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Membrane Permeant Analogs for Independent Cellular
Introduction of the Terpene Precursors Isopentenyl- and

Dimethylallyl-Pyrophosphate

Francis M. Rossi*,™ " Dillon P. McBee*,” Thomas N. Trybala,” Zackary N. Hulsey,”
Camila Gonzalez Curbelo,® William Mazur,” and Joshua A. Baccile*™

Isopentenyl pyrophosphate (IPP) and dimethylallyl pyrophos-
phate (DMAPP) are the central five-carbon precursors to all
terpenes. Despite their significance, exogenous, independent
delivery of IPP and DMAPP to cells is impossible as the
negatively charged pyrophosphate makes these molecules
membrane impermeant. Herein, we demonstrate a facile
method to circumvent this challenge through esterification of
the B-phosphate with two self-immolative esters (SIEs) that
neutralize the negatively charged pyrophosphate to yield
membrane-permeant analogs of IPP and DMAPP. Following
cellular incorporation, general esterase activity initiates cleav-

Introduction

Terpenes, a class of biologically derived molecules containing
over 80,000 structurally characterized members to date, exhibit
an array of activity critical to basic life processes." The biosyn-
thesis of all terpenes originates from the initial condensation of
the structurally related building blocks, isopentenyl-pyrophos-
phate and dimethylallyl-pyrophosphate (IPP and DMAPP,
respectively), which in humans are biosynthesized by the
mevalonic acid (MVA) pathway (Figure 1A).” Levels of IPP and
DMAPP are directly involved in cardiovascular disease and are
implicated in cancer and neurogenerative disorders such as
Alzheimer’s disease.”’ In the MVA pathway, DMAPP is biosyn-
thesized from IPP by the action of isopentenyl-pyrophosphate
isomerase (IP1)." IPP and DMAPP are combined to form farnesyl
pyrophosphate, which gives rise to all higher molecular weight
terpenes, including cholesterol, dolichol and coenzyme Q.
Despite the centrality of IPP and DMAPP in the formation of
many biologically important molecules, relatively few strategies
have been developed to interrogate their activity.

The negative charge of pyrophosphates at physiological pH
makes IPP and DMAPP membrane impermeant, preventing
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age of the SIEs, resulting in traceless release of IPP and DMAPP
for metabolic utilization. Addition of the synthesized IPP and
DMAPP precursor analogs rescued cell growth of glioblastoma
(U-87MQG) cancer cells concurrently treated with the HMG-CoA
reductase inhibitor pitavastatin, which otherwise abrogates cell
growth via blocking production of IPP and DMAPP. This work
demonstrates a new application of a prodrug strategy to
incorporate a metabolic intermediate and promises to enable
future interrogation of the distinct biological roles of IPP and
DMAPP.

their exogenous addition to biological systems (Figure 1B).2¥ To
circumvent this problem, the uncharged, cell permeant alcohol
precursors isoprenol (for IPP) and prenol (for DMAPP) have
been fed to cells engineered to express non-native kinases,
which convert the alcohols into desired pyrophosphates (Fig-
ure 1B).” This approach is restricted to a limited number of host
organisms and is generally targeted toward the enhanced
production of a specific terpene rather than a detailed
investigation of the independent biochemistry of IPP and
DMAPP. An alternate chemical strategy to introduce exogenous
IPP and DMAPP into cells is the membrane permanent molecule
mevalonolactone (MVA-L), which is hydrolyzed in cells to the
IPP precursor mevalonic acid (Figure 1B).”) As DMAPP is
exclusively formed from IPP in the MVA pathway, this approach
does not allow for the independent introduction of IPP and
DMAPP (Figure 1A, 1B). Hence, a method allowing for exoge-
nous independent addition of precise amounts of IPP and
DMAPP that facilitates the detailed interrogation of their
metabolism is lacking.

We envisioned that IPP and DMAPP could be made
membrane permeant by masking the negative charge on their
B-phosphate with esterase-dependent self-immolative esters
(SIEs), (Figure 1C). Once inside the cell, hydrolysis of the ester
sidechain on the f-phosphate by native general esterase
activity would release IPP and DMAPP in a traceless manner
(Figure 1C). Herein we report a facile, modular synthesis of cell
permeant precursors to IPP (1a-d, Scheme 1) and DMAPP (2a-
d, Scheme 1) and demonstrate that 1a-d and 2a-d enter the
cell and rescue growth and viability in mammalian cancer cells
(U-87MG glioblastoma) treated with pitavastatin (Pita), a statin
drug which prevents cell growth through inhibition of MVA
biosynthesis (Figure 1A).

© 2022 Wiley-VCH GmbH
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Figure 1. Biosynthesis, cellular permeability and envisioned strategy for making cell permeant analogs of IPP and DMAPP. A) Biosynthetic scheme for IPP and

DMAPP starting from acetyl-CoA and proceeding through mevalonic acid (MVA). IPI (isopentenyl pyrophosphate isomerase).

B) Isoprenol and prenol are cell

permeant but require introduction of non-native kinases to become IPP or DMAPP; MVA-L is membrane permeant but produces both IPP and DMAPP. C)
Envisioned strategy for $-phosphate protection to make IPP and DMAPP cell permeant. Once inside the cell, native general esterase activity causes traceless

release of IPP or DMAPP.

Results and Discussion

Design and synthesis of cell permeant IPP and DMAPP
precursors

Small negatively charged molecules with limited hydrophobic-
ity are typically not membrane permeant. A widely adopted
solution to this problem has been to mask the negative charge
with esters which, once inside the cell, are cleaved by general
esterases to release the negatively charged native compound.®
While per-esterification of pyrophosphate oxygens impart cell
permeability, it also increases the lability of the phosphodiester
bond, which causes rapid in-cell pyrophosphate hydrolysis to
monophosphates.”) Meier and coworkers addressed this prob-
lem by protecting only the B-phosphate of nucleoside diphos-
phates with a SIE of p-hydroxybenzyl alcohol.®' This self-
immolative linker has also been employed for release of a
variety of cargos in many biologically relevant applications,
such as release of carbonyl sulfide (COS), hydrogen sulfide (H,S),
and lipid nanoparticles.!""

We hypothesized a similar strategy could be applied to
protect the B-phosphate of IPP and DMAPP (Figure 1C). To
access the envisioned cell permeant IPP and DMAPP precursors
we employed a modular synthetic route (Scheme 1)) The
required phosphoramidites were prepared as shown in Sche-
me 1A. Briefly, p-hydroxybenzyl alcohol (3) was reacted with the
appropriate acid chloride to give 4-acyloxybenzyl alcohols 4a-
d. The acid chlorides were selected to provide a range of
lipophilicities and ester stabilities to the final IPP and DMAPP
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analogs. Reaction of 4-acyloxybenzyl alcohols 4a-d with
diisopropylphosphoramidous dichloride gave the desired phos-
phoramidites 5a-d. The IPP and DMAPP analogs were synthe-
sized in one pot from the appropriate alcohol and phosphor-
amidite as shown in Scheme 1B. The monophosphates were
first prepared by slow addition of an acetonitrile solution of
tetrabutylammonium phosphate to an acetonitrile solution of
the alcohol (6 or 7, Scheme 1B) and trichloroacetonitrile.
Reaction of the resulting monophosphate salt with phosphor-
amidites 5a-d and 4,5-dicyanoimidazole, followed by oxidation
with tert-butyl hydroperoxide gave the desired masked pyro-
phosphate as the tetrabutylammonium salt. The tetrabutylam-
monium ion was exchanged for ammonium ion with Dowex
50WX8 resin to give the desired compounds 1a-d and 2a-d as
ammonium salts suitable for biological evaluation. DMSO
solutions of 1a-d and 2a-d appear to be stable for months
stored in a —80°C freezer.

Stability of cell permeant DMAPP analogs in cell culture
conditions

We sought to confirm the stability of SIE masked compounds
under conditions used for mammalian cell culture. Reasoning
that our DMAPP analogs (2a-d) would be more hydrolytically
labile than the IPP analogs (1a-d) owing to the DMAPP’s ability
to form an allylic carbocation, we incubated the DMAPP series
2a-d in Dulbecco’s Modified Eagle Medium (DMEM), pH 7.4, at
37°C and monitored the disappearance of the phosphate
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Scheme 1. Modular synthetic approach for accessing cell permeant IPP and
DMAPP analogs. A) Synthetic approach for accessing phosphoramidites 5a-
5d. B) Conversion of commercially available alcohols (6 and 7) to SIE
protected IPP and DMAPP in one pot.

diester by liquid chromatography-high resolution mass spec-
trometry (LC-HRMS, Figure 2A, see Supporting Information for
details). Whereas compound 2a showed substantial degrada-
tion over 24 h, compounds 2 b-d were relatively stable over the
same period. Mammalian cells are typically cultured in the
presence of fetal bovine serum (FBS) in order to facilitate cell
growth.®¥ To determine if FBS possesses esterases that could
prematurely hydrolyze our compounds, we also analyzed the
stability of 2a-2b in DMEM with 10% v/v FBS (Figure 2B). The
addition of FBS clearly enhanced the degradation of 2a-c, while
2d was largely unaffected, suggesting that FBS contains
esterases that favor sterically unhindered esters. These results
show that protection of the (3-phosphate is a suitable method
for masking the negative charge on DMAPP (and by inference
IPP) without compromising hydrolytic stability, so long as the
sidechain chosen is sufficiently resistant to spontaneous
hydrolysis and hydrolysis by esterases in FBS.
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the SIE masked pyrophosphates established, we sought to
determine if 1a-2d were capable of entering cells and
releasing IPP and DMAPP that could be bio-utilized. Previously,
Jiang and coworkers showed that treatment of U-87MG cells
with statins resulted in cell cycle arrest and loss of cell viability.
The normally elongated cells exhibited a rounded morphology,
and thus a smaller circumference, when treated with the statin
Pita. These effects could be rescued by addition of 100 uM
MVA-L, a metabolic precursor to IPP and DMAPPEY we
reasoned that if compounds 1a-d and 2a-2d were cell
permeant and release their respective pyrophosphates once
inside the cell, we would observe a similar rescue phenotype.
We treated cells with the statin Pita (10 pM) and 1a-d and 2a-
2d (100 pM). MVA-L was used as a positive control and IPP was
used as a negative control. Cells imaged over 24 h exhibited a
rounding morphology, and thus smaller circumference, when
treated with Pita, which was rescued by addition of 1a-d and
2a-2d and the positive control MVA-L (Figure 3, Figure S2 and
S3; Supporting Information Movies 1 and 2). Treatment of the
same cells with Pita and IPP showed no morphology recovery,
confirming that exogenous, unmasked IPP is not bioavailable to
U-87MG cells and that the morphological rescue observed in
cells treated with 1a-d and 2a-2d resulted from the com-
pounds entering cells. We also evaluated the effects of 1a-d
and 2a-d in the absence of Pita. Surprisingly, we observed
increased cell circumference with elongated morphology
throughout the 24 h incubation for compounds with more
stable esters with bulkier side chains (1¢, 2¢, 1d, and 2d) and
immediate toxic effects with compounds bearing labile side-
chains (Figure S4, Figure S5, and Supporting Information Movie
3). Incubation of cells with the precursor alcohols 4a-d resulted
in no observable rescue from Pita treatment (Figure S6).

While morphological recovery of treated cells strongly
indicates rescue of the isoprenoid pathway in U-87MG cells,
morphology is not necessary directly coupled to viability, a
previously shown marker of rescue by MVA-L in statin treated
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Figure 2. LC-HRMS analysis of stability assays of compounds 2a-d. A) Log;, peak area of 2a-d in DMEM, pH 7.4. B) Log;, peak area of 2a-d in DMEM with
addition of 10% v/v FBS. C) Pig liver esterase (PLE) activity assay of compound 1b showing extracted-ion-chromatograms (EICs) for 1b (left, m/z=653.2286),

following the first cleavage (middle, m/z=

cancer cells.®¥ To address viability directly, we repeated the
feeding experiments with Pita, compounds 1a-d and 2a-d,
and measured cell viability after 72 h of incubation following
the procedure of Jiang and coworkers.®¥ Similar to the
observed rescue in morphology, we saw increased cell viability
after 72 h for cells treated with Pita and 1a-d and 2a-d, as
compared to cells treated with Pita alone (Figure 4A and 4B).
Interestingly, all prepared compounds showed viability rescue
after 72 h, whereas, on a shorter timeframe (24 h) we observed
morphology recovery in only the subset of compounds with the
most durable morphology recovery resulting from treatment
with 1Tc-d or 2c-d. These results indicate that the cellular
morphology is a short-term response to the extracellular
delivery of IPP and DMAPP; therefore, 1a-d and 2a-d all have
sufficient stability and cell penetration to maintain cell viability
over longer growth times.

The duration and intensity of morphological rescue appears
to correlate well with bulkiness of the ester. Compounds with
steric bulk on the ester, pivoyl (1c and 2c), and benzoyl (1d,
and 2d), show cell morphology rescue within several hours
(Figure 3). The less bulky acetyl (1a and 2a) and hexanoyl

ChemBioChem 2023, 24, €202200512 (4 of 9)

449.1136), and finally releasing free IPP (right, m/z=244.9985), synthetic IPP shown as black line on right.

derivatives (1b and 2b) have more accessible esters allowing
for faster cleavage by native esterases and the rapid release of
IPP or DMAPP, which are known to be toxic at high
concentrations. The initial reduction in cell size observed during
the first six hours of treatment (Figure 3, Figure S2 and S3) is
likely caused by either release of the quinone methide by-
product or high initial intracellular concentration of IPP or
DMAPP, that potentially result in the production of the
prenylated ATP derivative, Apppl, a toxic compound know to
be produced when levels of IPP are elevated."™ These results
mirror the stability of compounds 1a-2d to general esterases
we believe are present in FBS, as LC-HRMS analysis of the
supernatants from 24 h incubations with cells show similar
trends (Figure S7) and feeding studies conducted with com-
pounds 1a-2d in the absence of Pita (Figure S4). Collectively
these results show that the small acetyl ester (1a and 2a) is not
ideal for metabolic incorporation experiments, whereas the
bulkier esters (1b-d) and (2b-d) offer the potential to have
distinct release profiles.

© 2022 Wiley-VCH GmbH

QSUAIIT suoWWo)) dAnear) a[qearjdde ayy £q paurosoS a1e saonIe Y asn Jo sajni 10j K1eiql] auljuQ A3[IA| UO (SUONIPUOI-PUL-SULId)/W0d Ko[1m KIeiqijautuo//:sdiy) suonipuo)) pue swld | oy 23S [£207/90/L1] uo Areiqry autjuQ AdIpy Q[IAxouy ‘@assauua ], JO ANsIoAun £q 15002202 2199/2001 0 1/10p/wod Kajim’Areiqrjautjuo-adoina-Ansiwayo;/:sdny woiy papeojumo(] ‘1 ‘cf0z ‘€€9L6ET1



Research Article

Chemistry
Europe

ChemBioChem doi.org/10.1002/cbic.202200512 Socrmues Pubtahng

24h

S n
.'-,16_?"
. Ay

18974

‘- 24h S = )

m Pita (10 uM) Pita (10 yM) + MVA-L (100 M) | _ Pita (10 uM) + 1d (100 uM)_| _Pita (10 uM) + 2d (100 uM)

(pm)
»

nN
w

= N
O =

Cell Circumference
- -
[, N |
ra
{

Cell Circumfere

il
w

6 9 12 15 18 21
Time (h)

24

1 3 6 9 12 15 18 21 24
Time (h)

| —Vehicle —Pita —MVA-L PP —1al2a+Pita —1b/2b+Pita 1c/2c+Pita —1d/2d+Pita |
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(100 uM). Images were obtained from the Cytation Biotek1 imager with a 4 x objective. B) Average cell circumference determined by Gen5 imaging software
of U-87MG cells plotted against time after addition of IPP compounds 1a-1d (100 um) with measurements every 10 min for 24 h. C) Average cell
circumference determined by Gen5 imaging software of U-87MG cells plotted against time after addition of IPP and DMAPP analogs 1a-2d (100 pM) with

measurements every 10 min for 24 h.

Conclusion
IPP and DMAPP are central metabolites required to produce a

plethora of molecules vitally important in cellular physiology.
We show that protection of the 3-phosphate on IPP and DMAPP

ChemBioChem 2023, 24, €202200512 (5 of 9)

with SIEs imparts cell permeability, subsequent esterase-
dependent traceless release and metabolic utilization. Rescue
studies of the statin treated U-87MG human cancer cell line
show that the sidechain of the self-immolating esters modulates
the stability and release rate of IPP and DMAPP. The modular
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Figure 4. Cell growth and viability assays with U-87MG cells treated with Pita (10 uM) and compounds 1a-2d (100 pM). A) U-87 MG cells imaged 72 h after
concurrent treatment with Pita (10 uM) and compounds 1d and 2d (100 pM). Images were obtained from the Cytation Biotek1 imager with a 20x objective.
B) alamarBlue cell viability assay results for vehicle control, Pita, MVA, IPP, and compounds 1a-d and 2a-d after 72 h incubation. Percentages are relative to

vehicle (DMSO plus pluronics), see Supporting Information for more details.

and facile synthetic route reported here enables access to a
wide range of SIEs which could potentially be used for targeted
release of IPP and DMAPP. The prodrug-like strategy described
will enable future isotopic labeling studies of IPP and DMAPP,
has the potential to permit interrogation of the independent
roles of IPP and DMAPP themselves, is applicable to other
membrane impermeant metabolic intermediates, and has
potential to be leveraged in other organisms with general
esterase activity, such as some fungi and bacteria.

ChemBioChem 2023, 24, €202200512 (6 of 9)

Experimental Section

Synthetic materials: Chemicals were purchased and used without
further purification. Where applicable, dry solvents were prepared
by freshly distilling and storing over 3 A molecular sieves. Unless
otherwise indicated, all reactions were carried out in oven-dried
glassware under an inert atmosphere of argon that was pre-dried
by passing through calcium sulfate. Thin-layer chromatography
(TLC) was performed using either Baker-flex® disposable TLC plates
(J.T. Baker) or TLC Silica gel 60 F,; glass-backed TLC plates
(Millipore Sigma). Visualization was achieved either using UV light
(254 nm) and/or staining in KMnO, (1.5g KMnO, 10g K,CO,,
1.25 mL 10% NaOH in 200 mL of H,0) and developing with heat.
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Flash chromatography of crude products was carried out using a
Buchi Pure C-850 FlashPrep chromatography system using pre-
packed silica or C18 cartridges where indicated.

NMR spectroscopy: 'H, *C, and *'P spectra were recorded on a
Bruker Ascend 500 (500 MHz) with a Bruker 5 mm BBFO SmartProbe
with the indicated solvents used as the internal deuterium lock.

H,”*C, and *'P chemical shifts are reported in §, relative to the
undeuterated residual solvent peak."* All spectra are referenced
using the residual solvent signal of the indicated solvent. *'P
spectra were referenced using absolute referencing to the ?H lock
signal in the indicated solvent.

The multiplicity of each signal is indicated by: s (singlet); br s (broad
singlet); d (doublet); t (triplet); g (quartet); dd (doublet of doublets);
ddd (doublet of doublet doublets); m (multiplet). The number of
protons (n) for a given resonance signal is indicated by nH. The
coupling constants were determined by analysis using Mestrenova
software (version 12.01) and reported to the nearest 0.1 Hz.

Synthetic procedures for compounds 1a-5d

General procedure A: synthesis of 4-acyloxy benzyl alcohols: Acid
chloride (30 mmol) was added dropwise to a suspension of 4-
hydroxybenzyl alcohol (3.72 g, 30 mmol) in triethylamine (4.18 mL,
30 mmol) and dichloromethane (200 mL) cooled on an ice/water
bath. After 2.5 hours, the reaction mixture was extracted with water
(2x100 mL) and brine (100 mL). The organic layer was dried with
anhydrous magnesium sulfate, filtered, and the solvent was
evaporated under reduced pressure. Gradient automated flash
chromatography of the residue (hexane/ethyl acetate 0-100% over
30 minutes), followed by evaporation of solvent gave the 4-acyloxy
benzyl alcohol 4.

General procedure B: synthesis of phosphoramidites: A mixture of
acyloxy benzyl alcohol 2 (12.03 mmol) and triethylamine (1.68 mL,
12.03 mmol) in THF (15 mL) was added dropwise over several hours
(~1 drop per min) to a solution of diisopropylphosphoramidous
dichloride (1.13 g, 5.60 mmol) in THF (20 mL) that was cooled on an
ice/water bath. After the addition was complete, the reaction
mixture was allowed to come to room temperature and stirred,
overnight. The reaction mixture was filtered and the precipitate was
rinsed three times with a small amount of hexane. The combined
filtrates were evaporated under reduced pressure and the residue
was purified using gradient automated flash chromatography on a
silica gel column pretreated with 2.5% triethylamine in hexane
(isocratic 2.5% triethylamine in hexane (5 min); 2.5% triethylamine
in hexane/ethyl acetate 0-10%). Evaporation of solvent gave
phosphoramidite 5.

General procedure C: synthesis of pyrophosphates: A solution of
tetrabutylammonium phosphate (0.255 g, 0.75 mmol) dissolved in
acetonitrile (3 mL) was added dropwise over 10 minutes to a
solution of 3-methyl-3-butene-ol or 3-methyl-2-butene-ol (IPP or
DMAPP respectively, 2.25 mmol) and trichloroacetonitrile (82.7 pL,
0.825 mmol). After 20 minutes, additional trichloroacetonitrile
(0.015 mL, 0.015 mmol) was added and the reaction mixture was
stirred for 20 minutes. The solvent was removed under reduced
pressure and the residue was placed on the vacuum line overnight
to remove residual alcohol. Phosphoramidite 3 (0.90 mmol) was
added to the residue and the combined mixture was dissolved in
acetonitrile (2.5 mL). 4,5-Dicyanoimidazole (0.25 M in acetonitrile)
was added in three portions (1.2 mL each) five minutes apart. The
reaction mixture was stirred for three hours. tert-Butyl hydro-
peroxide (~5.5 M in decane, 0.164 mL, 0.90 mmol) was added and
the reaction mixture was stirred for one hour.
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The solvent was evaporated under reduced pressure and the
residue was chromatographed using a C18 EcoFlex column (12 g,
pre-equilibration with water for 10 min, eluting with water for
10 min, followed by eluting with a water acetonitrile gradient, 0%-
100% acetonitrile over 30 min). Fractions containing the product
were pooled and lyophilized. The residue was taken up in
acetonitrile (~0.5 mL) and ammonium bicarbonate/isopropyl! alco-
hol (~0.5mL, 25mM ammonium bicarbonate, 2% isopropyl
alcohol) and ion exchanged (Dowex 50WX8, 18 g; washed with
water, 30 min; 1M HCl, 20 min; water, 20 min; 25% ammonium
hydroxide, 20 min; and 25mM ammonium bicarbonate, 2%
isopropyl alcohol, 20 min. Elution buffer, 25 mM ammonium
bicarbonate, 2% isopropyl alcohol). Fractions containing the
product were pooled and lyophilized. The residue was dissolved in
water (~0.5 mL) and acetonitrile (~0.5 mL) and chromatographed
using a C18 EcoFlex column (4 g, pre-equilibration with water for
10 min, eluting with water for 10 min, followed by eluting with a
water acetonitrile gradient, 0%-100% acetonitrile over 30 min).
Fractions containing the product were pooled and lyophilized to
give pyrophosphate 1 or 2. Compounds 1a and 2a were purified
using an alternate method using preparatory chromatography. The
lyophilized pooled fractions collected from ion exchange were
instead purified using a PrepPure C18 preparative column (100 A,
10 um, 250%30 mm). The column was equilibrated with water for
10 minutes at a flow rate of 30 mLmin~" followed by elution with
water for 10 minutes followed by eluting with a water acetonitrile
gradient, 0%-100% acetonitrile over 30 min.

Liquid-chromatography high-resolution mass spectrometry (LC-
HRMS): LC-HRMS analysis was performed using a Thermo Scientific
Exploris™ 120 mass spectrometer coupled to a Vanquish UPLC
system. Separations were carried out under the following chroma-
tographic conditions using a Luna® Omega Polar C18 column
(1.6 um, 100A, 150x2.1 mm) operating at a flow rate of
0.150 mLmin~",

Mobile phase A: 10 mM aqueous ammonium bicarbonate
Mobile phase B: 1:1 methanol: acetonitrile

Column temperature (°C): 45

Sample temperature (°C): 4

Injection volume: 2 pL

The gradient was programmed as follows: 100% A for 2 minutes to
100% B over 15 minutes. Hold 0.5 minutes then to 100% A over 0.5
minutes. The mass spectrometer was operated under the following
tune and scan parameters:

Positive ion (V): 3400

Negative ion (V): 2000

Sheath gas (arb): 35

Aux gas (arb): 7

lon transfer tube temp (°C): 320
Vaporizer temp (°C): 275
Orbitrap resolution: 120000
Scan range: 100-1000 m/z

RF Lens (%): 70

Maximum injection time: 100 ms

Microscans: 1
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Porcine liver esterase (PLE) activity assay: Compounds 2a-2d
were mixed with a 15% w/v pluronics solution in DMSO 1:1 (v:v).
This was diluted in PBS to a final concentration of 150 uM and a
total volume of 100 puL. PLE was added at a working concentration
of 0.308 U/mL. Aliquots (10 pL) were taken at 0, 30, 60, 120, 240,
and 480 s and were quenched using 30 pL of methanol followed by
flash-freezing in liquid nitrogen. Upon completion of the assay,
samples were thawed and sonicated for 5 min, followed by
centrifugation at 18,000 g for 18 min. The supernatant was trans-
ferred to an autosampler vial and stored at —80°C until LC-HRMS
analysis.

U-87MG cell culture: Uppsala 87 Malignant Glioma (U-87 MG) were
obtained from ATCC (Manassas, VA). Cells were grown in Dulbecco’s
modified eagle medium (Gibco) supplemented with 10% (v:v) fetal
bovine serum (Gibco), and 50 U/mL penicillin/streptomycin (Gibco)
in a humidified incubator at 37°C, 5% CO,.

Cells were plated from 100 mm dishes at 80-90% confluency into
24-well plates at a seeding density of 2x 10° cells per well. Feeding
of the compounds took place after 24 hours of incubation after
seeding.

Microscopy and cell morphology analyses: 24-Well plates of U-87
MG were imaged using a bright field 4 x objective every 10 min for
24 h using the Cytation 1 cell imaging multimode microplate reader
(BioTek Instruments, Winooski, VT). Cell morphology was measured
as the average object circumference with a size range of 10 pm and
to 100 um using Gen5 software (BioTek Instruments, Winooski, VT).
The object size was averaged between wells of the same
compound and plotted as cell circumference vs time. Additionally,
cell count and object total area (not shown) were measured using
Gen5 software. All measurements of cell size are from six trials on
two separate 24-well plates.

Pitavastatin rescue assays with compounds 1a-2d: 24-Well plates
of U-87 MG cells at 4x 10 cells/mL were allowed to grow for 24 h
or until fully adhered to the 24 well plate. Freshly prepared
pitavastatin was added to each well (1 pL, 10 uM) and compounds
1a-2d were mixed 1:1 (viv) with 15% pluronics in DMSO and
added to the appropriate well (2 pL, 100 pM final concentration).
24-Well plates were placed into the Cytation 1 cell imager at 5%
CO, and the cells were imaged at the center of each 24-well every
10 min for 24 h.

alamarBlue Viability Assay: A 24 well plate of U-87 MG cells seeded
at 4x10* cells/mL were grown for 24 h or until fully adhered to the
24-well plate. Freshly prepared pitavastatin was added to each well
(1 pL, 10 uM) and compounds 1a-2d were mixed 1:1 (viv) with
15% pluronics in DMSO and added to the appropriate well (2 L,
100 uM final concentration). The 24-well plates were incubated for
72 h and imaged using a Cytation 1. alamarBlue™ (100 uL) HS cell
viability reagent (Invitrogen) was added to each well and
fluorescence at 590 nm was measured. Fluorescence was normal-
ized as a percentage using the flowing formula:

Sample 590 nm
Vehicle 590 nm 107"
All additional synthetic materials, procedures, supporting figures
and supporting spectra can be found in the accompanied
Supporting Information.
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