyTOF instrument. b) Density
map of signal event length vs. *°Te signal (arbitrary units). c) Density plot output from the top-right gate in (b) of the '**Ir signal versus the '®Rh
signal. More than 93 % of the detected events fall in the square gate. d) Density plot output from the bottom-left gate in (b) of the '*Ir signal
versus the '®Rh signal. More than 89% of the detected events fall in the square gate. e) Population histograms of cell *°Te content. Oxygen
concentrations are listed as numerical percentages, P=Pimonidazole (100 pm). Blue and red histograms are Pimonidazole-negative controls.
Orange and green histograms are the Pimonidazole-positive competition experiments. Note: warmer colors in density plots indicate higher cell

population density.

Moving forward, we propose that the MC-compatible
hypoxia probe developed in this report will be of value for the
study of complex relationships between hypoxia and tumor
biochemistry through the development of highly parameter
assays in combination with MaxPar reagents. Furthermore,
experiments can be envisioned in which isotopically pure
tellurium probes are synthesized and employed in pulse-
chase-type experiments to identify the effects that various
xenobiotic agents have on the hypoxic response. Our probe is
superior to fluorophore-based molecules for this purpose
because isotopologs of Telox would be structurally identical
and thus have identical pharmacokinetics/dynamics, unlike 2-
NIs conjugated to structurally diverse fluorophores. Addi-
tionally, the tellurium-containing p-nitrophenyl carbonate
ester 2 is a versatile reagent for carbamylation of amines, thus
presenting a general methodology for accessing new tellu-
rium-containing activity-based probes to be used with MC.
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