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Daniel J. Sprague,4,6 Pradeep Chaluvally-Raghavan,5 Brian C. Smith,3,4,* and Michael B. Dwinell1,2,7,*

SUMMARY

Triphenylphosphonium (TPP+) conjugated compounds selectively target
cancer cells by exploiting their hyperpolarized mitochondrial membrane poten-
tial. To date, studies have focused on modifying either the linker or the cargo
of TPP+-conjugated compounds. Here, we investigated the biological effects
of direct modification to TPP+ to improve the efficacy and detection of mito-met-
formin (MMe), a TPP+-conjugated probe we have shown to have promising
preclinical efficacy against solid cancer cells. We designed, synthesized, and
tested trifluoromethyl and methoxy MMe analogs (pCF3-MMe, mCF3-MMe, and
pMeO-MMe) against multiple distinct human cancer cells. pCF3-MMe showed
enhanced selectivity toward cancer cells compared to MMe, while retaining
the same signaling mechanism. Importantly, pCF3-MMe allowed quantitative
monitoring of cellular accumulation via 19F-NMR in vitro and in vivo. Furthermore,
adding trifluoromethyl groups to TPP+ reduced toxicity in vivo while retaining
anti-tumor efficacy, opening an avenue to de-risk these next-generation TPP+-
conjugated compounds.

INTRODUCTION

Increases in the mitochondrial membrane potential are a recognized characteristic in multiple types of

solid and liquid cancers.1–4 It remains unclear if changes in membrane potential are causal events or sec-

ondary events in cancer progression. The molecular mechanisms underlying mitochondrial membrane hy-

perpolarization remain enigmatic but have been experimentally exploited to selectively target cancer cells

instead of normal cells. For example, rhodamine-123, mitochondria-penetrating peptides, Szeto-Schiller

peptides, and triphenylphosphonium cation (TPP+)-conjugated compounds have all been synthesized to

selectively target cancer cells.5–7 To date, TPP+-conjugated compounds have demonstrated the most

promising in vitro and in vivo data.8–13 TPP+-conjugated compounds consist of the mitochondria-

targeting TPP+ moiety, a linker typically consisting of an aliphatic carbon chain, and a functional

cargo.12–15 TPP+-conjugated compounds were used to uncover themechanism of coupling oxidative phos-

phorylation to mitochondrial membrane potential and, subsequently, to understand the role of oxidative

metabolism in cancer.16 Moreover, early efforts byMurphy et al. focused on using the antioxidant Mito-Q, a

TPP+-conjugated synthetic analog of coenzyme Q10, ubiquinone, to understand the role of mitochondrial

redox recycling in disease progression.17,18 For over a decade, TPP+-conjugated compounds have been

examined as tumor-selective anti-cancer agents, including mitochondria-targeted-3-carboxy-proxyl nitro-

xide, mitochondria-targeted-magnolol, mitochondria-targeted-metformin (MMe) and others. Each

demonstrated broad anti-tumor efficacy by inhibiting complex I of the electron transport chain and acti-

vating energy-sensing signaling pathways.8,9,11,19,20 These TPP+-conjugated mitochondria-targeted com-

pounds are examples of the functional consequences of changing the cargo. Changes in the carbon chain

linker may skew TPP+-conjugated compounds to target complex III over complex I.19 While previous efforts

have focused on modifying the aliphatic linker or the cargo, very few studies have investigated the func-

tional and biological consequences of modifying the TPP+ moiety.21

The conventional wisdom underlying the use of TPP+ was that the large ionic radius, diffuse positive charge,

and lipophilic nature allowed conjugated compounds to cross lipid bilayers and accumulate in the more

negative inside of mitochondria.13–15 Most structural modifications to TPP+-conjugated agents have
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focused on modifying the length of the linker connecting TPP+ to cargo to fine-tune lipophilicity and local-

ization of themitochondria-targeted compound. A recent report has shown that TPP+ modifications can be

employed to dissociate mitochondrial localization from functional effects on mitochondrial respiration.21

Notably, this report demonstrated a strong role for fluorine modifications in enhancing mitochondrial

localization. Fluorine has different physical and chemical properties from other elements, including

bond length, van der Waals radius, van der Waals volume, and electronegativity.22 Fluorine’s small van

derWaals radius, 1.46 Å, can easily sterically replace hydrogen with a van derWaals radius of 1.2 Å.23 Unlike

other halogens, non-polarizable fluorine does not participate in halogen bonding. Finally, the introduction

of fluorine allows fine-tuning of the electrostatic properties of the compound based on the number and

regiochemical placement of the fluorine atoms.24 The 19F isotope has 100% natural abundance and

a +1/2-spin, resulting in an easily detectable NMR-active nucleus. As fluorinated compounds are scarce

in nature, the introduction of 19F to a compound enables the use of 19F NMR detection of fluorinated

TPP+-conjugated compounds with minimal noise resulting from endogenous molecules. Thus, fluorine

substitution may have the added benefit of increasing the detectability of mitochondria-targeted com-

pounds using 19F NMR or 18F positron emission tomography.

Here, we rationally redesigned and tested analogs of MMe, selected for its promising preclinical results, by

adding electron-withdrawing trifluoromethyl groups in the para and meta positions of the TPP+ aryl rings

(pCF3-MMe andmCF3-MMe). These analogs have reduced electron density on the phosphorus atom of the

TPP group, which in turn improved the cell-type selectivity for cancer over normal cells. Importantly, fluo-

rinating the TPP+ rings had the added benefit of in vivo detection and quantification via 19F-NMR. We also

synthesized an electron-rich MMe analog containing para-methoxy aryl rings, pMeO-MMe, that allowed

direct comparison of the effect of electron-withdrawing and electron-donating groups on the electron den-

sity of the phosphorus atom and the subsequent biological effects of TPP+-conjugated compounds. These

data are the first to demonstrate that the addition of trifluoromethyl groups to the TPP+ moiety enhances

selectivity for cancer cells, allows reproducible measurement of the accumulation of TPP+-conjugated

compounds within tumor and non-tumor tissues, and improves the overall safety profile of TPP+-conju-

gated compounds while maintaining potent anti-tumor efficacy in vitro and in vivo.

RESULTS

Design of next-generation mitochondria-targeted agents by direct triphenylphosphonium

modification

Cationic lipophilic functional groups such as TPP+ move across biological membranes, particularly the

mitochondrial membrane, without transporters.15 This phenomenon was previously exploited to selec-

tively deliver metformin into cancer cells to enhance its anti-tumor efficacy andmitigate potential off-tumor

side effects.9–11 Here, we fine-tuned the partial positive charge on the phosphorus center of MMe in a step-

wise fashion by adding substituents to the aryl rings of the TPP+ moiety. Strong electron-withdrawing tri-

fluoromethyl substituents were added to the meta or para positions of the TPP rings, mCF3-MMe, and

pCF3-MMe, respectively (Figure S1). Trifluoromethyl substitution at the meta position increases the posi-

tive charge on the phosphorus center by withdrawing electrons through the aryl rings inductively. Trifluor-

omethyl substitution at the para position withdraws electrons both inductively and through resonance ef-

fects. Thus, the synthesis of each molecule enabled us to test the impact of gradients of increasing partial

positive charge on the phosphorus center of the TPP+ moiety for enhanced accumulation in the mitochon-

dria (Figures 1C and 1D). By comparison, the partial positive charge at the phosphorus center of MMe was

decreased by adding para-methoxy substituents to the TPP aryl rings affording pMeO-MMe (Figure S1).

Methoxy substituents at the para position of the phenyl rings increase electron density throughout the con-

jugated p-system via resonance, resulting in decreased partial positive charge at the phosphorus center

(Figure 1A). Ultimately, these three novel MMe analogs allowed for a controlled decrease in electron

density on the phosphorus atom: pMeO-MMe > MMe [ mCF3-MMe > pCF3-MMe (Figure 1). With these

molecules in hand, we compared the biological effects produced by varying the cationic character of the

phosphorus center compared to the parent MMe compound.

Modifying triphenylphosphonium increases selectivity while maintaining anti-tumor efficacy

We previously reported broad anti-tumorigenic effects of TPP+-conjugated compounds, with MMe consis-

tently 100- to 1000-fold more efficacious on pancreatic, breast, and colon cancers compared to the FDA-

approved biguanide compound metformin.8,10,11 Here, we explored the anti-tumorigenic effects of

the newly synthesized trifluoromethyl and methoxy MMe analogs, pCF3-MMe, mCF3-MMe, and
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pMeO-MMe, on a battery of murine (KPC1242) and human (Panc-1, AsPC-1) pancreatic, colonic (HCT-116),

breast (MDA-MB-231), and ovarian (OVCAR-4, OVCAR-8) cancer cell lines. To investigate tumor cell selec-

tivity, human pancreatic nestin-expressing cells (HPNE) were used as a surrogate for normal epithelial cells,

and human pancreatic stellate cells (HPSC) were studied as a non-transformed stromal cell type. Cells were

exposed to escalating concentrations of MMe, pCF3-MMe, mCF3-MMe, and pMeO-MMe (Figures 2A–2D)

and percent confluency was measured as a surrogate for daily proliferation. Growth curves and photomi-

crographs were used to calculate IC50 values at either 96 or 120 h (Figures 2A–2D) and confirmed that cell

confluency was decreased in a concentration-dependent manner in each of the cancer cells treated with

MMe (Figure S2), pCF3-MMe (Figure S3), andmCF3-MMe (Figure S4). Examination of pMeO-MMe in human

pancreatic cancer cells also revealed a concentration-dependent decrease in confluence (Figure S5).

To test the off-target effects of the refined MMe analogs on normal non-transformed cells, the growth of HPNE

cells (Figures S6A, S6D, andS6G), used as a surrogate for normal pancreatic ductal epithelium, or normal stromal

HPSC cells (Figures S6B, S6E, and S6H) were measured in increasing concentrations of MMe, pCF3-MMe, or

mCF3-MMe and compared to the vehicle control. Normal, non-transformed cells were more than a log-unit

less sensitive to MMe, pCF3-MMe, and mCF3-MMe compared to cancer cells (Figures S5A–S5H). Logarithmic

fitting of growth curves revealed strong growth inhibitory effects of MMe (Figures 2A–2C), pCF3-MMe

(Figures 2D–2F), andmCF3-MMe (Figures S4A and S4B). Moreover, logarithmic fitting of growth curves demon-

strated that pCF3-MMehad the least toxic effects toward non-transformedHPNE andHPSC-1 cells compared to

the parent MMe and the mCF3-MMe analog (Figures 2A, 2C, and S4A).

Next, we determined the direct effects of MMe or pCF3-MMe treatment on cellular proliferation by

measuring Ki-67 levels; increased Ki-67 expression is associated with increased cellular growth. KPC1242

cells treated with MMe or pCF3-MMe demonstrated a significant 20-30% reduction in Ki-67 levels after

24-h treatment (Figure 2E). Subsequent experiments focused on pCF3-MMe as it demonstrated the highest

preclinical potential with efficacy toward cancer cells and decreased toxicity toward normal cells.

pCF3-MMe maintains bioenergetic metabolism inhibitory effects of mito-metformin

Both the parent compound metformin and mitochondria-targeted compound MMe inhibit complex

I-mediated oxygen consumption and activate energy-sensing signaling pathways.9 To determine if the

newly synthesized variants retain this functional specificity, we next determined if pCF3-MMe effectively

Figure 1. Impact of aryl ring substitutions on the electron density of MMe

(A–D) Chemical structures (top), stick model (middle), and electron density maps (bottom) of MMe (B) and the analogs pMeO-MMe (A),mCF3-MMe (C), and

pCF3-MMe (D). The chemical stick model displays the position, bonds, and predicted three-dimensional orientation of the individual atoms within each

compound. The heatmap depicts the range of electron density for all four compounds. Red indicates increased electron density (decreased partial positive

charge); blue indicates decreased electron density (increased partial positive charge). The arrows and white and black markers denote the range of electron

density seen for MMe.
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impacts mitochondrial function and/or induces bioenergetic stress. KPC1242 cells were treated for 24 h

with increasing concentrations of MMe or pCF3-MMe, and oxygen consumption rate (OCR) was measured

as a surrogate for oxidative phosphorylation-linked mitochondrial respiration.25,26 The Seahorse Cell Mito

Stress Test, which provides a quantitative assessment of mitochondrial function that includes basal respi-

ration, ATP-linked respiration, maximal and reserve capacities, and non-mitochondrial respiration, re-

vealed a concentration-dependent decrease in basal OCR, ATP-linked respiration, and maximal respira-

tory capacity in MMe (Figure 3A) and pCF3-MMe (Figure 3E) treated cells. Next, we evaluated if the

observed decrease in OCR with pCF3-MMe corresponded to an inhibition of mitochondrial respiratory

complex I. In agreement with our previous reports,9,11 MMe and pCF3-MMe decreased complex

I-derived OCR in the KPC1242 cell line in a concentration-dependent manner. This effect was attenuated

by supplementing succinate, a complex II substrate, allowing bypass of complex I,27,28 which suggests the

mechanism for OCR inhibition is indeed through complex I for both MMe and pCF3-MMe. Moreover, log-

arithmic fitting revealed potent basal OCR inhibition (Figures 3C and 3G) and complex I inhibition at IC50

values comparable to growth inhibition (Figures 3D and 3H).

TPP-conjugated compounds effectively target the mitochondria of cancer cells.1,9,15,17,18,29,30 Thus, we

tested and compared the efficacy of pCF3-MMe to target the mitochondria of cancer cells compared to

Figure 2. Growth inhibitory effects of MMe, pCF3-MMe, and mCF3-MMe on pancreatic, ovarian, breast, and colon cancers and non-transformed

normal epithelial cells

(A–E) Logarithmic dose-response fit curves of KPC1242, Panc-1, AsPC-1, HPSC, and HPNE confluence in response to treatment with MMe (A) or pCF3-MMe

(C), or OVCAR-8, OVCAR-4, MDA-MB-231, and HCT-116 confluence in response to treatment with MMe (B) or pCF3-MMe (D). Densitometric quantification

(E) in KPC1242 cells treated with MMe (0.7 mM) or pCF3-MMe (3 mM). Representative images of levels of Ki-67 (green) were recorded using the IncuCyte of

KPC1242 treated with MMe (0.7 mM) or pCF3-MMe (3 mM), followed by the quantification of the total integrated intensity of Ki-67. Values are meanG SD, n =

3-4, each experiment completed in technical duplicates or triplicates. IC50 values were calculated from confluence curves on the final day of the study as

shown in Figures S2–S6. Statistical differences in panel E were determined using Student’s t-test (*, p < 0.05; **, p < 0.01).
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normal cells using tetramethylrhodamine ethyl ester perchlorate (TMRE), a cell-permeant, positively

charged dye that accumulates in active mitochondria, and is released into the cytosol upon mitochondrial

damage.31,32 Differences in TMRE retention are often used to measure mitochondrial damage.31,32 As ex-

pected,9,21 and shown in Figures 4A–4D, MMe significantly reduced TMRE accumulation within the mito-

chondria of AsPC-1 measured decreased fluorescence; similarly, pCF3-MMe significantly reduced TMRE

accumulation within the mitochondria of AsPC-1 (Figures 4A and 4C). Although not significant, pCF3-MMe

demonstrated a stronger trend toward decreased TMRE accumulation compared to MMe. Consistent with

Figure 3. pCF3-MMe inhibits complex I derived mitochondrial respiration

(A and E) Representative mitochondrial stress tests on the KPC1242 pancreatic cancer cell line preceded by 24 h

treatment with MMe (A) or pCF3-MMe (E). Injections of oligomycin (1 mg/mL), 2,4-dinitrophenol (50 mM), rotenone (1 mM),

and antimycin A (10 mM) were injected as indicated by the arrows.

(B and F) Representative complex I-derived oxygen consumption rate (OCR) after 24 h treatment of increasing

concentrations of MMe (B) or pCF3-MMe (F) followed by rotenone to inhibit complex I and succinate to bypass complex I

inhibition.

(C and G) Logarithmic dose-response curves of basal oxygen consumption rate in response to increasing concentrations

of MMe (C) or pCF3-MMe (G) in KPC1242 cells.

(D and H) Logarithmic dose-response curves of complex I-derived oxygen consumption rate in response to increasing

concentrations of MMe (D) or pCF3-MMe (H) in KPC1242 cells. Treated cells were normalized to vehicle (C, G, and D).

Values are mean G SD from 3 biological replicates completed in technical quadruplicate.
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their selectivity toward cancer cells, bothMMe and pCF3-MMe did not affect TMRE accumulation within the

HPSC cell line (Figures 4B and 4D).

The functional consequenceof inhibitingmitochondria complex I and subsequently oxidative phosphorylation is

a reduction of overall ATP levels in the cell.33 We previously reported the ability of MMe to reduce ATP levels in

numerous cancer cell types.9,11 Thus, we explored if pCF3-MMe retained similar properties. KPC1242 cells were

treated with MMe or pCF3-MMe for 24 h at concentrations that inhibit cellular growth and complex I-derived

OCR (0.7 mMMMe or 3 mM pCF3-MMe). Levels of ATP were significantly reduced in both MMe and pCF3-MMe

treated cells, consistentwith the inhibition ofmetabolic respiration (Figure 4E). Cells, including cancer cells,must

maintain a high ATP:ADP ratio to maintain cellular functions and survival.34 Moreover, AMP levels rise whenever

the ATP:ADP ratio decreases, and an increase in the AMP:ATP ratio signals an energetic crisis in the cell. This

energetic crisis is sensed by the master regulator AMP-Activated Protein Kinase (AMPK), which is activated

through Thr172 phosphorylation and controls many signaling pathways ranging from energy metabolism to

cellular growth.34 Therefore, we evaluated if the reduction in ATP levels induced by MMe or pCF3-MMe is suf-

ficient to activate AMPK. KPC1242 cells treated with 0.7 mMMMe or 3 mM pCF3-MMe, previously demonstrated

to decrease ATP levels (Figure 4E), showed a significant increase in AMPK activation as quantified by increased

Thr172 phosphorylation (Figures 4F and 4G).

Detection of pCF3-MMe in vitro and in vivo

As natural organic compounds containing fluorine are rare in living organisms, we specifically chose tri-

fluoromethyl groups when designing next-generation MMe analogs.35 We aimed to leverage the nine

Figure 4. pCF3-MMe selectively depolarizes mitochondria and activates bioenergetic signaling in cancer cells

(A–G) AsPC-1 and HPSC cells were serum-starved overnight, loaded with tetramethylrhodamine ethyl ester (TMRE), and treated for 1 h with the indicated

concentrations of MMe or pCF3-MMe or, as the vehicle control, DMSO. Mitochondrial TMRE retention was measured by flow cytometry. Representative

histograms of n = 3 of TMRE fluorescence in AsPC-1 (A) and HPSC (B) in response to treatment. Normalized Mean fluorescence intensity of TMRE in treated

AsPC-1 (C) shows the depolarization of mitochondrial membrane in response to treatment and a lack of depolarization in the HPSC cells (D). Total cellular

ATP levels were analyzed using a luminescent ATP detection assay of KPC1242 cells treated with MMe (0.7 mM) or pCF3-MMe (3 mM), and changes in ATP

levels were assayed (E). Representative immunoblot analyses of phosphorylated and total AMPK levels (F) and densitometric quantification (G) in KPC1242

cells treated with MMe (0.7 mM) or pCF3-MMe (3 mM). Representative images of levels of Ki-67 (green) were recorded using the IncuCyte of KPC1242 treated

with MMe (0.7 mM) or pCF3-MMe (3 mM), followed by the quantification of the total integrated intensity of Ki-67. Values are mean G SD from 3 biological

replicates. Statistical differences in panels A, C, and E were determined using Student’s t-test (*, p < 0.05; **, p < 0.01; ***, p < 0.001, ns: not significant).
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chemically equivalent fluorine atoms in the trifluoromethyl groups of pCF3-MMe using 19F-NMR. To

detect cellular accumulation of pCF3-MMe in vitro, KPC1242 cells were incubated with 1 mg pCF3-MMe

or vehicle (DMSO) in growth media for 2 h, followed by the removal of the media, compound extraction,

and NMR analysis (Figure S7A). Four extraction conditions were tested: 8:2 MeOH:H2O, 9:1

CHCl3:MeOH, CH2Cl2, and 1:1 MeCN:H2O. MeOH:H2O (8:2) provided the most efficient extraction, evi-

denced by the strongest signal observed in 19F-NMR (�61.6 ppm) among all tested conditions

(Figures S7B–S7E). An additional peak was observed at �73.4 ppm in both the vehicle and pCF3-MMe

treated groups that likely originated from tissue culture plastics as removing the fluorinated plasti-

cizer-containing research consumables completely abolished the signal (Figures S7not shown). To assess

in vivo detection of pCF3-MMe, mice engrafted with KPC1242 cells were administered 1 mg/mouse

pCF3-MMe for 2 h, followed by tumor harvest and compound extraction (Figure S8A). NMR analysis

demonstrated the consistent detection of pCF3-MMe, albeit with slightly different efficacy for each of

the organic solvents tested (Figure S8). Much like extraction from cell culture, 8:2 MeOH:H2O extraction

was the most efficient for tissues (Figures S8B–S8E).

To validate 19F-NMR as a viable detection approach, we analyzed the persistence of pCF3-MMe in tumors.

KPC1242 engrafted mice were administered 1 mg/mouse pCF3-MMe starting 12 days after implantation.

Mice were sacrificed, and tumors were extracted with 8:2 MeOH:H2O 30 min, 2, 4, 6, or 24 h after treatment

(Figure 5A). 19F-NMR revealed measurable levels of pCF3-MMe within the tumors 24 h after injection (Fig-

ure 5B). We next designed a quantitative NMR approach to measure the in vivo persistence of pCF3-MMe.

First, serial dilutions of known concentrations of pCF3-MMe were prepared, and the intensity of the NMR

peaks at a set scan number (n = 64) was used to create a standard curve. Next, a one-phase decay least-

squares fit equation was generated to calculate the amount of pCF3-MMe at each time point using the stan-

dardized scan number. Nonlinear fit curve analysis revealed that pCF3-MMe had a t1/2 of 1.9 h (114 min)

(Figure 5C). As an initial study of its pharmacodynamics, quantitative 19F-NMR indicated that pCF3-MMe

was undetectable in the blood and liver 2 h after injection (Figure S9) and was barely detectable above

the signal-to-noise ratio at 6 h (not shown). Taken together, these data reveal that the modification to

TPP+, particularly by adding chemically equivalent trifluoromethyl groups, allows ease of detection and

monitoring of TPP+-conjugated compounds.

pCF3-MMe attenuates tumor progression in vivowith superior tolerability tomito-metformin

With the ability to detect pCF3-MMe in vitro and in vivo in hand, along with anti-tumor properties and

decreased toxicity toward non-transformed cells in culture, we next compared the tolerability of pCF3-

MMe in mice. Non-tumor-bearing mice received an intra-peritoneal injection with decreasing amounts

(1 mg, 250, 100, 50, or 25 mg) of unsubstituted MMe or pCF3-MMe. Additional mice were treated with

1 mg/mouse metformin as a treatment control (Figure 6A). Surprisingly, a single intra-peritoneal injection

of 250 mg or 1 mg MMe to non-tumor-bearing mice resulted in significant and rapid mortality (Figures 6B

and 6C). In stark contrast, pCF3-MMe demonstrated vastly superior tolerability, with 100% of mice injected

Figure 5. Quantification of pCF3-MMe persistence within the tumor microenvironment

(A) Tumor engraftment and treatment schedule. KPC1242 murine pancreatic cancer engrafted mice were treated with an intra-tumoral injection of 1 mg

pCF3-MMe.

(B) Following treatment, pCF3-MMe was extracted using 8:2 MeOH:H2O at 30 min, 2, 4, 6, or 24 h and levels of pCF3-MMe at each time point were quantified

using quantitative NMR.

(C) Nonlinear fit curve analysis of pCF3-MMe levels was used to generate t1/2. Values are mean G SEM from 1 to 4 biological replicates.
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with 1 mg of the fluorinated analog surviving (Figures 6B and 6C). Metformin demonstrated a similar safety

profile as pCF3-MMe.

Given the strong safety shown from a single injection, we next determined if mice tolerated repeated in-

jection using our published treatment schedule by injecting non-tumor-bearing mice daily for 5 consecu-

tive days with doses ranging from as little as 25 mg/mouse to as much as 1 mg/mouse20 (Figure 6D). Survival

curves indicate that while each of the treated mice tolerated a 1 mg dose of pCF3-MMe, parallel groups

succumbed to 4-fold lower doses of un-fluorinated MMe (Figures 6E and 6F). Having shown that 1 mg/

mouse pCF3-MMe was well tolerated in tumor-free animals, we next tested if pCF3-MMe could inhibit tu-

mor growth in vivo. Mice were implanted with murine cancer cells and injected 17 days after engraftment

with 1 mg/mouse pCF3-MMe (Figure 6G). Consistent with its anti-proliferative effects in culture, pCF3-MMe

significantly decreased tumor size and volume (Figures 6H and 6I). Taken together, trifluoromethylation of

TPP+ improves the reproducible detection, quantitative measurement, and safety profile of TPP+-conju-

gated agents while retaining potent anti-tumor effects in vivo.

DISCUSSION

Cancer cell mitochondrial dysfunction and resulting membrane hyperpolarization have previously been ex-

ploited to study and deliver diagnostic and therapeutic agents.1,17,18,30,36 While no underlying mechanism

has been identified, this property is routinely exploited to selectively detect and target cancer in vitro and

in vivo.1,8–12,17–20,30,36,37 TPP+-conjugated agents take advantage of this hyperpolarization to accumulate in

cancer cells and have shown the most promising results in preclinical testing. However, early drug devel-

opment efforts using TPP+ have focused on modifying the aliphatic linker or the cargo.12,19 Moreover, the

development of TPP+-conjugated compounds has been hindered by the lack of sensitive and unbiased

Figure 6. pCF3-MMe inhibits tumor growth with enhanced biosafety relative to MMe

(A–I) C57BL/6J mice were treated with 1 mgMMe, 1 mg pCF3-MMe, 1 mgMMe, 250 mgMMe, 100 mgMMe, 50 mgMMe, or 25 mgMMe for 6 h (A) or 5 days (D).

Kaplan-Meier survival curve of mice treated for 6 h (B) or 5 days (E), n = 3-5. Numbers of mice surviving over time after a single injection (C) or 5 repeated

doses (F). Significance was determined using a Mantel-Cox test (*, p < 0.05; **, p < 0.01). KPC1242 murine pancreatic cancer engrafted mice were treated

with 1 mg pCF3-MMe or vehicle 5 days on and 2 days off (G). Tumors isolated from vehicle and treated mice were pictured (H). Tumor volume was measured

ex vivo from vehicle and pCF3-MMe-treated mice (I). Values are mean G SD. Significant differences were determined by Student’s t-test (*, p < 0.05).
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approaches to easily detect TPP+-conjugated compounds and monitor their distribution in animal

models.12 Herein, TPP+-conjugated MMe was rationally redesigned by directly modifying the TPP+ moiety

to enhance the partial positive charge on the phosphorus atom of the TPP+ moiety. Using cell culture and

preclinical models, we demonstrate that trifluoromethyl-modified MMe has improved selectivity and toler-

ability with the added benefit of sensitive and quantitative detection of fluorinatedMMe in vivo. These data

illustrate that harnessing the electron density of the phosphorus atom in the TPP+ provides novel insight

into the biological effects of modifying the TPP+ moiety.

The large ionic radius of the unsubstituted TPP+, mainly due to the delocalized cationic charge on the

phosphorus atom, likely plays a role in the ability of TPP+ to cross the cellular membrane and target

the more negative inside membrane potential of mitochondria.17 Thus, any substitution on the aryl rings

of TPP+ will likely impact the ability of these compounds to penetrate the membrane of cancer cells suc-

cessfully and selectively.17 A previous report investigated some of the chemical properties of aryl substi-

tution on TPP+, lacking the aliphatic carbon chain linker and a cargo, on normal non-transformed C2C12

myoblast cells.21 However, gaps in this report included examining the roles of TPP+ aryl substitution on

the anti-tumor efficacy when a functional cargo is attached and assessing the preclinical potential of aryl-

substituted TPP+ compounds. Here, we modified the three TPP+ aryl rings to determine if we could

improve the mitochondrial localization and detectability of these reagents. The three novel compounds

described, pCF3-MMe, mCF3-MMe, and pMeO-MMe, had distinct anti-tumor properties. The addition of

trifluoromethyl groups in the para position on the TPP+ moiety, pCF3-MMe, was the most optimal modi-

fication, with only a slight change in efficacy compared to MMe in several types of cancer. Interestingly,

the strongest effect was observed in cell selectivity, with pCF3-MMe and mCF3-MMe demonstrating a

nearly 10-fold reduction in toxicity to normal cells compared to MMe. These data are consistent with

a prior report demonstrating that pCF3-TPP
+, a molecule lacking the aliphatic carbon chain linker and

bioactive cargo, had no impact on OCR or proliferation of a non-transformed murine myoblast cell

line.21 In contrast to the fluorinated compound, pMeO-MMe exhibited lower efficacy in pancreas cancer

cells, a diminishment we speculate reflects superior selectivity of pCF3-MMe toward cancer cells,

compared to the electron-donating methoxy groups in pMeO-MMe. Alternatively, the differences in

the IC50 curves between individual TPP-modified compounds or between the varying cancer cell lines

may reflect the ability of each compound to activate discrete cellular pathways in different types of can-

cer cells. Indeed, we have previously shown that shortening the carbon linker between TPP and the

bioactive moiety modulates the inhibitory effect of mitochondria-targeted agents.38,39

Fine-tuning the TPP+ aryl rings with trifluoromethyl substituents increased lipophilicity while methoxy

decreased lipophilicity as measured by the octanol/water partition coefficient (cLogP) pCF3-MMe. These

data suggest a potential mechanism for pCF3-MMe’s improved ability to cross the lipid bilayer and pref-

erentially accumulate in mitochondria membranes. The increase in the partition coefficient of the lipophilic

cationmay be associated with a greater accumulation of the compound on the matrix side of mitochondria,

consistent with the decreased retention of TMRE in pCF3-MMe, relative to pMeO-MMe, treated cells.

While the ratio of the membrane-bound and unbound pools of the compound is defined by the partition

constant, the total accumulation at equilibrium is heavily controlled by the membrane potential, as pre-

dicted by the Nernst equation, with correction due to membrane/cytosol or matrix partitioning. Thus,

changes in the partition coefficient and the electron density may work cooperatively to enhance pCF3-MMe

selectivity toward cancer cells.

The mechanism of action of pCF3-MMe remained intact relative to the unsubstituted MMe. As shown for

the parental compound and several other TPP+-conjugated compounds, pCF3-MMe decreased mitochon-

drial respiration, inhibited complex I, decreased ATP levels, and activated AMPK signaling in a concentra-

tion-dependent manner.8–12,19,20,37 These data indicate the para trifluoromethyl substitution did not

impact critical binding interactions or decrease the activity of the parent molecule. Importantly, while

the para trifluoromethyl aryl substitutions did not interfere with the mechanism of action, this substitution

improved the selectivity and tolerability of themolecules in vitro and in vivo. This partly reflects the increase

in partial positive charge on the phosphorus atom of pCF3-MMe, which suggests better accumulation

within tumor cells. Kulkarni and colleagues showed that using a pCF3-TPP
+ substituted on the phenyl rings,

in the absence of any conjugated cargo, did not prevent the modified TPP+ moiety from accumulating

within the mitochondria of intact cells. Indeed, para-substitution of the TPP+ phenyl rings led to a higher

mitochondrial accumulation of cargo than that mediated by unmodified TPP+ 21. Combined, these data
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demonstrate that the pCF3-TPP
+ moiety is a very promising lead for developing mitochondria-targeting

agents with increased safety profiles. Our results support those findings with the increased benefit that

adding the bioactive cargo metformin to generate pCF3-MMe retained strong inhibitory effects on mito-

chondrial respiration. These data suggest that themetformin cargo conjugated to pCF3-TPP provided anti-

proliferative impact on cancer cells.

Cumulatively, pCF3-MMe has significant other advantages over traditional unsubstituted TPP+-conjugated

compounds. First, the detection of pCF3-MMe using 19F-NMR is greatly enhanced in vitro and in vivo. The

ability to quantitative measurement via 19F-NMR is a marked improvement on the traditional detection of

unsubstituted TPP+-conjugated compounds requiring a laborious process for detection using LC/MS

requiring unique method development for each compound synthesized. Using 19F-NMR, the half-life of

pCF3-MMe was determined to be �2 h, a level that closely resembles the pharmacodynamics of many

anti-cancer agents.40 The inability to detect pCF3-MMe in the blood and liver at 30 -minutes or 6 h supports

the idea that the compound is retained at the injection site. A caveat to that interpretation is that metformin

is not metabolized and is instead excreted as an intact molecule in the urine.41 While reports suggest met-

formin has a half-life of �5 h, the compound is poorly absorbed, with large inter-individual variability in

pharmacokinetics.42 In contrast to pCF3-MMe, pharmacokinetic and pharmacodynamic studies of MitoQ,

a different, non-fluorinated, TPP+-conjugated compound, revealed rapid uptake followed by a sharp

decline in the compound after administration, with a half-life of�30 min, with the molecule being excreted

as an intact molecule in the urine.43 Yet another advantage is that pCF3-MMe demonstrated a significantly

improved safety profile in vivo similar, with the fluorinated compound demonstrating comparable potency

to the FDA-approved parent drugmetformin. While additional studies are needed to evaluate the pharma-

cokinetics, pharmacodynamics, and safety profile of TPP+-conjugated metformin analogs, the work herein

demonstrate that these newly designed compounds may be useful in completing rigorous pharmacology

studies. Moreover, pCF3-MMe opens the door for the non-invasive monitoring of pCF3-TPP
+ compounds

with complementary techniques such as 19F-MRI and 18F-PET.

Limitations of the study

Our data indicate that TPP+-modified variants of MMe retain anti-tumor effects on cancer cell growth and

mitochondrial respiration. While we demonstrated strong sensitivity for in vivo and in vitro detection using

NMR spectroscopy, 18F positron emission tomography or other reliable approaches for in vivo quantifica-

tion remain to be optimized. Similarly, the detection and quantification of fluorinated MMe variants within

the heterogeneous cell populations of solid tumors have yet to be completed. Those studies would facil-

itate the validation of tumor selectivity by TPP+-modified compounds. Further chemical modifications,

including fluorination at the ortho-carbon position, or saturation with additional fluorines have yet to be

synthesized and tested.
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B General procedure-a for the preparation of compounds 2a-d

B (2a) [10-(1,3-dioxo-2,3-dihydro-1H-isoindol-2-yl)decyl]triphenylphosphonium bromide

B (2b) [10-(1,3-dioxo-2,3-dihydro-1H-isoindol-2-yl)decyl]tris[4-(trifluoromethyl)phenyl]-phospho-

nium bromide

B (2c) [10-(1,3-dioxo-2,3-dihydro-1H-isoindol-2-yl)decyl]tris[3-(trifluoromethyl)phenyl]-phospho-

nium bromide

B (2d) [10-(1,3-dioxo-2,3-dihydro-1H-isoindol-2-yl)decyl]tris(4-methoxyphenyl)phosphonium
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B (4d, pMeO-MMe) [10-(2-carbamimidoylethanimidamido)decyl]tris(4-methoxyphenyl)phospho-

nium bromide

B Statistical analyses
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

FITC-conjugated monoclonal anti-Ki-67

(SolA15)

ThermoFisher RRID: AB-11151330

Rabbit anti-phospho-AMPKalpha Cell Signaling Technologies RRID:AB-330330

Rabbit anti-total-AMPKalpha Cell Signaling Technologies RRID:AB-330331

HRP-conjugated rabbit IgG Cytiva, Amersham RRID:AB-772191

Chemicals, peptides, and recombinant proteins

DMEM Gibco Life Technologies Cat# 11965084

RPMI 1640 Medium Gibco Technologies Cat# 11875119

McCoy’s modified medium Gibco Technologies Cat# 16600082

Fetal bovine serum Omega Cat# FB-12

L-glutamine GlutaMAX Gibco Technologies Cat# 35050-061

D-glucose Gibco Technologies Cat# J60067.EQE

M3-Base A Incell Cat# M300F-500

Human EGF Gibco Cat# PHG0313

Puromycin ThermoFisher Cat# A1113802

Dulbecco’s-modified PBS Gibco Life Technologies Cat# 14190

Paraformaldehyde Sigma Cat# 158127

Triton X-100 Fisher Scientific Cat# 327371000

Oligomycin Sigma Cat# O4876

Dinitrophenol Sigma Cat# D198501

Rotenone Sigma Cat# R8875

Antimycin A Sigma Cat# A8674

Protease inhibitor cocktail set III Millipore Sigma Cat# 539134

Nonidet P-40 ThermoFisher Cat# 28324

EDTA Life Technologies Cat# 15575-038

Sodium fluoride Sigma Cat# S-1504

SDS ThermoFisher Cat# BP166500

Sodium orthovanadate Sigma Cat# S6508

Beta-glycerol phosphate Sigma Cat#G9891

N-(10-bromodecyl)phthalimide Combi-Blocks, Inc Cat#QI-5596

anhydrous acetonitrile (CH3CN) Sigma Aldrich Cat # 271004

N,N-dimethylformamide (DMF) Sigma Aldrich Cat# 227056

methanol Sigma Aldrich Cat # 179337

Dichloromethane (DCM) Sigma Aldrich Cat #D65100

Triphenylphosphine Oakwood Cat # 037818

Tris(4-trifluoromethyl)phosphine Ambeed Cat # A108436

Tris(4-methoxyphenyl)phosphine Ambeed Cat # A354955

Ethanol Decon Labs Cat # UN1987

Hydrazine Sigma Aldrich Cat # 21555

Diethyl ether Sigma Aldrich Cat # 673811

n-butanol Sigma Aldrich Cat # 360465

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Dr. Michael Dwinell (mdwinell@mcw.edu).

Materials availability

Chemical modifications of mitochondria-targeted compounds, including those included in this report, are

covered by a provisional patent [U.S. Application No. 63/285,374].

Compounds generated in this work will be provided following the completion of an institutional signedma-

terial transfer agreement.

Data and code availability

d All data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL DETAILS

Cell culture

Murine pancreatic cancer cells KPC1242 (David Tuveson, Cold Spring Harbor), human pancreatic cancer

cells, Panc-1 (RRID:CVCL-0480), human breast cancer cells MDA-MB-231 (RRID:CVCL-0062), and human

pancreatic stellate cells HPSC (Rosa F. Hwang, MD Anderson Cancer Center)44 were all cultured in

DMEM (Gibco ThermoFisher Scientific, Waltham, MA, Cat#11965084) containing 10% v/v fetal bovine

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

HCl Sigma Aldrich Cat # 294837

cyanoguanidine Sigma Aldrich Cat #D76609

Critical commercial assays

Luminescent ATP Detection Assay Abcam Cat# ab113849

Experimental models: Cell lines

Panc-1 ATCC RRID:CVCL-0480

MDA-MB-231 ATCC RRID:CVCL-0062

AsPC1 ATCC RRID:CVCL-0152

OVCAR-8 ATCC RRID:CVCL-1629

OVCAR-4 ATCC RRID:CVCL-1627

HCT-116 ATCC RRID:CVCL-0291

HPNE ATCC RRID:CVCL-C466

KPC1242 David Tuveson

HPSC Rosa Hwang PMCID: PMC2519173

Experimental models: Organisms/strains

C57BL/6J The Jackson Laboratories RRID:IMSR-JAX:000,664

Software and algorithms

GraphPad Prism v.9.2.0 GraphPad Software, San Diego, CA RRID:SCR_002798

Alpha View Software v.3.5.0 Protein Simple, Santa Clara, CA

Schrodinger Computational Suite v.2021-1 RRID:SCR_014879

ChemDraw Professional 18.0 PerkinElmer https://www.perkinelmer.com/category/

chemdraw
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serum (Omega Scientific, Inc., Tarzana, CA, Cat# FB-12). Human pancreatic cancer cells AsPC-1

(RRID:CVCL-0152), human ovarian cancer cells OVCAR-8 (RRID:CVCL-1629), and human ovarian cancer

cells OVCAR-4 (RRID:CVCL-1627) were all cultured in RPMI media (Cat# 22400089) containing 10% v/v fetal

bovine serum (Omega Scientific). Human colon cancer cells HCT-116 (RRID:CVCL-0291) were cultured in

McCoy’s 5A Modified Medium (Gibco, Cat# 16600082) containing 10% v/v fetal bovine serum (Omega Sci-

entific). Human pancreatic duct epithelial cells HPNE (RRID:CVCL-C466) were cultured in DMEM and

200 mM L-Glutamine and 7.5% w/v NaCO3 further supplemented with 15% v/v fetal bovine serum, M3-

Base A (Incell, San Antonio, TX), 1M D-Glucose (Gibco Cat#J60067.EQE), 100 mg/mL human EGF (Gibco

Cat# PHG0313) and 10 mg/mL puromycin (ThermoFisher, Cat#A1113802).

Animal models

All animal studies were approved by the Institutional Animal Care and Use Committees at the Medical Col-

lege of Wisconsin. C57BL/6J mice (RRID: IMSR JAX:000,664) were purchased from The Jackson Laboratory

(Bar Harbor, ME). Six-to eight-week-old male or female mice were randomly assigned to treatment or con-

trol groups and implanted subcutaneously in the right flank with 13 106 KPC1242murine pancreatic cancer

cells. Tumors were allowed to establish for 12-17 days before intra-tumoral treatment. Mice were randomly

assigned to control or experimental treatment groups immediately before treatment by an investigator

blinded to the ex vivo tumor measurements. Treated tumor-bearing mice received a single injection of

compound resuspended in Dulbecco’s-modified PBS (Gibco Life Technologies, Cat#14190) in a final

50 mL volume directly to the tumor mass using a 1.5 mL syringe and 28-gauge 3 0.5 cm needle (Franklin

Lakes, NJ, Cat#329461). At study end tumors were excised, and volume (length 3 width 3 depth =

mm3) measured postmortem using calipers. Tumors were then fixed in zinc formalin and cleared in 70%

v/v ethanol, embedded in paraffin, and 7 mm sections stained for immunohistochemical analysis.

METHOD DETAILS

Cell growth and proliferation

Cells were plated to standard 96-well tissue culture plates at 4,000 cells/well. Mitochondria-targeted com-

pounds were diluted in full serum medium and added to wells. Cell confluence was measured using an

IncuCyte S3 every 2 h at 103magnification. To measure proliferation, KPC1242 cells (23 104) were treated

with MMe or pCF3-MMe for 24 h, fixed with 1% v/v PFA (Sigma, Cat#158127), permeabilized with 0.2% v/v

Triton X-100 (Fisher, Cat# 327371000), and stained using FITC-conjugated Ki-67 antibody (ThermoFisher,

Cat# 11-5698-82 [RRID: AB-11151330]). Image analyses were conducted using the IncuCyte S3 imaging

software system.

Extracellular flux

Cells were plated to Seahorse XF96 cell culture microplates at 20,000 cells/well. Stock compounds in

DMSO were diluted in RPMI (Gibco, Cat#11875119) medium to a final concentration in 100 mL volume,

incubated at 37�C for 24 h, centrifuged at 200 3 g for 2 min, and conditioned medium removed and re-

placed with serum-free RPMI (200 mL). Oxygen consumption rate (OCR) and extracellular acidification

rate (ECAR) were measured after injections of 1 mg/mL oligomycin (Sigma, Cat# O4876), 50 mM dinitro-

phenol (Sigma, Cat# D198501), 1 mM rotenone (Sigma, Cat# R8875), and 10 mM antimycin A (Sigma,

Cat# A8674). Analysis was performed by normalizingOCR and ECAR readouts to vehicle controls. Complex

I and II activity were analyzed after permeabilization of the cells.

ATP measurements

KPC1242 cells (2 3 104) were treated with MMe or pCF3-MMe for 24 h. Intracellular ATP levels were deter-

mined in cell lysates using a Luminescent ATP Detection Assay Kit per the manufacturer’s directions (Ab-

cam, Cambridge, UK, Cat# ab113849).

Immunoblotting

Cells were serum-starved for 24 h followed by compound treatment for 24 h before lysis in RIPA buffer

composed of 50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.25% v/v sodium deoxycholate, 1% v/v Nonidet

P-40 (ThermoFisher, Cat#28324), 0.1% v/v SDS (Fisher, Cat#BP166500), 1 mM EDTA (Life Technologies,

Cat#15575-038), 10 mM sodium orthovanadate (Sigma Cat#S6508), 40 mM b-glycerol phosphate (Sigma

Cat# G9891), 20 mM sodium fluoride (Sigma, Cat#S1504), and protease inhibitors cocktail set III (Millipore

Sigma, Cat#539134). Protein (10 mg) was loaded to each lane and separated by reducing SDS-PAGE. The
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separated proteins were electro-transferred to PVDF membranes and incubated with primary anti-phos-

pho-AMPKa or anti-total AMPKa (Cell Signaling Technology #2531S [RRID:AB_330330] or #2532S [RRI-

D:AB_330331], respectively) or anti-b-actin (Cell Signaling, Cat# 4970S [RRID:AB_2223172]). Primary

antibodies were detected by incubating with secondary horseradish peroxidase-conjugated antibody (Cy-

tiva, Amersham ECL rabbit IgG-HRP, Cat# NA9340 [RRID:AB_772191]). Densitometric quantification of

phosphorylated, total or actin protein levels was measured using chemiluminescence and calculated using

Alpha View Software (ProteinSimple, Santa Clara, CA).

Sample preparation and NMR analysis

Cells (1 3 107 cells/10 cm dish) were allowed to adhere overnight and then treated with varying concentra-

tions of mitochondria-targeted compounds. Compounds were extracted usingmultiple methods and opti-

mized for detection and quantification: A) Cells or tumors were placed in a dry ice ethanol bath followed by

80% v/v MeOH in water. Cells were placed on a dry ice ethanol bath on an orbital shaker for 20 min, and

then cells were collected and centrifuged at 10,000 3 g; B) Post-treatment cells were lifted with TrypLE

(Gibco, Cat# 11558856) and centrifuged, then compound was extracted from the cells or tumors with 9:1

CHCl3:H2O, CH2Cl2, or 1:1 MeCN:H2O. Following extraction, solvents were evaporated using a Biotage

V-10 Touch (Uppsala, Sweden), and before NMR acquisition, samples were resuspended in an equal vol-

ume of DMSO-d6.

NMR data collection
19F 1D-NMR spectra were collected on a Bruker Avance-III 500 MHz NMR spectrometer equipped with a
1H&19F/13C/15N–TCI cryoprobe. All 19F data were collected at 25�C using a 1D pulse sequence with a

30� flip-angle, 64 transients, and an automatic receiver gain. TopSpin 3.6.1 was used to process all spectra

and integrate the peak intensity corresponding to the pCF3-MMe 19F signal at �61.6 ppm. To evaluate

pCF3-MMe concentrations in biological samples, a standard curve was generated using pCF3-MMe con-

centrations of 0.25, 0.50, 0.75, 1.0, 1.25, and 1.5 mg/mL, and the resulting peak intensities were analyzed

by linear regression. The standard curve was then used to calculate the amount of pCF3-MMe present

per gram of tissue in the processed biological samples.

Electron density calculations

Computational calculations were performed with the Schrodinger Computational Suite v. 2021-1

(RRID:SCR_014879). Using the LigPrep workflow, all molecules were prepared in the OPLS4 force field at

pH = 7. Using the Jaguar interface and default settings, electron density and electrostatic potential sur-

faces of the prepared molecules were calculated using B3LYP-D3 theory and the 6-31G** basis set. Color

ramping (minimum and maximum) for the heatmap was normalized to unconjugated MMe.

General compound synthesis methods and equipment

All reagents and solvents were commercial grade and purified before use. Thin-layer chromatography was

performed using glass-backed silica gel (250 mm) plates. UV light and/or iodine, potassium permanganate,

and potassium iodoplatinate stains were used to visualize products. Medium pressure liquid chromatog-

raphy was performed on a Biotage Isolera in conjunction with a Biotage Dalton 2000 using the conditions

indicated. Nuclear magnetic resonance spectra (NMR) were acquired on a Bruker Avance-III-500MHz spec-

trometer equipped with a TCI cryoprobe. 1H and 13C chemical shifts were measured relative to residual sol-

vent peaks as an internal standard set to d 7.26 and d 77.0 (CDCl3), d 2.50 and d 39.5 (DMSO-d6), or d 3.31

and d 49.00 (CD3OD). Low-resolution mass spectra were recorded on a Biotage Dalton 2000 or Advion

Expression Compact Mass Spectrometer using the indicated ionization method. High-resolution mass

spectra were recorded at the Indiana University Mass Spectrometry Facility on a Thermo Scientific Orbitrap

XL spectrometer using the indicated ionization method. Post-acquisition gain correction was applied using

reserpine as a lock mass.

General procedure-a for the preparation of compounds 2a-d

N-(10-bromodecyl)phthalimide (1 equiv, Combi-Blocks, Inc., cat # QI-5596) was dissolved in anhydrous

acetonitrile (CH3CN) (Sigma-Aldrich, cat # 271004-1L) or N,N-dimethylformide (DMF) (Sigma-Aldrich,

cat# 227056-1L) (0.32 M) and placed under nitrogen. This was treated with the indicated phosphine

(1 equiv). The reaction was then heated at reflux for CH3CN or in a pressure vessel at 140�C for DMF for

18-51 h. The reaction was then concentrated in vacuo to give crude 2a-d. The material was purified by silica
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column chromatography (0-30% v/v MeOH (Sigma- Aldrich, cat # 179337)/dichloromethane (DCM) (Sigma-

Aldrich, cat #D65100)) to provide the title compound.

(2a) [10-(1,3-dioxo-2,3-dihydro-1H-isoindol-2-yl)decyl]

triphenylphosphonium bromide

Amixture of 2.5 g (6.83 mmol) ofN-(10-bromodecyl)phthalimide in CH3CN (21 mL) was refluxed with triphe-

nylphosphine (Oakwood, cat # 037818) for 18 h. Flash chromatography gave 3.98 g (93%) of the title com-

pound. Spectra match those previously reported.21

(2b) [10-(1,3-dioxo-2,3-dihydro-1H-isoindol-2-yl)

decyl]tris[4-(trifluoromethyl)phenyl]-phosphonium bromide

A mixture of 1.5 g (4.10 mmol) of N-(10-bromodecyl)phthalimide in DMF (12.6 mL) was heated with

tris(4-trifluoromethyl)phosphine (1.91 g, 4.10 mmol, Ambeed, cat # A108436) for 51 h. Flash chroma-

tography gave 2.59 g (76%) of the title compound. Spectra match those previously reported.21

(2c) [10-(1,3-dioxo-2,3-dihydro-1H-isoindol-2-yl)

decyl]tris[3-(trifluoromethyl)phenyl]-phosphonium bromide

Amixture of 0.500 g (1.37 mmol) ofN-(10-bromodecyl)phthalimide in DMF (12.6 mL) was heated with tris(3-

trifluoromethyl)phosphine45 (0.637 g, 1.37 mmol) for 51 h. Flash chromatography gave 0.442 g (76%) of the

title compound.

(2d) [10-(1,3-dioxo-2,3-dihydro-1H-isoindol-2-

yl)decyl]tris(4-methoxyphenyl)phosphonium bromide

A mixture of 0.500 g (1.37 mmol) of N-(10-bromodecyl)phthalimide in CH3CN (4.2 mL) was refluxed with

tris(4-methoxyphenyl)phosphine (Ambeed, cat # A354955) for 19 h. Flash chromatography gave 0.920 g

(93%) of the title compound. 1H NMR (500 MHz, DMSO) d 7.92–7.85 (m, 4H), 7.69 (dd, J = 10.3, 10.3 Hz,

6H), 7.32 (dd, J = 2.1, 8.8 Hz, 6H), 3.92 (s, 9H), 3.58 (t, J = 7.1 Hz, 2H), 1.59 (m, J = 7.1 Hz, 2H), 1.54–1.40

(m, 5H), 1.32–1.17 (m, 11H).

General Procedure-B for the preparation of compounds 4a-c

Compound 2a-c (1 equiv) was dissolved in EtOH (0.16 M, Decon Labs, inc. cat # UN1987) and placed under

nitrogen. This was treated with hydrazine (1 equiv or 1.5 equiv, Sigma-Aldrich, cat # 21555). The reaction
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was then heated to reflux for 20 h. The reaction was then concentrated, and the byproduct was precipitated

using EtOH/Et2O Sigma-Aldrich, cat # 673811) and removed by vacuum filtration to give crude intermedi-

ate 3a-d. The material was purified by silica column chromatography using amine-treated silica (0-20% v/v

MeOH/DCM). The residue (1 equiv) was dissolved in n-BuOH (0.24 M, Sigma-Aldrich, cat # 360465) and

placed under nitrogen. This was treated with N-[amino(methylsulfanyl)methylidene)guanidine hydroio-

dide46 (1.15 equiv). The reaction was heated to 130�C for 3 h and concentrated. The material was purified

by silica column chromatography using amine-treated silica (1-20% v/v MeOH/DCM) to give the title

compound.

(4a, MMe) 10-[(carbamimidamidomethanimidoyl)

amino]decyl-triphenylphosphonium bromide

Amixture of 2a (1.5 g, 2.39 mmol) and hydrazine (0.074 mL, 2.39 mmol) was refluxed in ethanol (15 mL) for 20

h. Purification by silica column chromatography afforded the amine as an amorphous solid, which was car-

ried forward without further manipulation. LRMS (+ESI)m/z [M�Br]+, Calculated for C28H37NP 418.3; Found

418.4. A mixture of 0.906 g (1.82 mmol) of (10-aminodecyl)triphenylphosphonium in n-BuOH (7.5 mL) was

heated withN-[amino(methylsulfanyl)methylidene)guanidine hydroiodide (0.543 g, 2.09 mmol). Flash chro-

matography gave 0.367 g (35%) of the title compound as an amorphous solid. HRMS (+ESI) m/z: [M�Br]+

calculated for C30H41N5P 502.3094; Found 502.3094.

(4b, pCF3-MMe) (10-(3-carbamimidoylguanidino)

decyl)tris(4-(trifluoromethyl)phenyl)phosphonium bromide

A mixture of 2b (2.59 g, 3.11 mmol) and hydrazine (0.145 mL, 4.66 mmol) was refluxed in ethanol (19 mL) for

20 h. Purification by silica column chromatography afforded the amine as an amorphous solid, which was

carried forward without further manipulation. LRMS (+ESI) m/z [M�Br]+, Calculated for C31H34F9NP 622.2;

Found 622.2. A mixture of 0.630 g (0.879 mmol) of (10-aminodecyl)tris[4-(trifluoromethyl)phenyl]phospho-

nium bromide in n-BuOH (3.7 mL) was heated withN-[amino(methylsulfanyl)methylidene)guanidine hydro-

iodide (0.268 g, 1.03 mmol). Flash chromatography gave 0.224 g (32%) of the title compound as an

amorphous solid. 1H NMR (500 MHz, CD3OD) d 8.06–7.73 (12H, m), 3.26–3.19 (2H, m), 3.12–3.05 (1H, m),

2.97–2.90 (4H, m), 2.51–2.40 (1H, m),1.55–1.29 (6H, m), 1.29–1.10 (10H, m). 19F NMR (470 MHz, CD3OD)

d �64.66. HRMS (+ESI) m/z: [M�Br]+ calculated for C33H38F9N5P 706.2716; Found 706.2722.

(4c, mCF3-MMe) (10-(3-carbamimidoylguanidino)

decyl)tris(3-(trifluoromethyl)phenyl)phosphonium bromide

A mixture of 2c (0.4421 g, 0.531 mmol) and hydrazine (0.025 mL, 0.796 mmol) was refluxed in ethanol for 20

h. Purification by silica column chromatography afforded the amine as an amorphous solid, which was car-

ried forward without further manipulation. LRMS (+ESI) m/z [M�Br]+, Calculated for C31H34F9NP 622.2;

Found 622.2. A mixture of 0.069 g (0.098 mmol) of (10-aminodecyl)tris[3-(trifluoromethyl)phenyl]phospho-

nium bromide in n-BuOH (1 mL) was heated with N-[amino(methylsulfanyl)methylidene)guanidine

hydroiodide (0.029 g, 0.113 mmol). Flash chromatography gave 0.006 g (7%) of the title compound as

an amorphous solid. 1H NMR (500 MHz, DMSO-d6) d 8.40–7.62 (6H, m), 6.71–6.53 (10H, m), 1.64–1.14
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(16H, m). 19F NMR (470 MHz, CD3OD) d �61.19. Significant 31P splitting complicated the proton spectrum.

HRMS (+ESI) m/z: [M�Br]+ Calculated for C33H38F9N5P 706.2716; Found 706.2713.

(4d, pMeO-MMe) [10-(2-carbamimidoyle

thanimidamido)decyl]tris(4-methoxyphenyl)phosphonium bromide

Compound 2days (0.920 g, 1.28 mmol) was dissolved in EtOH (8 mL) and placed under nitrogen. This was

treated with hydrazine (0.040 mL, 1.28 mmol). The reaction was then heated to reflux for 20 h. The reaction

was then concentrated, and the byproduct was precipitated using EtOH/Et2O and removed by vacuum

filtration. The filtrate was concentrated in vacuo to give crude intermediate 3days. Intermediate 3d

(0.150 g, 0.255 mmol) was dissolved in CH2Cl2 (2.5 mL) and cooled to 0�C in an ice bath. This was treated

with hydrogen chloride (0.765 mL, 0.765 mmol, 1 M in Et2O, Sigma-Aldrich, cat # 294837) by dropwise addi-

tion. Once the addition was complete, the reaction was stirred at room temperature for 1 h. The reaction

was then concentrated in vacuo. The resulting yellowish foam was dissolved in anhydrous DMF (1.0 mL) and

treated with cyanoguanidine (0.096 g, 1.47 mmol, Sigma-Aldrich, cat #D76609). The reaction was then heat-

ed to 160�C for 2 h. The reaction was concentrated in vacuo. The material was purified by silica column

chromatography using amine-treated silica (1-30% v/v MeOH/DCM) to give 0.114 g (67%) of the title com-

pound. 1H NMR (500 MHz, CD3OD) d 7.61–7.47 (6H, m), 7.21–7.08 (6H, m), 3.83 (9H, s), 3.26–3.19 (2H, m),

3.12–3.05 (3H, m), 3.02–2.91 (6H, m), 1.60–1.50 (2H, m),1.47–1.35 (4H, m), 1.30–1.11 (10H, m). HRMS

(+ESI) m/z: [M�Br]+ calculated for C33H47N3O5 592.3411; Found 592.3409.

Statistical analyses

All statistical analyses were performed using GraphPad Prism (La Jolla, CA). Unpaired analyses were calcu-

lated using Student’s t test to identify pairwise differences between experimental and control groups.

Values provided represent mean G SD. Statistical significance was defined as p % 0.05 and denoted

with asterisks as indicated in the figure legends.
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