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carboxamide ribonucleoside, AICAR; carbonyl cyanide-4-(trifluoromethoxy)phenylydrazone,
FCCP; 10-formyl tetrahydrofolate synthetase (reverse), MTHFD1L; 5,10-methylene THF
dehydrogenase, MTHFD; AMP-activated kinase, AMPK; Chinese hamster ovary, CHO; fetal
bovine serum, FBS; folate-free RPMI 1640, FFRPMI; folate receptor, FR; folylpoly-y-glutamate
synthetase, FPGS; reduced glutathione, GSH; glutathione disulfide, GSSG; 2'.7'-
dichlorodihydrofluorescein diacetate, H.DCFDA; human pancreas normal epithelial, HPNE;
knockdown, KD; knockout, KO; lactate dehydrogenase, LDH; mammalian target of rapamycin,
mTOR; mannose-sucrose, MS; methotrexate, MTX; minimal essential media, MEM,;
mitochondrial folate transporter, MFT; non-targeted control, NTC; one-carbon, C1; oxygen
consumption rate, OCR; phospho-AMPK, P-AMPK; pancreatic cancer, PaC; pemetrexed, PMX;
phosphate-buffered saline, PBS; proton-coupled folate transporter, PCFT; resuspension buffer,
RSB; reactive oxygen species, ROS; reduced folate carrier, RFC; serine
hydroxymethyltransferase, SHMT; succinate dehydrogenase, SDH; tris(2-

carboxyethyl)phosphine, TCEP; tetrahydrofolate, THF; wild-type, WT.
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Abstract

Folate-dependent one-carbon (C1) metabolism is compartmentalized in the mitochondria
and cytosol and is a source of critical metabolites for proliferating tumors. Mitochondrial C1
metabolism including serine hydroxymethyltransferase 2 (SHMT2) generates glycine for de novo
purine nucleotide and glutathione biosynthesis, and is an important source of NADPH, ATP, and
formate, which affords C1 units as 10-formyl-tetrahydrofolate and 5,10-methylene-
tetrahydrofolate for nucleotide biosynthesis in the cytosol. We previously discovered novel first-
in-class multi-targeted pyrrolo[3,2-d]pyrimidine inhibitors of SHMT2 and de novo purine
biosynthesis at glycinamide ribonucleotide formyltransferase and 5-aminoimidazole-4-
carboxamide ribonucleotide formyltransferase with potent in vitro and in vivo antitumor efficacy
toward pancreatic adenocarcinoma cells. In this report, we extend our findings to an expanded
panel of pancreatic cancer models. We used our lead analog AGF347 to characterize
pharmacodynamic determinants of antitumor efficacy for this series and demonstrated plasma
membrane transport into the cytosol, uptake from cytosol into mitochondria, and metabolism to
AGF347 polyglutamates in both cytosol and mitochondria. Antitumor effects of AGF347
downstream of SHMT2 and purine biosynthesis included suppression of mTOR signaling, and
glutathione depletion with increased levels of reactive oxygen species. Our results provide
important insights into the cellular pharmacology of novel pyrrolo[3,2-d]pyrimidine inhibitors as
antitumor compounds and establish AGF347 as a unique agent for potential clinical application

for pancreatic cancer, as well as other malignancies.
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Significance Statement

This study establishes the antitumor efficacies of novel inhibitors of serine
hydroxymethyltransferase (SHMT) 2 and of cytosolic targets toward a panel of clinically relevant
pancreatic cancer cells and demonstrates the important roles of plasma membrane transport,
mitochondrial accumulation, and metabolism to polyglutamates of the compound lead AGF347 to
drug activity. We also establish that loss of serine catabolism and purine biosynthesis resulting
from AGF347 treatment impacts mTOR signaling, glutathione pools and reactive oxygen species,

contributing to antitumor efficacy.
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Introduction

The malignant phenotype depends on reprogramming cellular metabolism, including the
one-carbon (C1) metabolic pathway (Ducker and Rabinowitz, 2017; Hanahan and Weinberg,
2011; Newman and Maddocks, 2017). C1 metabolism is compartmentalized in the cytosol and
mitochondria (Figure 1) and generates amino acids and nucleotides essential for cell proliferation
and tumor progression (Ducker and Rabinowitz, 2017; Tibbetts and Appling, 2010; Yang and
Vousden, 2016). C1 pathways depend on tetrahydrofolate (THF) cofactors that mediate transfer
of C1 units. In mammalian cells, folates are acquired from exogenous sources and are
transported into cells by the reduced folate carrier (RFC) and the proton-coupled folate transporter
(PCFT) (Figure 1), and by folate receptors (FRs) (not depicted) (Matherly et al., 2007; Zhao,
2011). Once internalized, folates are translocated from the cytosol into mitochondria by the
mitochondrial folate transporter (MFT) (SLC25A32) (McCarthy et al., 2004). In both the cytosol
and mitochondria, folates are polyglutamylated by folylpoly-y-glutamate synthetase (FPGS) and
these polyglutamyl metabolites do not exchange between compartments (Lawrence et al., 2014).
Polyglutamylation of folates confers increased rates of C1 transfer and polyglutamyl folate forms
show enhanced cellular retention over monoglutamyl folates (Shane, 1989).

C1 metabolic enzymes in the mitochondria include serine hydroxymethyltransferase 2
(SHMT2), 5,10-methylene THF dehydrogenase 2 (MTHFD2) and 10-formyl THF synthetase
(reverse) (MTHFD1L) (Figure 1). The serine catabolic pathway is nearly universally activated in
cancer, with SHMT2 and MTHFD2 among the most differentially expressed metabolic genes in
all human cancers (Jain et al., 2012; Nilsson et al., 2014). The pathway for serine catabolism and
glycine synthesis occurs in the mitochondria and the 3-carbon of serine is the major C1 donor for
de novo biosynthesis of purines and thymidylate in the cytosol (Ducker and Rabinowitz, 2017;
Tibbetts and Appling, 2010; Yang and Vousden, 2016). Synthesis of 10-formyl THF from
mitochondrial formate and THF in the cytosol stabilizes cytosolic THF from degradation (Zheng
et al., 2018). The mitochondrial C1 pathway also generates critical reducing equivalents (as
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NAD(P)H) to sustain redox balance in hypoxic tumors (Ye et al., 2014; Zhang et al., 2016a) and
is an important source of ATP (Meiser et al., 2016). Genetic deletion of SHMT2 in cultured cells
results in defective mitochondrial respiration due to impaired synthesis of respiratory chain
proteins (Minton et al., 2018; Morscher et al., 2018), accompanied by increased glycolytic flux
(Morscher et al., 2018). Cells deficient in mitochondrial C1 metabolism or MFT transport are
glycine auxotrophs (Ducker and Rabinowitz, 2017; Kim et al., 2015; McCarthy et al., 2004;
Tibbetts and Appling, 2010).

Evidence of a critical role for serine catabolism as a source of C1 units for cytosolic
anabolism (Ducker and Rabinowitz, 2017; Newman and Maddocks, 2017; Yang and Vousden,
2016), combined with the unique demands of tumor cells for glycine and redox balance versus
those of normal tissues (Ducker et al., 2016; Jain et al., 2012; Loayza-Puch et al., 2016), suggests
that SHMT2 could be an independent prognostic factor and potential therapeutic target for cancer.
Elevated SHMT2 is associated with poor prognoses of breast cancers and gliomas (Wang et al.,
2017; Wu et al., 2017; Zhang et al., 2016b). In patients who underwent surgical resection of
pancreatic adenocarcinomas, elevated SHMT2 was associated with poor overall survival and
disease-free survival, compared to patients with low SHMT2 (Noguchi et al., 2018).

We recently described a novel series of 5-substituted pyrrolo[3,2-d]pyrimidine compounds
(AGF291, AGF320, and AGF347) as anti-cancer agents (Dekhne et al., 2019). Direct inhibition
of SHMTZ2 in mitochondria, and targeting SHMT1 and de novo purine biosynthesis (at glycinamide
ribonucleotide and 5-aminoimidazole-4-carboxamide (AICA) ribonucleotide formyltransferases;
GARFTase and AICARFTase, respectively) in cytosol, was established in colon and lung cancer
cells, as well as in pancreatic cancer (PaC) models. For early and late stage MIA PaCa-2 (an
aggressive PaC model) tumor xenograft models treated with AGF347, impressive in vivo
antitumor efficacy with curative potential was accompanied by minimal toxicity, and enzyme
targets were validated by metabolomics analysis and in vitro enzyme assays (Dekhne et al.,

2019).
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In this report, we explore the cellular pharmacodynamics of this series with a focus on
AGF347 (Figure 2). Our studies establish broad-spectrum in vitro anti-tumor efficacy against a
panel of PaC models and demonstrate the critical roles of plasma membrane transport,
mitochondrial accumulation, and conversion to polyglutamates in both cytosol and mitochondria
in effecting antitumor activity. We also explore mechanisms of anti-tumor activity of pyrrolo[3,2-
d]pyrimidine compounds including the impact of loss of serine catabolism and purine biosynthesis
resulting from AGF347 (Dekhne et al., 2019) on AMPK activation and mTOR signaling,
mitochondrial respiration, and glutathione (GSH) pools and levels of reactive oxygen species
(ROS). Collectively, our results underscore the unique pharmacology of this novel series and

establish AGF347 as a promising new therapeutic for cancer.

Materials and Methods

Chemicals. [*H]JAGF347 (9 Ci/mmol), [*H]methotrexate (MTX) (10-30 Ci/mmol) and [*H]folic acid
(32.9 Ci/mmol) were purchased from Moravek Biochemicals (Brea, CA). Leucovorin [(6R,S) 5-
formyl tetrahydrofolate] and MTX were provided by the Drug Development Branch, National
Cancer Institute (Bethesda, MD). Pemetrexed (PMX) was purchased from LC Laboratories
(Woburn, MA). Gemcitabine was obtained from Pfizer (New York City, NY). PT523 (N®-(4-amino-
4-deoxypteroyl)-N°-hemiphthaloyl-l-ornithine) was a gift of Dr. Andre Rosowsky (Dana-Farber
cancer Institute, Boston, MA). Other chemicals were obtained from commercial sources in the
highest available purities. AGF94 (N-((5-[(2-amino-4-ox0-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-
6-yl)propyl]thiophen-2-yl)carbonyl)-L-glutamic acid), AGF291 ((4-(3-(2-amino-4-oxo-3,4-dihydro-
5H-pyrrolo[3,2-d]pyrimidin-5-yl)propyl)benzoyl)-L-glutamic acid), AGF320 ((5-(5-(2-amino-4-oxo-
3,4-dihydro-5H-pyrrolo[3,2-d]pyrimidin-5-yl)pentyl)thiophene-2-carbonyl)-L-glutamic acid), and

AGF347 ((4-(4-(2-amino-4-oxo-3,4-dihydro-5H-pyrrolo[3,2-d]pyrimidin-5-yl)butyl)-2-
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fluorobenzoyl)-L-glutamic acid) were synthesized as previously described (Dekhne et al., 2019;

Wang et al., 2011).

Cell culture. The HCT116 cell lines including the SHMT1 and SHMT2 knockout (KO) cells
(Ducker et al., 2016; Ducker and Rabinowitz, 2017) were generously provided by G.S. Ducker
and J.D. Rabinowitz (Princeton University). KB cells were purchased from ATCC (Manassas,
VA) and were cultured as previously described (Deng et al., 2008). PaC cell lines, including
AsPC-1 (Chen et al., 1982), BxPC-3 (Tan et al., 1986), CFPAC-1 (Schoumacher et al., 1990),
HPAC (Gower et al., 1994), and MIA PaCa-2 (Wu et al., 1977), were generously provided by Dr.
Yubin Ge (Karmanos Cancer Institute, Detroit, Ml). HPNE (human pancreatic normal epithelial)
cells (Lee et al., 2003) were a gift from M. Oulette (University of Nebraska Medical Center,
Omaha, NE). Cell lines were validated by STR analysis by Genetica DNA Laboratories
(Burlington, NC). MTXRIIOuaR2-4 (i.e. R2) Chinese hamster ovary (CHO) cells were provided by
Dr. Wayne Flintoff (University of Western Ontario) (Flintoff et al., 1976). From the parental R2 cell
line, human RFC and PCFT were individually transfected to generate the isogenic CHO cell lines
designated PC43-10 (RFC) and R2/PCFT4 (PCFT) (Deng et al., 2008; Deng et al., 2009; Wong
et al., 1995). glyB cells were a generous gift of Dr. Larry Chasin (Columbia University). glyBTII
cells were derived from glyB cells by electroporation with human MFT cDNAs in a pcDNA3.1(-
Ymyc-His6 A-tagged vector. Transfectants were selected with G418, and colonies isolated and
expanded for screening by Western blot and real time RT-PCR analyses.

The PaC cell lines were cultured in RPMI 1640 medium, supplemented with 10% fetal
bovine serum (FBS) (Sigma-Aldrich, St. Louis, MQO), and 1% penicillin/streptomycin (Life
Technologies) at 37°C with 5% CO,. The R1-11 RFC- and PCFT-null HeLa subline was a gift
from Dr. I. David Goldman (Albert Einstein School of Medicine, Bronx, NY) (Zhao, 2009). The R1-
11-RFC2 cell line was developed in our laboratory by transfection of R1-11 cells with the

pZeoSV2-RFC vector and clonal selection (Wang et al., 2015). For non-transport experiments,
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the above cell lines were maintained in folate-free RPMI 1640 (FFRPMI) supplemented with 10%
dialyzed FBS (Sigma-Aldrich, St. Louis, MO), 1% penicillin/streptomycin solution, 2 mM L-
glutamine, and 25 nM leucovorin. Cell proliferation assays in CHO cells were performed as
described in complete FFRPMI without glycine. Glycine/adenosine rescue experiments were
performed in BxPC-3 and HPAC cells without additions, or in the presence of adenosine (60 uM)
and/or glycine (130 uyM) (Dekhne et al., 2019).

Cell lines were tested for Mycoplasma by PCR using a Mycoplasma testing kit (Venor™
GeM Mycoplasma Detection Kit, Sigma) (Feb 2018) and frozen in aliquots in liquid nitrogen. As
warranted, cells were treated (Plasmocin, Invivogen) and re-tested for Mycoplasma. To avoid cell
line “drift”, fresh cultures were reconstituted no less than every month from the original freezer
stocks (above).

For transport experiments (below), cells were maintained in RPMI 1640 supplemented
with 10% FBS, 1% penicillin/streptomycin solution, and 2 mM L-glutamine. R1-11 cells were
maintained under continuous selection with 500 yM MTX and 1 mg/ml G418. R1-11 RFC2 cells
were maintained under continuous selection with 100 ug/mL Zeocin. CHO cell lines were
maintained in a-minimal essential medium (MEM) supplemented with 10% bovine calf serum, 1%
penicillin/streptomycin solution, and 2 mM L-glutamine in a humidified atmosphere at 37°C in the
presence of 5% CO, and 95% air. Additionally, the transfected CHO cell lines (i.e., R2/PCFT4

and glyBTII) were maintained under continuous selection with 1 mg/ml of G418.

Generation of MIA PaCa-2 MFT knockdown (MIA PaCa-2 MFT KD) cell line. MIA PaCa-2 cells
were seeded (2 x 10° cells/well) in 24 well plates containing 1 ml of culture medium (i.e., FFRPMI
supplemented with 10% dialyzed FBS, 1% penicillin/streptomycin, 2 mM L-glutamine, and 25 nM
leucovorin). Cells were treated with 4 ug/ml polybrene and 10°% transducing units of MISSION
Lentiviral particles (Sigma-Aldrich) containing shRNA targeting MFT (TRCNO000043091). After

24 h, the medium was replaced with fresh complete FFRPMI medium including 2 ug/ml puromycin
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as a selection marker. Once cells were confluent, the cells were harvested, passaged 3-4 times,
then assayed by RT-PCR for MFT knockdown relative to non-targeted control (NTC) particle-
transduced MIA PaCa-2 cells. To isolate single clones, cells were plated in 100 mm dishes (200
cells/dish) in the presence of 2 pg/ml puromycin. Colonies were isolated, expanded (in RPMI 1640
supplemented with 10% FBS, 1% penicillin/streptomycin, and 2 mM L-glutamine) and clonal

cultures were assayed for MFT knockdown via RT-PCR.

Gel electrophoresis and Western blots. glyB and glyBTII cells were cultured in two T150 flasks
each and harvested when cells were ~90% confluent. Mitochondrial fractions were isolated
(below) and assayed for protein concentrations (Lowry et al., 1951). Equal amounts of protein (36
ug) from each sample were electrophoresed on 10% polyacrylamide gels with SDS (Laemmli,
1970) and transferred to polyvinylidene difluoride membranes (ThermoFisher) (Matsudaira,
1987). To detect MFT (myc-his6) expression, the membranes were incubated for 24 h with rabbit
anti-myc primary antibody (MMS-150P; Covance Inc., Princeton, NJ), then with IRDye 800CW-
conjugated goat anti-rabbit IgG secondary antibody (925-32211; LICOR Biosciences, Omaha,
NE) for 90 min. The blots were scanned with an Odyssey infrared imaging system (LICOR
Biosciences). The membrane was prestained with Coomassie Blue as a loading control.

For assays of AMPK and mTOR signaling, total and phospho-AMPK (P-AMPK), and total
and phosphorylated S6K1 (P-p70- and P-p80-S6K) were analyzed by Western blotting (Mitchell-
Ryan et al., 2013). Briefly, HPAC and BxPC-3 cells (1 million cells/dish for vehicle-treated
samples, 1.5 million cells/dish for drug-treated samples) were seeded in 60 mm dishes in 5 ml of
FFRPMI supplemented with 10% dialyzed FBS, 1% penicillin/streptomycin, 2 mM L-glutamine,
and 25 nM leucovorin. Cells were allowed to adhere for 24 h after which 10 yM AGF347, 1 mM
AICA ribonucleoside (AICAR), or a comparable volume of vehicle (DMSO) was added.
Incubations were performed at 37°C with 5% CO.. After 48 h, cells were harvested and disrupted
by sonication; cell debris was removed by centrifugation (1800 rpm, 5 min, 4°C). The soluble cell
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fractions were assayed for protein concentration (Lowry et al., 1951) and equal protein (50 ug)
from each sample was electrophoresed on 10% polyacrylamide gels with SDS and transferred to
polyvinylidene difluoride membranes. To detect phospho- or total AMPK, or p70-S6K1/p85-S6K1,
membranes were incubated for 24 h with rabbit primary antibody (total AMPK, 5831S; P-AMPK,
T172, 25358S; total p70-S6K1/p85-S6K1, 2708S; P-p70-S6K1/P-p80-S6K1 (T389/T412), 9234S;
Cell Signaling Technology, Danvers, MA). The blots were stripped (25 mM glycine pH 2.0, 1-2%
SDS) to remove bound antibodies between probing with different antibodies. The blots were
developed by incubating in IRDye800CW-conjugated goat anti-rabbit IgG secondary antibody
(925-32211; LICOR Biosciences) for 90 min and scanned with an Odyssey infrared imaging
system (LICOR Biosciences). Protein loading was normalized to $-actin using anti-B-actin mouse
primary antibody (A2228; Sigma-Aldrich St. Louis) and IRDye 800CW-conjugated goat anti-
mouse |gG secondary antibody (926-32210; LICOR Biosciences). Densitometry used Image
Studio Software (LICOR Biosciences). For densitometry of S6K1, both p70 and p85 bands were
quantified. All blots were run at least in duplicate and densitometry data are reported as average

values plus/minus ranges.

Real-time PCR. Cells were harvested from either 60 mm dishes or T25 flasks at ~80% confluence
and RNAs were extracted using TRIzol reagent (Invitrogen, Carlsbad, CA). cDNAs were
synthesized with random hexamers, MuLV reverse transcriptase, and RNase inhibitor (Applied
Biosystems, Waltham, MA), and purified with a QlAquick PCR Purification Kit (QIAGEN, Valencia,
CA). Quantitative real-time RT-PCR used a Roche LightCycler 480 (Roche Diagnostics,
Indianapolis, IN) with gene-specific primers and SYBR Green | dye. Transcript levels were
normalized to B-actin and/or glyceraldehyde-3-phosphate dehydrogenase transcripts. Primer

sequences are available upon request.
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Membrane transport assays. Plasma membrane transport measurements were performed at
37°C as previously described (Ravindra et al., 2018). Buffers used were MES (2-(N-
morpholino)ethanesulfonic acid)-buffered saline at pH 5.5 (20 mM MES, 140 mM NaCl, 5 mM
KCl, 2 mM MgCl,, and 5 mM glucose), and HEPES (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid)-buffered saline at pH 6.8 and pH 7.2 (20 mM HEPES, 140 mM
NaCl, 5 mM KCI, 2 mM MgCl,, and 5 mM glucose). For some experiments, anion-free buffer at
pH 7.2 (20 mM HEPES and 235 mM sucrose) was used. For standard transport experiments,
cells were seeded in 60 mm dishes and assayed for uptake when cells were 75-90% confluent
with 0.5 uM [PHIMTX or [*H]JAGF347 at 37°C over 2 to 5 min. For the PaC cell lines, uptake was
measured at pH 5.5, 6.8, and 7.2 using MES- (pH 5.5) and HEPES- (pH 6.8 and 7.2) buffered
saline. Uptake assays in the presence of excess (10 uM) non-radioactive AGF94 (Wang et al.,
2011) (blocks PCFT uptake) and/or PT523 (Rosowsky, 1999) (blocks RFC uptake) were
performed to establish transport specificities. Calculations of Ky, and Vmax were performed with
concentrations of [*HJAGF347 or [*H]MTX from 20 to 500 nM for R2/PCFT4 cells (at pH 5.5 in
MES-buffered saline) or from 250 nM to 5 uM for R1-11 RFC2 cells (at pH 7.2 in anion-free buffer).
Km and Vmax values were calculated by Lineweaver-Burk plots. K; values for each of the drugs
relative to 0.5 uyM [PHIMTX were calculated from Dixon plots using concentrations of cold
competitor (e.g., AGF347) from 0 to 500 nM (R2/PCFT4 at pH 5.5 in MES-buffered saline) or 0

to 1 uyM (R1-11 RFC2 at pH 7.2 in anion-free buffer).

Subcellular fractionation assays of cytosolic and mitochondrial AGF347. Cells were cultured
in complete aMEM supplemented with 10% bovine calf serum (Fisher), 1%
penicillin/streptomycin, and 2 mM L-glutamine (glyB and glyBTIl CHO cell lines) or complete RPMI
1640 supplemented with 10% FBS, 1% penicillin/streptomycin, and 2 mM L-glutamine (MIA
PaCa-2 NTC, MIA PaCa-2 MFT KD, and HPAC). Prior to incubating with radiolabeled
compounds, cells were cultured in complete FFRPMI for 48 h. Two T150 flasks per treatment
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condition were seeded with 6 (CHO) or 8 (MIA PaCa-2/HPAC) million cells in FFRPMI media
supplemented with 60 uM adenosine and 10 yM thymidine (30 mL per T150 flask). Unlabeled
MTX or AGF347 (2 uM, final) and 9 uCi of either [PH]MTX or [*HJAGF347, as appropriate, were
added. For [*H]folic acid incubations, folate-depleted cells were seeded in complete aMEM or
complete RPMI 1640 medium (containing 2.26 uM folic acid) to which 9 pCi of [*H]folic acid was
added. Cells were incubated with radiolabel for 48 h; the cytosolic and mitochondrial fractions
were separated by differential centrifugation (Clayton and Shadel, 2014). Briefly, cells were
trypsinized, washed once with Dulbecco’s phosphate-buffered saline (PBS), and resuspended in
hypotonic resuspension buffer (RSB; 10 mM NaCl, 1.5 mg MgCl,, 10 mM Tris (pH 7.5)) containing
cOmplete Protease Inhibitor Cocktail (Sigma) for 15 min. Cells were lysed with 15 strokes of a B
(i.e. “tight-fitting”) pestle in a 7 mL Dounce homogenizer. A 2.5x mannitol-sucrose buffer (MS; 5.5
mM mannitol, 175 mM sucrose, 12.5 mM Tris (pH 7.5), 2.5 mM EDTA) containing cOmplete
Protease Inhibitor Cocktail (Sigma) was added to a final concentration of 1x MS and an aliquot
(i.e., “total” fraction containing both cytosol and mitochondria) was sampled for radioactivity
measurement and protein assay (Lowry et al.,, 1951). The homogenized cell suspension was
centrifuged (3100 rpm, 5 min) at 4°C in a Jouan CR4i centrifuge to pellet nuclei and unbroken
cells. After collecting the supernatant (contains mitochondria), nuclei and the unbroken cell pellets
were resuspended in 1x MS, homogenized with 5 additional strokes, and centrifuged at 3100 rpm.
The supernatant was pooled with the previous supernatant and centrifuged at 11,900 rpm at 4°C
for 15 min in a Sorvall SS34 rotor to collect the mitochondria. The supernatant (i.e., cytosol
fraction) was collected and aliquots were assayed for radioactivity and protein. The mitochondrial
pellet was washed once with 1x MS, centrifuged at 11,900 rpm for 15 min, and solubilized in 0.5
N NaOH, after which aliquots were assayed for radioactivity and proteins (i.e., mitochondrial
fraction). To assess purities and yields of the cytosolic and mitochondrial fractions, parallel
incubations were performed with no inhibitor or radiolabel, and cells were harvested for
mitochondria and cytosol fractionation, as described above, and assays of lactate dehydrogenase
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(LDH) (cytosolic marker) and succinate dehydrogenase (SDH) (mitochondrial marker). LDH was
assayed (Royer et al., 1977) in sodium phosphate buffer (0.03 M, pH 7.4) with excess of sodium
pyruvate (300 uM) and NADH (70 uM) by measuring the rate of decrease in absorbance at 340
nm. SDH was assayed (Kolaj-Robin et al., 2011) in potassium phosphate buffer (10 mM, pH 7.5
with 1 mM potassium cyanide) with excess  sodium succinate (20 mM) and 2,6-

dichlorophenolindophenol by measuring the rate of decrease in absorbance at 600 nm.

Measurements of AGF347 polyglutamylation. Synthesis of AGF347 polyglutamates was
assayed in the cytosolic and mitochondrial fractions (above) from MIA PaCa-2 NTC cells, as
described (Kugel Desmoulin et al., 2011) with modifications. Briefly, the above protocol for
subcellular fractionation was modified by addition of 18 uCi of [*HJAGF347 to each T150 flask
(final concentration 2 uM). Following incubation (48 h), the cytosolic and mitochondrial fractions
were isolated, then boiled (10 min), cooled (4°C) and centrifuged (14,000 rpm) in a microcentifuge
(4°C for 15 min). The supernatant was fractionated on an Agilent Infinity Il 1260 HPLC (Agilent
Technologies Inc., Woburn, MA) using a Waters 4 um Nova-Pak C18 column (3.9 mm x 150 mm)
with a Nova-Pak 4 um C18 guard column (Waters Corporation, Milford, MA). A mobile phase of
100 mM sodium acetate, pH 5.5 (mobile phase A), and 100% acetonitrile (mobile phase B) was
used; the gradient was 100% A from 0 to 5 min, followed by a linear increase from 100% A at 5
min to 75%A/25%B at 35 min. The flow rate was 1.6 ml/min. Fractions were collected every minute
for the first 5 min, every 30 sec for the next 5 min, and every 10 sec thereafter. Radioactivity was
measured with a scintillation counter and the amounts of the individual polyglutamates were
calculated from the percentage of total radioactivity in each peak and total picomoles/mg of
[BHJAGF347 in each compartment (mitochondria and cytosol). To confirm the identities of the
peaks as AGF347 polyglutamates, the MIA PaCa-2 cytosolic sample was treated overnight with
a preparation of chicken pancreas conjugase (Matherly et al., 1985) in 0.5 ml of 0.1 M sodium
borate, pH 7.8, containing 10 mM 2-mercaptoethanol at 32°C to hydrolyze all polyglutamates to
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the AGF347 monoglutamyl form. Samples were deproteinized by boiling (5 min) then reanalyzed

by HPLC.

Determination of oxygen consumption rate. Oxygen consumption rate (OCR) measurements
were made using a Seahorse XFe24 extracellular flux analyzer (Agilent Technologies, Woburn,
MA). HCT116 wild-type (WT) and SHMT2 KO cells were grown in complete folate-free, glycine-
replete RPMI 1640 supplemented with 10% dialyzed FBS, 1% penicillin/streptomycin, 25 nM
leucovorin, 2 mM L-glutamine, and adenosine (60 uM) and treated with AGF347 (10 uM) or
vehicle (DMSO) for 48 h. Cells were then seeded into gelatin-coated XFe24 cell culture
microplates in the same media (containing drug) at a density of 130,000 cells per well (5 replicate
wells per condition) and allowed to adhere for 24 h. OCRs were monitored at baseline and
throughout  sequential injections of oligomycin (1  upM), carbonyl cyanide-4-
(trifluoromethoxy)phenylhydrazone (FCCP) (1 uM) and rotenone/antimycin A (1 uM each). OCRs
were normalized to cell numbers in each well by solubilizing cells with 0.5 N NaOH and assaying

proteins by the Folin-phenol method (Lowry et al., 1951).

Measurements of GSH and reactive oxygen species (ROS). HCT116 (WT, SHMT1 KO, and
SHMT2 KO), HPAC, and BxPC-3 cells (25,000 cells per well in a 96 well plate), and MIA PaCa-2
cells (40,000 cells per well) were seeded for the ROS assays. For the GSH assays, 20,000 cells
per well were seeded. Cells were incubated (24 h) in complete FFRPMI supplemented with 10%
dialyzed FBS, 1% penicillin/streptomycin, 25 nM leucovorin, and 2 mM L-glutamine overnight
under normoxic conditions (21% O2, 5% CO,), at which time the media was replaced with FFRPMI
without glycine, supplemented with 10% dialyzed FBS, 1% penicillin/streptomycin, 2 mM L-
glutamine, 25 nM leucovorin, and adenosine (60 uM). The cells were treated with 10 uM AGF347
or an equivalent volume of vehicle (i.e. DMSO) for 24 h under hypoxia (0.5% Oz, 5% CO,) (Ye et
al., 2014); for the ROS assays, parallel incubations (24 h) were also performed in normoxic
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conditions (21% Oz, 5% CO,). Cells were then processed for ROS measurements (Biovision,
Milpitas, CA; Catalog #: K936) by the 2',7'-dichlorodihydrofluorescein diacetate (H.DCFDA) assay
and for GSH measurements (Promega, Madison, WI; Catalog #: V6911) by a GSH S-transferase-
based luminescence assay following the manufacturers’ protocols. To measure total GSH pools
(both reduced (GSH) and oxidized (GSSG) forms), cells were treated with 500 uM TCEP (tris(2-
carboxyethyl)phosphine) to reduce GSSG to GSH just prior to GSH assay. For the ROS assays,
a positive control (ROS inducer) was included in the ROS assay kit. For both ROS and
GSH/GSSG levels, results were normalized to cell numbers in each well by solubilizing with 0.5
N NaOH and assaying proteins (Lowry et al., 1951). For the GSH/GSSG assays, protein
normalization was based on protein concentrations for identically treated plates that were

incubated in parallel with the experimental plate.

Statistics. Sample sizes were predetermined before each experiment. All statistical comparisons
were performed using a two-tailed unpaired t-test corrected for unequal variance after data were
transformed to meet normality assumptions and no p-value adjustments were made for multiple
comparisons. A logo transformation was used for data with positive values and, when data
included zero values, a square root transformation was instead used. For depicting data in plots,
all data were summarized with mean values and standard deviations using data without
transformation. Geometric mean values and their associated 95% confidence intervals were used
to summarize ICso and transport kinetics results using data without transformation in Tables 1 and
2. Experiments that were exploratory in character were descriptively summarized without

statistical comparisons.

Results
Demonstration of efficacy and mechanism in a pancreatic cancer cell line panel. Our earlier
study (Dekhne et al., 2019) established in vitro anti-tumor efficacies of our pyrrolo[3,2-d]pyrimidine
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compounds AGF291, AGF320 and AGF347 toward H460 lung cancer, HCT116 colon cancer,
and MIA PaCa-2 PaC cell line models. With the demonstrated activity of AGF347 in vivo against
MIA PaCa-2 PaC xenografts (Dekhne et al., 2019), we extended our studies to include four
additional PaC cell lines (HPAC, BxPC-3, CFPAC-1, AsPC-1) characterized by expression of RFC
and PCFT, but not FRa (Figure S1). Proliferation results with the PaC cell lines were compared
to those for HPNE (human pancreatic normal epithelial) cells (Lee et al., 2003). For HPAC, BxPC-
3, CFPAC-1, and AsPC-1 cells, the compounds showed increased (~4-9-fold) inhibitory activity
relative to MIA PaCa-2 cells (Table 1). AGF347 (Figure 2) was consistently the most active of
the series, with the lowest ICso values recorded in the HPAC (194 nM) and BxPC-3 (80 nM) cells.
In HPNE cells, the pyrrolo[3,2-d]pyrimidine analogs were inactive up to 5000 nM (Table 1).

To confirm the targeted pathways for AGF347 in HPAC and BxPC-3 cells, we performed
“rescue” experiments in glycine- and nucleoside-free media (Dekhne et al., 2019), to assess the
protective effects of supplemented glycine (130 uM) and/or adenosine (60 uM) (Figure 2). Neither
glycine nor adenosine alone rescued cell proliferation from the effects of AGF347, although the
combination effected complete rescue. These results are entirely consistent with our earlier
studies (Dekhne et al., 2019) that established the inhibition of mitochondrial C1 metabolism and

de novo purine biosynthesis by AGF347 in MIA PaCa-2 cells.

Determination of plasma membrane transport of AGF347. Previous studies of antiproliferative
activities of AGF291, AGF320, and AGF347 toward isogenic CHO cells engineered to individually
express RFC or PCFT suggested cellular uptake of this series by these facilitative transporters
(Dekhne et al., 2019). To directly measure transport of AGF347 by these systems, we performed
transport assays with [PHJAGF347 in cell lines engineered to individually express RFC (R1-
11RFC2 HelLa (Wang et al., 2015)) or PCFT (R2/PCFT4 CHO (Deng et al., 2009)). Transport of
[*H]JAGF347 (0.5 uM) was measured over 5 min at pH 7.2 (RFC) or pH 5.5 (PCFT) (approximating

the respective pH optima) at 37°C and results were compared to those with [P(HJ[MTX. For both
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FBHIMTX and [*H]JAGF347, transport was substantial for both PCFT and RFC. Transport was
effectively abolished (> 90%) by excess unlabeled substrates with specificity for PCFT (AGF94
(Wang et al., 2011)) and RFC (PT523 (Rosowsky, 1999)) (Figures 3A and 3B, respectively).
Transport kinetics were determined for [BH]MTX and [*HJAGF347. For both PCFT and RFC, the
differences in Vmax values for AGF347 versus MTX were not significant. The differences in Kn
values for MTX versus AGF347 with RFC were also insignificant, whereas AGF347 had a
significant 5.8-fold decreased K, for PCFT (0.057 uM vs 0.329 uM, respectively) compared to
MTX (Table 2).

Transporter binding for the pyrrolo[3,2-d]pyrimidine analogs AGF291, AGF320, and
AGF347 (Dekhne et al., 2019) was further assessed by calculating K; values by Dixon analysis
with [*(HJMTX in the PCFT and RFC engineered cell lines, using the calculated Kynand Vmax values
for PBHJMTX. The results were compared to those calculated for AGF94 and PMX (Table 2). By
these analyses, K values for AGF291, AGF320, and AGF347 for RFC were essentially equivalent
(range of 0.200 to 0.274 pM) and were 2- to 3-fold lower than that for PMX (0.583 uM). For PCFT,
the Ki for AGF347 (0.070 uM) was 2- to 2.5-fold lower than that for AGF291 (0.163 uM) and
AGF320 (0.142 uM) and was equivalent to that for AGF94 (0.070 uM); the K; for AGF347 was
similar to that for PMX (0.056 uM), among the best PCFT substrates (Unal et al., 2008; Wang et
al., 2011).

To extend these transport analyses to the assorted PaC cell lines, we measured uptake
of [*(H]JAGF 347 at both pH 5.5 and pH 7.2 in the presence or absence of excess (10 uM) unlabeled
AGF94 and/or PT523 to gauge the relative contributions of PCFT and RFC, respectively, to
[*HJAGF347 uptake. Our experiments revealed substantial uptake of [*(HJAGF347 by PCFT at pH
5.5 and by RFC at pH 7.2 (Figures 3C and D). At pH 5.5, PCFT uptake was blocked by AGF94,
albeit incompletely (~30-90%); this suggests a contribution from a non-PCFT transporter in
addition to PCFT. Analogous results were recorded at pH 7.2, although transport was blocked
(~65-85%) by PT523, demonstrating principal involvement of RFC.
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Experiments with the PaC cell lines were extended to pH 6.8, approximating the pH of the
tumor microenvironment (Stubbs et al., 2000). At pH 6.8, (Figure 3E) uptake of [l HJAGF347 was
mediated by both PCFT and RFC such that the transport inhibition by both AGF94 and PT523
together was substantial and ranged from ~70-90%. Uptake of [*H]JAGF347 by RFC
predominated at pH 6.8, as reflected in the generally greater decrease in net uptake for samples
treated with PT523 compared to those treated with AGF94. Collectively, these studies establish

important roles for both RFC and PCFT in the uptake of AGF347 by PaC cells.

Subcellular compartmentation of AGF347 and metabolism to polyglutamates. Implicit to
targeting of mitochondrial C1 metabolism by our pyrrolo[3,2-d]pyrimidine inhibitors (Dekhne et al.,
2019) is their uptake and accumulation in the mitochondria. Further, as these molecules are
negatively charged, they likely require facilitated uptake into mitochondria, possibly mediated by
the MFT, the only known transporter of folates into the mitochondrial matrix (Lawrence et al.,
2011; McCarthy et al., 2004).

We assessed mitochondrial accumulation of [PH]JAGF347 by MIA PaCa-2 cells, in
comparison to [*H]folic acid and [BH]MTX. To determine whether MFT contributes to mitochondrial
uptake of [?HJAGF347, we transfected human MFT (myc-His6-tagged) into MFT-null glyB CHO
cells (McCarthy et al., 2004) to generate the glyBTII cell line (Figure S2A shows a Western blot
of glyB and glyBTIl cell extracts probed with Myc antibody confirming ectopic MFT-myc-His6
expression). For MIA PaCa-2 cells, we generated non-targeted control (NTC) and MFT shRNA
KD (MFT KD) cells to assess the transport role of MFT in a human tumor model (Figure S2B).
We also measured mitochondrial uptake of [PHJAGF347 and [*HJMTX in HPAC cells.

The cell lines were cultured for 48 h, after which [3H]folic acid (2.26 uM), [FHIMTX (2 uM)
or [*HJAGF347 (2 uM) were added for an additional 48 h (in the presence of 60 uM adenosine
and 10 uM thymidine to abrogate any potential cytotoxic drug effects (Dekhne et al., 2019; Deng
et al., 2008)). Mitochondrial and cytosolic fractions were isolated by differential centrifugation
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(Clayton and Shadel, 2014) with the radioactivity in each fraction quantified (Figures 4A-C) and
normalized to protein (Figures 4D-F). LDH (Lin et al., 1993) and SDH catalytic activities (Munujos
et al., 1993) were used as measures of purity and cross-contamination between the cytosolic and
mitochondrial fractions, respectively (Table S1). While the mitochondrial fractions were highly
pure (<5% cytosolic contamination), cytosolic fractions were contaminated with lysed
mitochondria.

Substantial uptake of [*H]folic acid and [*HJAGF347 was detected in both cytosolic and
mitochondrial fractions of the glyBTIl CHO and MIA PaCa-2 NTC sublines, with the mitochondrial
fraction comprising 20-33% of the total accumulated [*H]folic acid and 14-16% of the total
[*HJAGF347 (Figures 4A-C) in cells. Cytosolic [(H]MTX accumulations were modest and there
were disproportionately low levels of [*HJMTX in mitochondria as reported (Lin et al., 1993).
Analogous results were obtained for HPAC cells (Figure 4B and C). Thus, [*H]JAGF347
accumulates significantly in the mitochondria.

[*H]Folic acid accumulations significantly decreased in the MIA PaCa-2 MFT KD (~50%)
and glyB (MFT-null) (~90%) cell lines compared to their MFT-functional counterparts (Figure 4F);
this is consistent with MFT-mediated uptake of [*H]folic acid metabolites (McCarthy et al., 2004).
Although the mitochondrial accumulation of [PHJAGF347 was likewise decreased (~35%) in glyB
cells, compared to glyBTII cells, this was less than that for [*H]folic acid. Further, there was no
difference in the mitochondrial uptake of [*HJAGF347 between the MIA PaCa-2 NTC and MFT
KD sublines. Collectively, these results indicate that mitochondrial accumulation of [*HJAGF347
is at least partially mediated by MFT.

As FPGS is expressed as cytosolic and mitochondrial-specific isoforms and polyglutamate
folate cofactors are detected in both compartments (Lawrence et al., 2014), we assessed whether
[*H]AGF347 polyglutamates could be identified in the cytosolic and mitochondrial fractions. The
cytosolic and mitochondrial fractions from MIA PaCa-2 NTC cells incubated with [*HJAGF347
were fractionated by HPLC for detection of [*HJAGF347 polyglutamates and unmetabolized
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[BH]AGF347. In addition to the parent monoglutamyl [BHJAGF347, at least six metabolites (PG,
7) were resolved in the cytosolic extract (Figure 4G), and three metabolites (labeled PGs.; based
on the elution times for the cytosolic extract) were detected in the corresponding mitochondrial
extract (Figure 4H). To confirm identities of the peaks as polyglutamyl metabolites of [P(HJAGF 347,
aliquots of the MIA PaCa-2 NTC cytosolic fraction were treated with chicken pancreas conjugase
(Kugel Desmoulin et al., 2011). The early-eluting metabolites quantitatively (>95%) reverted to
parent [PHJAGF347 (Figure 4l), confirming that these radiolabeled metabolites were polyglutamyl
forms of [PHJAGF347. These results establish near-complete metabolism to [*HJAGF347
polyglutamates in both the cytosol and mitochondria of MIA PaCa-2 cells (Table 3), suggesting
that AGF347 is an excellent substrate for FPGS in both compartments. In both the cytosol and

the mitochondria, the pentaglutamyl and hexaglutamyl predomidated.

Downstream effects of targeting SHMT2 and de novo purine biosynthesis by AGF347. We
previously reported that the pyrrolo[3,2-dJpyrimidine compounds AGF291, AGF320, and AGF347
all targeted SHMT2 in the mitochondria, and SHMT1 and the purine biosynthetic enzymes
GARFTase and/or AICARFTase in the cytosol (Dekhne et al., 2019). Inhibition of de novo purine
biosynthesis was accompanied by elevation of AICA ribonucleotide (ZMP) and suppression of
cellular purine nucleotide pools (Dekhne et al., 2019). We considered the possibility that
downstream effects of these inhibitions that could significantly contribute to the antitumor efficacy
of AGF347 and related compounds in vitro and in vivo (Dekhne et al., 2019), including those
involving (i) mTOR signaling (Racanelli et al., 2009; Rothbart et al., 2010) (ii) mitochondrial
respiration (Minton et al., 2018; Morscher et al., 2018), and (iii) elevated ROS due to decreased

glycine synthesis and GSH pools (Ye et al., 2014).

Inhibition of mMTOR signaling. Both elevated AICA ribonucleotide (via activation of AMP-

activated protein kinase (AMPK)) (Racanelli et al., 2009; Rothbart et al., 2010) and decreased
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purines (Hoxhaj et al., 2017) can suppress the pro-survival mMTOR pathway (Lim et al., 2015). As
Ras-ERK exhibits “cross-talk” with AMPK-mTOR signaling (Liang et al., 2018; Mann et al., 2016;
Mendoza et al., 2011), we assessed the impact of AGF347 treatment (10 uM, 48 h) on both BxPC-
3 (KRAS WT) and HPAC (KRAS mutant) PaC cell lines by analyzing changes in phosphorylation
of AMPK (P-AMPK) and the mTOR effectors p70- and p85-S6K1 (Magnuson et al., 2012) by
Western blotting. Treatment with AICAR (1 mM) elevates AICA ribonucleotide levels and was
used as a positive control (Mitchell-Ryan et al., 2013). Results are shown in Figure 5.

AICAR treatment of both BxPC-3 and HPAC cells induced AMPK hyperphosphorylation
(3.87 (+/-0.17) and 1.32 (+/-0.03) fold, respectively) compared to untreated controls. This was
accompanied by decreased phospho-S6K1 (p85- and p70-S6K1) in both BxPC-3 (0.16 (+/-0.02)
compared to the control value of 1) and HPAC (0.20 (+/-0.01)) cells. AGF347 induced a modestly
increased activation of AMPK in the BxPC-3 cells (1.93 (+/-0.09) fold increased P-AMPK)
compared to HPAC cells (1.25 (+/-0.06) fold). In BxPC-3 cells, AGF347 treatment induced hypo-
phosphorylation of S6K1 (0.62 (+/-0.04)) but not HPAC cells (1.01 (+/-0.02)) compared to controls.

These results suggest that AMPK activation and loss of mTOR signaling may contribute
to the anti-tumor efficacy of AGF347. However, the magnitude of these effects vary in different

tumor models and may be muted in KRAS-mutant cells, such as HPAC.

Effects on mitochondrial respiration. As SHMT2 serves a critical role in respiratory

chain protein synthesis via methylation of select mitochondrial tRNAs, with SHMT2 KO cells
experiencing respiratory deficiencies (Lucas et al., 2018; Minton et al., 2018; Morscher et al.,
2018), we examined whether suppression of SHMT2 by AGF347 resulted in an analogous effect
on mitochondrial respiration. For these experiments we used HCT116 WT and HCT116 SHMT2
KO cells (Morscher et al., 2018) from our prior study (Dekhne et al., 2019) to directly compare
effects on the OCR resulting from inhibition of SHMT2 by AGF347 to that resulting from complete
KO of SHMT2. HCT116 cells were pretreated with vehicle (DMSO; WT and SHMT2 KO) or 10
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MM AGF347 (WT) for 48 h as before (Dekhne et al., 2019). Cells were seeded and the next day
were subjected to a mitochondrial stress test (Figure 6). As previously reported (Lucas et al.,
2018; Minton et al., 2018; Morscher et al., 2018), the SHMT2 KO cells showed a substantially
reduced respiratory capacity relative to WT cells. In spite of the confirmed inhibition of SHMT2
(Dekhne et al., 2019), AGF347 caused no repressive effect on basal respiration, ATP production
(H* leak), maximal respiration or non-mitochondrial respiration compared with WT cells (Figure

6).

Impact of AGF347 on reactive oxygen species (ROS) and GSH pools. SHMT2 is

critical for synthesis of glycine for generation of reduced glutathione (GSH) (Ducker and
Rabinowitz, 2017) and previous work has shown de novo GSH biosynthesis is more sensitive to
glycine depletion than either de novo purine or protein biosynthesis (Ducker et al., 2017). GSH
functions to scavenge ROS that are byproducts of oxidative phosphorylation, especially under
hypoxic conditions that induce an “electron leak” from the electron transport chain (Chandel et al.,
2000; Guzy et al., 2005).

To assess induction of ROS upon treatment with AGF347 (10 uM), we treated HCT116,
BxPC-3, HPAC, and MIA PaCa-2 cells with inhibitor for 24 h under normoxic (21% Oz, 5% CO3)
and hypoxic (0.5% Oz, 5% CO2 (Ye et al., 2014)) conditions. As controls, we included HCT116
SHMT1 KO and SHMT2 KO cells. To prevent rescue of GSH pools by extracellular glycine, we
performed these experiments in glycine-free media supplemented with adenosine (60 uM)
(isolates effects of SHMT2 inhibition from those resulting from de novo purine biosynthesis
inhibition). Total cellular ROS was measured with a H,DCFDA reporter assay (Eruslanov and
Kusmartsev, 2010). Functional induction of cellular hypoxia under 0.5% O, was reflected in
elevated transcripts for carbonic anhydrase IX (Figure 7A), an established hypoxia marker (Benej
et al., 2014). Under normoxic conditions (Figure 7B), treatment with AGF347 induced no
significant accumulation of ROS in any of the cell lines. Conversely, under hypoxia (Figure 7C),
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significant accumulation of ROS occurred in HCT116 WT (~2-fold) and HPAC cells (1.5-fold)
treated with AGF347, although there was no increased ROS in BxPC-3 and MIA PaCA-2 cells
treated with the inhibitor. HCT116 SHMT2 KO cells induced a 3-fold increase in ROS (under
hypoxic conditions) whereas there was no significant increase in ROS in SHMT1 KO cells. Thus,
complete loss of SHMT2 in HCT116 cells results in increased ROS. Further, the extent of ROS
induction with AGF347 varies with different cell lines. These results suggest that ROS could be
an important mediator of AGF347 anti-tumor effects in hypoxic tumors.

To assess the possibility that decreased GSH due to loss of glycine or redox potential
resulting from loss of SHMT2 activity was causal in the increased ROS in certain cell lines, we
assayed GSH (reduced GSH + glutathione disulfide (GSSG)) in HCT116, BxPC-3, HPAC, and
MIA PaCa-2 cells under hypoxic conditions. Consistent with the changes in ROS, both reduced
and total GSH pools were significantly decreased with AGF347 treatment in HCT116 and HPAC
cell lines paralleling changes in ROS (Figure 7D and 7C). Although decreases in reduced and
total GSH were also detected in MIA PaCa-2 cells, in BxPC-3 cells these were unchanged.
Interestingly, HCT116 SHMT2 KO cells showed substantially elevated ROS yet unchanged
reduced and total GSH.

Collectively, these results establish that suppression of de novo GSH biosynthesis and
elevated ROS are potential mechanisms of in vivo cytotoxic activity by AGF347 although this

varies with different tumor cells.

Discussion

Although targeting of C1 metabolism for cancer has shown clinical utility from the early
days of chemotherapy to the present, the clinical effectiveness of drugs targeting these pathways
is limited by their toxicities toward normal tissues. Therefore, agents targeting tumor-selective
enzymes, such as those involved in mitochondrial C1 metabolism (Nilsson et al., 2014), would
offer immense clinical utility.
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In this study, we characterized the cellular pharmacodynamics of AGF347, a prototype
and lead analog of a novel series of 5-substituted pyrrolo[3,2-d]pyrimidine compounds that inhibit
mitochondrial C1 metabolism at SHMT2, with downstream inhibitions of cytosolic C1 targets
including SHMT1 and the de novo purine biosynthetic enzymes GARFTase and AICARFTase
(Dekhne et al., 2019). We focused on a series of 5 PaC cell lines (including those with different
KRAS mutation status) based on our previous results that established substantial anti-tumor
efficacy of AGF347 toward MIA PaCa-2, an aggressive PaC model with mutant KRAS (Dekhne
etal., 2019). Whereas all the analogs were active toward the PaC cell lines over an 11-fold range
of growth inhibition, AGF347 was consistently the most active of the series. Further, tumor
selectivity was strongly implied as the pyrrolo[3,2-d]pyrimidine inhibitors were inert toward HPNE
cells.

We characterized the transport properties for [*HJAGF347, including transport kinetics
compared to [*HJMTX with both RFC and PCFT, the major transport systems for folates and
related compounds in the PaC cell lines. Transport of AGF347 by both RFC and PCFT was
substantial. For the tumor-selective transporter PCFT, AGF347 showed a binding affinity
approaching those of the best PCFT substrates AGF94 and PMX (Desmoulin et al., 2012) and
far exceeding that of MTX. In the PaC cell lines, transport of [P HJAGF347 by both PCFT and RFC
was substantial at pH 6.8 (approximating pH conditions associated with the tumor
microenvironment), although transport by RFC predominated.

As the pyrrolo[3,2-d]pyrimidine compounds target SHMT2 in the mitochondria (Dekhne et
al., 2019), we assessed the mitochondrial accumulation of [*(HJAGF347 in MIA PaCa-2 cells and
in MFT-null glyB CHO cells transfected with human MFT. For both cell lines, significant
[BHJAGF347 accumulated in both the cytosol and mitochondria at levels similar to those for
[*H]folic acid metabolites and far in excess of [P(HIMTX. As MFT is the only known mitochondrial
transporter (McCarthy et al., 2004), the decreased mitochondrial accumulation of [?HJAGF347 in
MFT-null glyB cells compared to glyBTIl cells transfected with human MFT (albeit less than for
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[*H]folic acid), suggested that mitochondrial uptake of AGF347 must be at least partly mediated
by MFT. However, partial (~80%) MFT knockdown in MIA PaCa-2 cells had a nominal impact on
mitochondrial accumulation of [PHJAGF347 in contrast to [*H]folic acid. This suggests that even a
small amount of MFT is sufficient to mediate accumulation of AGF347 in the mitochondria, and/or
that an additional mitochondrial transporter must also be involved in AGF347 uptake. Following
uptake, AGF347 polyglutamates accumulated in the mitochondria which likely contribute to
sustained SHMT2 inhibition and in vivo antitumor activity of AGF347 (Dekhne et al., 2019). By
analogy with pemetrexed, it is likely that the polyglutamyl derivatives that accumulate in the
mitochondria and cytosol contribute to inhibition of cytosolic enzyme targets and are more potent
enzyme inhibitors than the K;values for the monoglutamate form would suggest (Dekhne et al.,
2019). By analogy with folate polyglutamates (Lawrence et al., 2014), AGF347 polyglutamates
are unlikely to be MFT substrates and the accumulation of AGF347 polyglutamates in the cytosol
may actually restrict drug accumulation in the mitochondria and SHMT2 inhibition.

We investigated mechanisms that directly or indirectly contribute to the anti-tumor effects
of AGF347 secondary to targeting SHMT2 in mitochondria and de novo purine biosynthesis and
SHMT1 in the cytosol (Dekhne et al., 2019). These include possible effects on AMPK and mTOR
signaling, mitochondrial respiration, and GSH and GSSG levels and ROS scavenging. For BxPC-
3 cells with WT KRAS, AGF347 increased AMPK phosphorylation and suppressed mTOR
signaling, suggesting that loss of mTOR signaling plays a role in the anti-tumor efficacy of
AGF347 in these cells. Inhibitor effects on AMPK and S6K1 were muted in KRAS-mutant HPAC
cells, suggesting Ras-ERK crosstalk with AMPK-mTOR signaling could interfere with this
mechanism (Mendoza et al., 2011). However, additional studies with a wider range of KRAS-WT
and KRAS-mutant cells will be necessary to conclusively establish this association. There was
no effect of AGF347 on mitochondrial respiration, in contrast to that resulting from genetic KO of
SHMT2 in HCT116 cells. This suggests that the extent of SHMT2 inhibition by AGF347 is
incomplete and likely insufficient to suppress mitochondrial respiration, consistent with the
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findings of Minton et al. (Minton et al., 2018) who reported that impaired mitochondrial respiration
requires complete suppression of SHMT2 activity. AGF347 effected decreased levels of reduced
and total GSH, likely reflecting the principal role of SHMT2 in the synthesis of glycine required for
GSH and its impact on redox balance (Ducker and Rabinowitz, 2017). For HCT116 SHMT2 KO
cells, reduced and total GSH pools were unchanged, possibly due to a compensatory reversal of
the SHMT1 reaction (Ducker et al., 2016) which results in restored glycine synthesis and the
preservation of the GSH pools. As this was not seen with cells treated with AGF347, this likely
reflects the dual inhibition of both SHMT1 and SHMT2 by this compound (Dekhne et al., 2019).
Decreased total GSH pools were accompanied by increased ROS (under hypoxic conditions) in
some but not all the cell lines, possibly reflecting (in part) reliance on alternate anti-oxidant
pathways such as thioredoxin in some cases (Birben et al., 2012).

In conclusion, the results described herein underscore the biological novelty and
multifaceted mechanisms-of-action for the 5-substituted pyrrolo[3,2-d]pyrimidine compounds
typified by AGF347 and are entirely consistent with its substantial in vivo anti-tumor potency and
nominal and reversible toxicity (Dekhne et al., 2019). Tumor specificity for this series of
compounds is broad and likely reflects a selective reliance on mitochondrial C1 metabolism (Jain
et al., 2012; Nilsson et al., 2014) and de novo purine biosynthesis over purine salvage (Subhi et
al., 2004) in cancer cells, with downstream inhibition of mTOR signaling, decreased GSH pools
and increased ROS. This series of compounds affords an exciting new platform for broad-

spectrum anticancer drug development.
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Table 1. ICso values for anti-proliferative activities toward HCT116 colon cancer and pancreatic cancer cell line panel

Compound

Proliferation Inhibition [ICs, (nM)]

HCT116 | MIAPaCa2 | HPAC BxPC-3 CFPAC | AsPCA HPNE
AGF231 (160291-2;95) (21 . 02-92193) (26?5(-)3?55) (22296-32174) (30115978) (26212-3:;‘:10) >5000
AGF320 (4867-‘1;21 34) | @ 5(;35j%78) (602:-39901 ) (4265?340) (1 621 -122256) (41‘;:-3253) >5000
AGF347 (30?;?100) [542?353] (1517?339) (75-?39) (28:4311;54) (1222(-)337) >5000

Proliferation inhibition assays were performed using the HCT116 (colon cancer), MIA PaCa-2, HPAC, BxPC-3, CFPAC and AsPC-1 (all
PaC), and HPNE (human normal pancreatic epithelial) cell lines. Results are shown as geometric mean ICso values (with 95% confidence
interval), corresponding to the concentrations that inhibit growth by 50% relative to vehicle-treated control cells, from three biological

replicates.
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Table 2: Transport kinetics for 6-substituted pyrrolo[3,2-d]pyrimidine analogs compared to MTX, PMX and AGF94.

RFC (R1-11 RFC2) pH 7.2 PCFT (R2/PCFT4) pH 5.5

Substrate |y (um) (pmol‘,'r“"]aé iminy | VmelKn | Ko (M) Kom (uM) (pmol‘/’r';‘:é imin) | VmolKm Ki (M)

MTX (0.58'7(?8?622) (4453? 44) (1 o 26) ND (0.2255?%?441 V| @ 81(-)388) (6817?3204) ND

PMX ND ND ND (0_5?55_8_3663) ND ND ND (o_ogﬁg?oss)
AGF94 ND ND ND .411'2631-‘112*30) ND ND ND (0.&2-78251 1)
AGF291 ND ND ND (0‘202%?3:38) ND ND ND (0_0%;%?;75)
AGF320 ND ND ND (0.1%5%9;72) ND ND ND (0.0%'71-‘(1)?;09)

AoraaT 0.388™ 720 205 0.247" 0.057% 184 3227 0.070
(0.280-0.536) (68-75) (156-270) | (0.186-0.327) | (0.038-0.086) |  (129-263) | (1499-6945) | (0.068-0.073)

Transport assays were performed using engineered R2/PCFT4 (expresses PCFT only) and R1-11 RFC2 (expresses RFC only) cells. For
determinations of Kmand Vmax values by Lineweaver-Burk analysis, concentrations of [?HJAGF347 or [*H]MTX were from 0.02 to 0.5 uM for R2/PCFT4
(at pH 5.5) and from 0.25 to 5 pyM for R1-11 RFC2 (at pH 7.2). Ki values for each of the drugs were determined by Dixon analysis over a range of
concentrations of non-radioactive competitor from 0 to 500 nM (for R2/PCFT4 at pH 5.5) or 0 to 1 yM (for R1-11 RFC2 at pH 7.2) and 0.5 uM [PHIMTX.
Results are presented as geometric mean values (with 95% confidence intervals) from three biological replicates. Pairwise statistical comparisons
were performed against MTX (Km and Vmax) and PMX (Ki) using two-sided, unpaired t-test. # denotes p < 0.1, * denotes p < 0.05, ** denotes p< 0.01,

and *** denotes p < 0.001. ns indicates “no significant difference” when comparing parameters from MTX and AGF347. ND, not determined.
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Table 3. Subcellular AGF347 metabolite
distributions in MIA PaCa-2 cells.

pmol/mg AGF347 metabolite
AGF347 form (%)
Cytosol Mitochondria
PG, 12.87+/-3.52 | 36.65+/-4.03
(6.42%) (14.28%)
PG, 68.03+/-0.37 | 115.53+/-6.48
(33.94%) (45.01%)
PG 88.30+2.00 71.26+/-5.17
(44.05%) (27.76%)
PG 14.31+/-2.08 12.59+/2.42
4 (7.41%) (4.90%)
PG, 7.45+/-0.76 8.91+/-1.28
(3.72%) (3.47%)
PG, 4.50+/-0.40 4.49+/-1.95
(2.24%) (1.75%)
4.00+0.89 7.52+/-2.43
PG1 (AGF347) (2.49%) (2.93%)
Total AGF347 200.45 256.69
forms

MIA PaCa-2 NTC cells were incubated with 2 uM
[*HJAGF347 for 48 h in the presence of adenosine (60 uM)
and glycine (130 pM). Cytosolic and mitochondrial cellular
fractions were isolated by differential centrifugation and
parent (PG1) and polyglutamyl (PG2-PG7) forms were
fractionated by reverse phase HPLC and quantified.
Results are expressed in units of pmol/mg protein as the
average +/- range for biological duplicate experiments and
as the percentage of the total AGF347 forms in each
cellular compartment (cytosol and mitochondria)
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Figure Legends

Figure 1. C1 metabolism is compartmentalized in the cytosol and the mitochondria. Folates (and
folate analogs) enter the cell through plasma membrane folate transporters including PCFT and
RFC. Folates then enter the mitochondria by MFT (SLC25A32). Serine catabolism occurs in the
mitochondria beginning with SHMT2 to generate glycine and formate. Glycine is used for
synthesis of proteins, purines and glutathione (GSH), whereas formate is critical for downstream
cytosolic C1 metabolism following formation of 10-formyl-THF. 10-Formyl-THF serves as a C1
donor for the steps catalyzed by GARFTase and AICARFTase in de novo purine nucleotide
biosynthesis. Formate is also converted to 5,10-methylene (me) THF by 5,10-me-THF
dehydrogenase 1 (MTHFD1) which is the cofactor for thymidylate synthase (TS). Arrows indicate
the net flux of C1 metabolism but most reactions in the serine/glycine cycle are reversible. Also
shown is the SHMT1 reaction in cytosol, which generates serine from glycine and 5,10-me-THF,

and the inactivation of ROS by GSH.

Figure 2. In vitro antitumor efficacy and identification of targeted pathways and enzymes by
AGF347 in BxPC-3 and HPAC tumor cells by proliferation assays and adenosine/glycine rescue.
Dose-response growth inhibition curves are shown for AGF347 (structure shown) without
additions, or in the presence of adenosine (60 uM) and/or glycine (130 yM). The results are mean

values +/-standard deviations for three biological replicates.

Figure 3. Plasma membrane uptake of AGF291, AGF320, and AGF347. (A,B) Inhibition of
[FBHIMTX and [*H]JAGF347 uptake (both at 0.5 uM) in (A) RFC-expressing R1-11 RFC2 Hela cells
at pH 7.2 and (B) PCFT-expressing R2/PCFT4 CHO cells at pH 5.5. AGF94 and PT523
treatments (both at 10 uM) are used as PCFT- and RFC-specific inhibitor controls, respectively.

Results (mean values * standard deviations) reflect three biological replicates and are expressed
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as the fraction of [PH]MTX uptake relative to vehicle (i.e. DMSO) treated cells. (C-F) Uptake of
[PH]JAGF347 in HCT116 WT (C) and PaC cells at pH 5.5 (C), pH 7.2 (D), and pH 6.8 (F), without
additions or in the presence of 10 yM AGF94 and/or PT523. Results (mean values * standard
deviations) reflect three biological replicates and are expressed as pmol [*H]substrate per mg
protein. #, p<0.10; *, p <0.05; **, p<0.01; ***, p < 0.001. “ns” = not significant. Pairwise statistical
comparisons were performed by two-sided unpaired t-tests against R1-11 RFC2in (A), R2/PCFT4
(B), and none (C-E), unless otherwise specified by lines indicating pairs to be compared.

Experimental details are in Materials and Methods.

Figure 4. Subcellular compartmentation of AGF347 relative to folic acid and MTX. (A-F) Relative
distributions of (A) [*H]folic acid (2.26 uM), (B) [*HIMTX (2 uM), and (C) [*H]JAGF347 (2 uM), as
well as total cellular (D) and compartment-specific accumulations in the cytosol (E) and
mitochondria (F) of glyB (MFT-null) and glyBTIl (human MFT transfected) CHO cells and MIA
PaCa-2 NTC (MFT WT) and MIA PaCa-2 MFT KD (MFT KD) PaC cells. Results (mean values +
standard deviations) represent three biological replicates and are expressed as a percentage (A-
C) or pmol [*H]substrate per mg protein in each cellular fraction (mitochondrial and cytosol) (D-
F). (G-1) HPLC analysis of [*H]JAGF347 polyglutamyl derivatives in the cytosol (G) and
mitochondria (H) of MIA PaCa-2 cells, along with a conjugase-treated aliquot of the cytosol (1).
Results are expressed as counts per minute (CPM) eluted in a given time fraction (see Materials
and Methods) and are representative of two biological replicates. #, p < 0.10; *, p < 0.05; **, p <
0.01; ***, p < 0.001. “ns” = not significant. Pairwise statistical comparisons were performed by

two-sided unpaired t-tests and each line indicates a pair to be compared in (panels D-F).

Figure 5. Inhibition of mTOR signaling by AGF291, AGF320, and AGF347. (A,B) Activation of
AMPK and suppression of mTOR signaling via S6K1 (mTOR effector, p85 and p70 isoforms) in
vehicle-, AICAR-, or drug-treated KRAS WT BxPC-3 and KRAS mutant HPAC cells. The cell lines
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were analyzed on the same gel with a single marker. AMPK activation is reflected in the
hyperphosphorylation (P-AMPK) and S6K1 suppression is reflected in the hypophosphorylation
of p85-S6K1 and p70-S6K1 (P-p85-S6K1 and P-p70-S6K1). Total AMPK and p85-S6K1 and p70-
S6K1 are shown. B-Actin was used as a loading control. Blots are representative of three

biological replicates. Experimental details are in Materials and Methods.

Figure 6. Effects of AGF347 on mitochondrial respiration. Oxygen consumption rate (OCR)
measurements of vehicle-treated HCT116 WT or SHMT2 KO cells, and of AGF347-treated
HCT116 WT cells during a mitochondrial stress test are shown. Experiments were performed with
a Seahorse XeF-24 analyzer with HCT116 cells pretreated with vehicle (DMSO; WT and SHMT2
KO) or 10 uM AGF347 (WT) for 48 h in glycine-replete media with 60 uM adenosine. Oligomycin
(1 M), FCCP (1 uM), and rotenone/antimycin A (1 uM each) were sequentially added at the
indicated time points to determine basal, maximal, and non-mitochondrial respiration, as well as
H* leak. Results (mean values + standard errors) represent 12 technical replicates measured over
two independent experiments. #, p < 0.10; *, p < 0.05; **, p < 0.01; ***, p < 0.001. “ns” = not
significant. Pairwise statistical comparisons were performed by two-sided unpaired t-tests against

WT. Experimental details are in Materials and Methods.

Figure 7. Effects of AGF347 on ROS and reduced (GSH) and total (GSH + GSSG) glutathione
pools. (A) Carbonic anhydrase IX (CA9) transcripts were measured as a biological readout for
hypoxia in HCT116 (WT, SHMT1 KO, and SHMT2 KO) and PaC (BxPC-3, HPAC, and MIA PaCa-
2) cells incubated for 24 h under normoxic (21% Oz, 5% CO3) or hypoxic (0.5% O, 5% CO,)
conditions. (B,C) Data are shown for cellular ROS generation in vehicle- or AGF347-treated cells
under normoxia (B) or hypoxia (C). (D) Data are shown for reduced glutathione (GSH) and total
glutathione (GSH+GSSG) in vehicle- or AGF347-treated cells under hypoxic conditions. CA9
experiments reflect three biological replicates, GSH/GSSG experiments reflect 8 technical
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replicates over two independent experiments, and ROS experiments represent 16 technical
replicates over two independent experiments. GSH/GSSG and ROS results (mean values +
standard deviations) were normalized to cellular proteins. #, p < 0.10; *, p < 0.05; **, p < 0.01; ***,
p < 0.001. “ns” = not significant. Pairwise statistical comparisons were performed by two-sided

unpaired t-tests against normoxia samples in panel A and respective WTs in panels B-D.
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Figure S1. Relative transcripts of the proton-coupled folate transporter (PCFT), reduced folate
carrier (RFC), and folate receptor a (FRa) were measured by RT-PCR in PaC cell lines and
HPNE (human pancreatic normal epithelial) cells and compared to those in KB cells, which
were assigned a value of 1. Results reflect mean values * standard deviations of 3 biological
replicates with transcript levels for target genes normalized to those of glyceraldehyde-3-
phosphate dehydrogenase (GAPDH).
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Figure S2. Generation of glyBTIl and MIA PaCa-2 MFT KD cell lines. (A) Myc-tagged human
MFT cDNA was transfected into glyB cells to generate glyBTIl cells. Western Blot of
mitochondrial fraction (see Materials and Methods) of glyB and glyBTIl cells (left) with
Coomassie Blue stain of the membrane used as a loading control (right). (B) Relative transcripts
of MFT in MIA PaCa-2 cells transduced with non-targeted control (NTC) and MFT-targeted
shRNA. Results (mean values * standard deviations) represent three biological replicates. A
pairwise statistical comparison was performed by a two-sided unpaired t-test against NTC. **, p
<0.01.



Table S1: Purity of Subcellular Fractions

MIA PaCa-2 NTC Cytosol Mitochondria
LDH Activity 96.92 (1.69) 3.08 (1.69)
SDH Activity 77.53 (6.06) 22.47 (6.06)

MIA PaCa-2 MFT KD Cytosol Mitochondria
LDH Activity 97.22 (0.49) 2.78 (0.49)
SDH Activity 83.78 (3.63) 16.22 (3.63)

GlyB Cytosol Mitochondria
LDH Activity 99.62 (0.06) 0.38 (0.06)
SDH Activity 76.94 (10.93) 23.07 (10.93)
GlyBTII Cytosol Mitochondria
LDH Activity 98.48 (2.15) 1.52 (2.15)
SDH Activity 78.04 (2.64) 21.96 (2.64)
HPAC Cytosol Mitochondria
LDH Activity 94.27 (1.51) 5.73 (1.51)
SDH Activity 84.46 (2.07) 15.54 (2.07)

Subcellular fractions were generated as described in the Materials and

Methods. Lactate dehydrogenase (LDH) and succinate dehydrogenase (SDH)
were assayed spectrophotometrically as markers for cytosol and mitochondria
respectively. Results reflect three biological replicates and the percentage of
total enzyme activity in each fraction (mean + standard deviation) is provided.






