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Supplementary Discussion 1: Selection of the substrate and chemoselective cage

Selection of imidazopyrazinone cores: To generate a copper-responsive bioluminescent agent that is
compatible with the extracellular environment, we turned to agents derived from the marine
bioluminescent systems as they operate independent of ATP, in contrast with the firefly
luciferase/luciferin pair which requires ATP as a cofactor. As ATP is in low abundance in the
extracellular space, eliminating ATP dependence is for signal sensitivity. Among the marine luciferases
and its derivatives, both the naturally-occurring Gaussia luciferase and the engineered Nanoluciferase are
significantly brighter than firefly luciferase by about 1000 times and 100 times respectively.!'? This
feature is especially useful when developing probes for analytes that are present in trace amounts like the
labile copper pool. Additionally both of these luciferases have been applied to extracellular applications
using secreted forms of the enzymes.? One the one hand, the intensely bright, Gaussia luciferase has
extremely low substrate tolerance, only accepting native coelenterazine.? On the other hand, a variety of
coelenterazine derivatives have been synthesized that are accepted by Nanoluciferase in addition to its
engineered substrate, furimazine.* We thus explored three different imidazopyrazinone-type compounds

as cores for our probe: native coelenterazine (CTZ), coelenterazine 400a (CTZ400a) and diphenylterazine

(DTZ) (Figure S1).
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Figure S1. Chemical structures of coelenterazine, coelenterazine 400a, and diphenylterazine.

Selection of picolinic ester cage: For our cage design we adapted a previously-reported picolinic ester
susceptible to hydrolysis by Cu(IT).> We also explored the potential for other heterocyclic esters, furan
and thiophene, to undergo metal mediated hydrolysis. The three heterocyclic ester cage precursors were
synthesized as shown in Supplementary Scheme 1 (see scheme 2 in the main text for the synthesis of the
pyridine ester cage 7) and were subsequently tested for their response to metals by UV-Vis spectroscopy

(Figure S2).



Scheme S1. Synthesis of heterocyclic ester cages.“
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a. Reagents and conditions: (a) TBDMS-CI, imidazole, DMF, r.t., 30 min; (b) furan-2-carbonyl chloride or thiophene-2-
carbonyl chloride, anhyd. pyridine/DMF, r.t., 2 hours.
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Figure S2. UV-Vis spectra of 10 pM (a) pyridine ester 7 (b) thiophene ester 7a, and (c) furan ester 7b in 15 mM MOPS buffer at
pH 7.4 in the presence of 25 pM metal salts or a no-metal control (CTR). The marked shift in the spectra of the pyridine ester

suggests hydrolysis in the presence of Cu?*; while no distinct reactions are observed with the other two esters.

Consistent with the previous literature, we observed a distinct shift in the spectra of the picolinic ester
upon addition of Cu(Il) suggesting that the proposed Cu(Il)-mediated hydrolysis occurs. However, we
saw no changes to the spectra of either the thiophene or the furan ester upon the addition of any of the
tested metals. With this information in hand, we proceeded with synthesis of the picolinic ester-caged
imidazopyrazinones using the aforementioned cores (Scheme 2). It is well-known that these
coelenterazine-like compounds readily degrade at ambient temperatures and in the presence of air likely
due to the anti-aromatic nature of the lower pyrazine-like ring.To overcome this, researchers have been
able to stabilize these compounds while maintaining bioluminescent activity by nucleophilic addition to
the carbonyl thereby achieving complete aromaticity of the core.® Thus, we chose to conjugate the
picolinic ester cage at the carbonyl position. For chemical compatibility, we employed a benzyl ether self-

immolative linker.”



Synthesis of cDTZ
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Scheme S2. Synthesis of pic-DTZ reagents and conditions: (i) NBS, CHCl;, 3 h; (ii) Phenylyboronic acid, Pd(PPhs),, K,CO;,
Dioxane, H,0, 80°C, 12 h; (iii) 10, EtOH, H,0, cat. HCL, 80°C, 12 h; (a) TBDMS-Cl, imidazole, DMF, r.t., 30 min; (b) 2-
picolinic acid, EDCI, cat. DMAP, CH,Cl,. r.t., 3 h; (¢) MeOH, cat. HCI, r.t., 30 min; (d) PBr;, THF, r.t., 2 h; (iv) 9, Cs,CO;, K1,
MeCN, r.t., 12 h. Synthesis of pic-CTZ400a reagents and conditions: (iib) BnBr, Zn, I,, Pd(Cl),(PPh3),, r.t. 12 h; (iiib)
Phenylyboronic acid, Pd(PPh;)4, K,COj3, Dioxane, H,0, 80°C, 12 h; (ivb) 10, EtOH, H,0, cat. HCI, 80°C, 12 h; (vb) MeOH, cat.
HC], r.t., 30 min. Synthesis of pic-CTZ reagents and conditions: (ic) MeOH, cat. HCI, r.t., 30 min.

With the three caged imidazopyrazinone compounds in hand we moved on to evaluating their response
and selectivity towards Cu(Il) in the presence of their cognate luciferases (Figure S2). We assessed pic-

DTZ and pic-CTZ400a with recombinant Nanoluciferase (rNluc) and pic-CTZ with Gaussia luciferase.
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Figure S3. Calculated area under the curve of luminescence measured over 20 minutes with 5 uM caged probes in the presence
of biologically-relevant d-block (5 pM) and s-block (1 mM) metals. For pic-DTZ and pic-CTZ400a, 120 nM rNluc was used. For

pic-CTZ, 425 nM recombinant Gaussia luciferase was used.

pic-DTZ in the presence of rNluc exhibits a stronger intensity in signal (recorded over 20 minutes)
relative to either pic-CTZ400a and pic-CTZ. Additionally, although pic-CTZ400a did show Cu(Il)-
selective light output, the signal-to-background ratio is much lower compared to either pic-DTZ or pic-
CTZ. 1t should also be noted that access to native coelenterazine is more synthetically challenging relative
to the other two imidazopyrazinones tested. Indeed the yield for the caged CTZ was so low we were
unable to get a reasonable carbon NMR spectra and even the proton NMR displayed low signal to noise.

For these reasons, we chose to move forward with pic-DTZ as the probe of choice. AS

Additional Supplementary Figures (Figures S4 - S12)
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Figure S4. LCMS chromatograms of (a) pic-DTZ (50 uM) alone (b) pic-DTZ (50 pM) immediately after addition of 1 mM
Cu(Il) and (c) pic-DTZ (50 uM) 4 hours after addition of 5 uM Cu(Il), monitored at 250 nm. All LCMS samples were prepared
methanol. A gradient was run from 90:10 HyO:MeCN + 0.1% FA to 10:90 H;O:MeCN + 0.1% FA over 15 minutes, then held at
10:90 H,O:MeCN + 0.1% FA for 15 minutes. Peak labeled "pic-DTZ" corresponds to m/z of 589.2 corresponding to [M+H]" and
peak labeled "DTZ" corresponds to m/z of 376.2 corresponding to a salt form of DTZ.
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Figure S5. Dose-dependence of pic-DTZ (1 pM) with varying concentrations of Cu(Il) (CuSQ,) in the presence of 120 nM
rNluc.
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Figure S6. Calculated area under the curve for luminescence over 20 minutes of 1 M pic-DTZ in the presence of 120 nM rNluc

at various pHs in DPBS.
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Figure S7. Calculated area under the curve over 20 minutes of 1 uM pic-DTZ in the presence of GHK and histidine (10 pM)
with 120 nM rNluc. Error bars denote SEM, n = 3.
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Figure S8. Calculated area under the curve over 20 minutes of 1 pM pic-DTZ in the presence of albumin (100 uM) or copper
loaded albumin (1:1 molar ratio, 100 uM) with 120 nM rNluc. Error bars denote SEM, n = 3.
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Figure S9. Calculated area under the curve over 20 minutes of 1 uM pic-DTZ in the presence of EDTA (1 mM), GSH (200 uM),
or NH,OH (200 uM) with 120 nM rNluc. Error bars denote SEM, n = 3.
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Figure S10. Clinically determined albumin and overall protein levels of healthy control and Wilson’s diseased (WD) cohorts.
Error bars denote SEM, n=3.
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Figure S11. Calculated area under the curve over 20 minutes of 1 uM pic-DTZ in the presence of Cu(II) (10 uM) or cisplatin and
metformin (30 uM and 5 mM respectively) with or without 10 pM Cu(Il) and 125 nM rNluc. Error bars denote SEM, n = 3.
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Figure S12. Western blot analysis of the copper chaperone for superoxide dismutase (CCS), and the copper transporter ATP7A,
from cell lysates of secNluc MDA-MB-231 cells treated with 30 uM cisplatin (CP) or 5 mM metformin (MF) compared to
untreated control (CTR). *TTM is included as a copper chelation control for the western blot experiments, but is not assessed

with pic-DTZ as we observed light inhibition with native DTZ in the presence of TTM.
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Figure S13. ICP-MS quantification of copper from cell media removed from secNluc MDA-MB-231 cells after treatment for 18
hours by cisplatin (30 uM) or metformin (5 mM) relative to untreated control (CTR). Error bars denote SEM, n=3.

Supplementary Materials and Methods

Synthesis of Heterocyclic Ester Cages

Thiophene ester, 7a. Phenol 6 (200 mg, 0.840 mg, 1 equiv.) and thiophene-2-carbonyl chloride
(148 mg, 1.01 mmol, 1.2 equiv.) were added to a flame-dried round-bottom flask purged with N, and then
dissolved in anhydrous pyridine/DMF (1:1, 2 mL) and allowed to stir at room temperature for three hours.
The reaction was then quenched in water and extracted into ethyl acetate (3 X 10 mL). The combined
ethyl acetate extract was then washed with brine, dried over Na,SO, and concentrated under reduced
pressure. The crude product was purified by silica gel column chromatography (70/30 hexanes/EtOAc) to
obtain the desired product 7b (224 mg, 77%) as a yellow oil. '"H NMR (400 MHz, CDCI3) & 7.98-8.00
(dd, 1H), 7.64-7.66 (dd, 1H), 7.37-7.39 (d, 2H), 7.16-7.20 (m, 3H), 4.72 (s, 2H), 0.97 (s, 9H), 0.13 (s,
6H). 13C NMR (100 MHz, CDCl;) 6 160.82, 149.51, 139.32, 134.75, 133.56, 133.06, 128.12, 127.80,
127.16, 121.48, 115.16, 64.87, 64.55, 26.07, 18.52, -5.12. Low-resolution mass spectrometry (LRMS)
(m/z): [M+H]" calculated for: CgH,505SSi, 349.1; found [M+H]* 349.1.

Furan ester, 7b. Phenol 6 (200 mg, 0.840 mg, 1 equiv.) and furan-2-carbonyl chloride (132 mg,
1.01 mmol, 1.2 equiv.) were added to a flame-dried round-bottom flask purged with N, and then
dissolved in anhydrous pyridine/DMF (1:1, 2 mL) and allowed to stir at room temperature for three hours.

The reaction was then quenched in water and extracted into ethyl acetate (3 X 10 mL). The combined



ethyl acetate extract was then washed with brine, dried over Na,SO,, and concentrated under reduced
pressure. The crude product was purified by silica gel column chromatography (70/30 hexanes/EtOAc) to
obtain the desired product 7b (230 mg, 83%) as a white solid. '"H NMR (400 MHz, CDCI3) 6 7.66 (s,

1H), 7.36-7.38 (m, 3H), 7.16-7.18 (d, 2H), 4.75 (s, 2H), 0.95 (s, 9H), 0.11 (s, 6H). 13C NMR (100 MHz,
CDCI3) 6 159.77, 149.11, 147.22, 144.57, 139.44, 127.19, 121.85, 119.92, 112.30, 64.52, 26.54, 17.19, -
5.13. Low-resolution mass spectrometry (LRMS) (m/z): [M+H]" calculated for C;3sH,50,Si, 331.15; found
[M+H]* 331.1.

Synthesis of pic-CTZ400a

3-benzyl-5-bromopyrazin-2-amine, 3b. Zinc mesh 20-30 (1.18 g, 18 mmol, 3.5 equiv.), zinc
dust (1.18 g, 18 mmol, 3.5 equiv.), and iodine (70 mg, 0.9 mmol, 5 mol%) were added to a flame-dried
round-bottom flask purged with N,. Benzyl bromide (967 mg, 5.65 mmol, 1.1 equiv.) in N,N-DMA (8
mL) was then added to the round-bottom flask and the reaction was heated to 80 °C and allowed to stir for
three hours. A suspension of 3,5-dibromo-2-aminopyrazine (1.3 g, 5.14 mmol, 1 equiv.) and PdCl,(PPh;),
(180 mg, 0.257 mmol, 5 mol%) in N,N-DMA (8 mL) was added to the reaction mixture. The reaction was
allowed to stir for 72 hours. The reaction was quenched in water (100 mL) and extracted with ethyl
acetate (3 X 25 mL). The combined ethyl acetate extract was washed with brine, dried over Na,SO,, and
concentrated under reduced pressure. The crude product was then purified by silica gel column
chromatography (60/40 hexanes/EtOAc) to afford 3b (1.25 g, 92%) as a brown solid. '"H NMR (400 MHz,
CDCly) 6 8.02 (s, 1H), 7.26-7.36 (m, 5H), 4.40 (bs, 2H), 4.08 (s, 2H). Low-resolution mass spectrometry
(LRMS) (m/z): [M+H]* calculated for C,;H;oBrN3, 264.0; found [M+H]* 264.0.

3-benzyl-5-phenylpyrazin-2-amine, 4b. 3-benzyl-5-bromopyrazin-2-amine, 3b, (339 mg, 1.283
mmol, 1 equiv.), phenylboronic acid (188 mg, 1.54 mmol, 1.2 equiv.), Pd(PPh;), (148 mg, 0.128 mmol,
0.1 equiv.), and K,CO; (310 mg, 2.25 mmol, 1.75 equiv.) were all added to a round-bottom flask purged
with N,, then water (5 mL) and 1,4-dioxane (25 mL) were added. The reaction was heated to 80 °C and
was allowed to stir overnight. The reaction was then quenched in water (100 mL) and extracted into ethyl
acetate (3 X 25 mL). The combined ethyl acetate extract was then washed with brine, dried over Na,SO,,
and concentrated under reduced pressure. The crude product was then purified by silica gel column
chromatography (70/30 pet. ether/hexanes) to afford 3¢ (282 mg, 84%) as a brown solid.'"H NMR (400
MHz, DMSO) § 8.43 (s, 1H), 7.90-7.92 (d, 2H), 7.27-7.43 (m, 7H), 7.20 (t, 1H), 6.40 (s, 2H), 4.09 (s,
2H). Low-resolution mass spectrometry (LRMS) (m/z): [M+H]* calculated for C,;H N3, 262.1; found
262.2.



CTZ400a, 5b. 3-benzyl-5-phenylpyrazin-2-amine, 4b, (217 mg, 0.830 mmol, 1 equiv.) and 1,1-
diethoxy-3-phenylpropan-2-one, 10, (277 mg, 1.246 mmol, 1.5 equiv.) were added to a N,-purged round-
bottom flask followed by ethanol (16 mL), water (2 mL), and hydrochloric acid (0.4 mL). The reaction
was then refluxed overnight. The reaction was then concentrated under reduced pressure and purified on
alumina gel column (gradient 0-10% MeOH in DCM) to afford 5b (150 mg, 46%) of pure product as a
bright yellow solid. '"H NMR (400 MHz, DMSO) 6 7.16-7.92 (m, 16H), 4.34 (s, 2H), 4.09 (s, 2H). Low-
resolution mass spectrometry (LRMS) (m/z): [M+H]* calculated for: C,cH»,N30, 392.18; found [M+H]*
392.1.

pic-CTZ400a. CTZ400a, 5b, (86 mg, 0.219 mmol, 1 equiv.), 4-(bromomethyl)phenyl picolinate,
9, (128 mg, 0.439 mmol, 2 equiv.), Cs,CO; (30 mg, 0.087 mmol, 0.4 equiv.), and KI (40 mg, 0.241 mmol,
1.1 equiv.) were added to a flame-dried round-bottom flask that was then purged with N,. The reagents
were then dissolved in anhydrous MeCN (2 mL) and the reaction was allowed to stir overnight. The
following morning the reaction mixture was quenched in 20 mL of water and extracted in DCM (3 x 10
mL). The combined DCM extract was then washed with brine, dried over Na,SO,, and concentrated
under reduced pressure. The crude product was then purified by reverse-phase HPLC (gradient, 70%
H,0/30% MeCN to 100% MeCN over 50 minutes on an Agilent C3 column) and dried under reduced
pressure to obtain pic-CTZ400a (31 mg, 24% yield) as a brown-red solid. 'H NMR (800 MHz, CD,Cl,) $
8.80-8.82 (d, 1H), 8.22-8.24 (d, 1H), 7.87-7.97 (m, 4H), 7.54-7.58 (m, 3H), 7.17-7.47 (m, 15H), 5.03 (s,
2H), 4.55 (s, 2H), 4.13 (s, 2H). *C NMR (200 MHz, CD,Cl,) 6 152.54, 151.48, 139.40, 138.31, 138.17,
137.14, 136.99, 133.80, 133.62, 132.53, 130.82, 130.34, 129.99, 129.55, 128.97, 128.79, 128.70, 128.43,
128.29, 128.20, 127.52, 126.82, 126.35, 126.32, 126.11, 125.72, 124.98, 122.11, 109.32, 76.57, 39.32,
33.34, 29.68. Low-resolution mass spectrometry (LRMS) (m/z): [M+H]* calculated for: C39H3;N4O3,
603.24; found [M+H]* 603.2.

Synthesis of pic-CTZ

pic-CTZ Coelenterazine (Goldbio), (25 mg, 0.06 mmol, 1 equiv.), 4-(bromomethyl)phenyl
picolinate, 9, (20 mg, 0.07 mmol, 1.1 equiv.), Cs,CO; (8 mg, 0.02 mmol, 0.4 equiv.), and KI (10 mg, 0.07
mmol, 1.1 equiv.) were added to a flame dried round-bottom flask that was then purged with nitrogen.
The reagents were then dissolved in anhydrous acetonitrile (0.5 mL) and the reaction was allowed to stir
overnight. The following morning the reaction mixture was quenched in 20 mL of water and extracted in
DCM (3 x 10 mL). The combined DCM extract was then washed with brine, dried over Na,SO,, and

concentrated under reduced pressure. The crude product was then purified by reverse-phase HPLC



(gradient, 70% H,0/30%MeCN over 50 minutes 100% MeCN on a T3 Atlantis column) and dried under
reduced pressure to obtain pic-CTZ (0.5 mg, 1.3% yield) as a brown-red solid. Low-resolution mass

spectrometry (LRMS) (m/z): [M+H]" calculated for: C39H3oN4Os, 635.23; found [M+H]* 635.3.

Evaluation of pH responsiveness of pic-DTZ

DPBS solutions were prepared from a stock commercial solution to desired pH using either 6 M
HCI or NaOH and then 125 nM rNluc solutions were made from a stock solution of rNluc (Promega) and
these were plated in a 96-well white, opaque plate. To the wells were added Cu(Il) to a final concentration
of 10 uM when appropriate. Lastly, 1 uL of a 100 puM pic-DTZ (in ethanol) solution was added to all

wells and the luminescence was measured immediately as previously described.

ICP-MS analysis of copper in cell media

Cells were plated at 100,000 cells per well in a 12-well clear, flat-bottom plate. Eight hours later,
the media was removed and the cells were washed with pre-warmed (37 °C) DPBS and 100 pL of
OptiMem (Gibco) was added to each well. A 3 mM solution of cisplatin and 500 mM solution of
metformin were prepared in water. 10 pL of these solutions were added to the wells for final
concentrations of 30 uM cisplatin and 5 mM metformin. At the 18-hour time point cell media was
removed and was digested in concentrated acid overnight. The following morning the solutions were
diluted in 2% (v/v) aqueous nitric acid. Metal analysis was performed at the Northwestern University
Quantitative Bio-element Imaging Center generously supported by NASA Ames Research Center
NNAO06CBI3G.

Cell Stimulations and Western Blot Analysis

secNluc MDA-MB-231 cells were plated in a 6 well plate at 200,000 cells per well. 6 hours after
plating the media was removed, the cells were washed with prewarmed (37°C) DPBS, and fresh OptiMem
was added. TTM, Cis-platin, and metformin solutions were prepared in water and added to wells at a final
concentration of 30 pM, 30 uM, and 5 mM, respectively. At the 18-hour time point cells were lysed in
RIPA buffer (150 mM NacCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris pH 7.4)
with EDTA free protease inhibitor (ThermoFisher) and phosphatase inhibitor (Sigma). Lysates were put
one ice for 15 minutes before being vortexed and centrifuged at 15000 x G at 4°C. Protein was quantified
after freezing the lysates by BCA assay (Invitrogen). For Ctrl, ATP7A, and CCS, samples were made
using 10 pg of protein with PBS (Gibco), sample buffer (Invitrogen), and 2-mercaptoethanol (BioRad).
Samples were loaded into a 4-12% bis-tris 10 well gel (Invitrogen) and run for one hour at 100V and then

was transferred on to a PVDF membrane using a Trans-Blot Turbo Transfer System (BioRad). The



membranes were blocked for one hour in 5% milk in TBST buffer. Membranes were then incubated
overnight at 4°C with primary antibodies and washed three times the following day with TBST buffer
before incubating secondary antibodies for one hour. Membranes were imaged on a Chemidoc MP
Imager (BioRad). Primary antibodies used were Anti-Ctrl (1:2,000 Cell Signaling Technologies), Anti-
ATP7A (1:2,000 Santa Cruz Biotechnology), Anti-CCS (1:1,000 Santa Cruz Biotechnology), and Anti-
Actin (Ms IgG and Rb IgG, 1:5000 or 1,10,000 respectively, Santa Cruz Biotechnology and Cell
Signaling Technologies respectively). Secondary antibodies used were anti-rabbit [lgG HRP-conjugated
antibody (1:2,000 Cell Signaling Technologies) for Ctrl, anti-mouse [gG HRP-conjugated antibody
(1:2,000 Cell Signaling Technologies) for ATP7A and CCS, anti-rabbit IgG Alexafluor 800 (1:10,000

Invitrogen) for actin and anti-mouse IgG Alexafluor 800 (1:5,000 Invitrogen) for actin.

NMR Spectra

3,5-dibromo-2-aminopyrazine, 2.
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